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SOMMAIRE 

Ce travail s'inspire des processus performants de la photosynthese, des photobacteries et des 

plantes ou 1'energie lumineuse est transformee en energie chimique. Les dispositifs 

commerciaux comme les cellules solaires et les diodes emettrices de lumiere peuvent etre 

ameliorees en adoptant des concepts de base des processus de 1'effet antenne et des transferts 

d'electron des plantes et des photobacteries. Le message porte ici est que roptimisation des 

dispositifs commerciaux ci-haut passe par une tres bonne comprehension des photo-processus 

de transferts d'energie et d'electron. Pour y arriver, les dyades, triades, oligomeres et 

polymeres peuvent etre etudies. De plus, 1'etude photophysique des oligomeres et polymeres 

organometalliques est motivee par le fait que les polymeres sont de plus en plus utilises dans 

les dispositifs commerciaux. 

Cette these est ainsi divisee en quatre parties. La premiere rapporte les proprietes 

photophysiques d'une classe de composes organometalliques appelee les complexes A-frame, 

ainsi que leurs oligomeres et polymeres correspondants. Les proprietes photophysiques de 

complexes A-frame d8-d8 modeles et leurs polymeres ont ete etudies. A 77 K, ces materiaux 

sont luminescents en solution et a l'etat solide, mais ces oligomeres et polymeres se trouvent 

inactifs pour la migration de 1'excitation (i.e. exciton). 

Dans la deuxieme section, differents exemples de systemes donneur-accepteur (dyades, triades, 

et polyades) sont etudies oil les transferts d'energie et d'electron a travers l'espace et les liens 

ont ete etudies. Le premier exemple decrit dans cette section est le transfert singulet-singulet 

d'energie a travers l'espace dans des bis(erio-porphyrines) cofaciales tenues rigidement par un 

espaceur carbazole. Les etudes sur les transferts au singulet, lesquels surviennent via un 

mecanisme de Forster, sont effectuees en utilisant les chromophores porphyrine de zinc(II) et 

la base libre comme donneur et accepteur d'energie, respectivement, alors que les 

investigations sur les transferts au triplet ont ete effectuees avec la porphyrine de palladium(II) 

comme donneur, et la porphyrine de zinc(II) et la base libre comme accepteurs. L'atome 

m 



d'hydrogene du lien N-H place exactement entre les deux cabones-meso de la dyade ralenti le 

transfer! singulet-singulet (kET(singlet)). D'un autre cote, les vitesses de transfert au triplet 

sont aussi ralenties mais elles ne le sont pas trop par rapport aux taux rapportes pour des 

bis(porphyrines) cofaciales similaires a 77 K. 

La deuxieme serie de systemes presentee dans cette section est les associations non-

covanentes entre les clusters [M3(dppm)3(CO)](PF6)2 (dppm = Ph2PCH2PPh2; M = Pd, Pt) et 

les anions carboxylates M(P)C02" (M(P) = tetraphenylporphyrine de zinc(II); para-

phenyltritolylporphyrine de zinc(II); para-phenyltritolylporphyrine de palladium(II)). Les 

clusters [M3(dppm)3(CO)]2+et metalloporphyrines jouent le role du donneur et de l'accepteur, 

respectivement. Des desactivation de la fluorescence et la phosphorescence du chrpmophore 

porphyrine de palladium(II) sont observees pour les dyades [Pd3(dppm)3(CO)]2+-• -T)2CM(P) a 

298 K. Ces deactivations sont attributes a un transfert d'electron de la metalloporphyrine vers 

les clusters conduit par un potentiel de reduction bas. 

Des materiaux hybrides composes de polymeres organometalliques ([Ag(dmb)2]BF4)n ou 

([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n et des polymeres organiques conjugues du type(-Cz-)n et 

(-Cz-C6H4-)n oil Cz est une unite carbazole liee en position-2,7 et portant une chaine 

(CH2)3S03Na ou (CH2)4S03Na en position-N ont aussi ete etudies. Des interactions electro-

statiques inter-chaines fortes se sont manifestees par 1'observation de la phosphorescence du 

polymere organique. De plus, des transferts d'energie inter-chaine des polycarbazoles vers les 

polymeres organometalliques ont ete observes. 

Une etude sur les complexes d8-d8 A-frame [ClPd(ii-dppm)2((x-C=N-PCP)PdCl] et d9-d9 

[ClPt((x-dppm)2Pt(CN-PCP)]Cl portant le ligand PCP-NC (PCP = [2.2]paracyclophane) a 

aussi ete effectuee. Les complexes montrent la fluorescence et la phosphorescence (accentuee 

par effet de l'atome lourd interne) du ligand CN-PCP a 77 et 298 K, placees vers le bleu du 

spectre par rapport a la luminescence des complexes (entre 600 et 800 nm). Cette presence 

inattendue de la luminescence du centre PCP indique Fabsence de transfert d'energie PCP* 
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(donneur) —• complexe binucleaire d-d et d -d (accepteur) efficace definissant ainsi le pont 

-C=N- comme un modeste communicateur electronique. 

Cette investigation s'est done etendue a une serie de polymeres organometalliques du type 

(-Cz-C=C-PfL2^C=C-Cz-X-)n et des composes modeles (Ph-PtL'2-C=C-Cz)2X ou Cz = 3,3'-

carbazole, X = rien, Cz or F (2,2'-fluorene), L = PBU3 et L' = PEt3). Des transferts d'energie 

et d'electron aux etats excites Ti et Si, respectivement, du chromophore Cz au F sont observes 

et discutes en detail. 

Parallelement, une serie de monomeres espaceur-M(P), dimeres M(P)-espaceur-M'(P), et 

trimeres M(P)-espaceur-M'(P)-espaceur-M(P) avec M = Zn, M' = Zn ou Pd, P = etio-

porphyrine et espaceur = ?ran5,-C6H4C=C-Pt(PEt3)2-C=CC6H4, a ete aussi etudiee. L'excitation 

dans la region Q du spectre du donneur Pd(P) resulte a des transferts d'energie Si et Ti de 

Pd(P)* —> Zn(P). Une excitation de 1'espaceur (-350 nm) conduit a un transfert d'energie Ti 

(espaceur* —•> M(P)). Les spectres d'absorption des especes transitoires montrent la presence 

de Zn(P)* (TO et Zn(P)+, indiquant la presence d'un transfert d'electron (M(P)* —+ espaceur) 

s'effectuant a 1'interieur du pulse laser (< 13 ns). 

Le troisieme chapitre decrit la conception d'une version organometallique du poly-aniline 

dans sa forme neutre emaraldine a partir de quinone diimines et d'unites 1,4-benzene diamines. 

Ces polymeres montrent une etendue de conjugaison limitee aux fragments quinone diimines. 

Deux phosphorescences ont ete observees a 77 K et proviennent d'un etat excite %,%* de 

l'espaceur fran5,-C6H4C=CPtL2C=CC6H4, l'une appartenant a la quinone diimine et 1'autre a la 

1,4-benzene diamine. 

La derniere section de cette etude concerne 1'etude des proprietes photophysiques de 

polymeres contenant des aggregats du type CunInLn (n = 2 , 3 ; L = thioether). Les polymeres 

montrent une luminescence du type transfert-de-charge-metal-ligand 3(MLCT)*. La position 

de la bande d'emission depend de la distance Cu"'Cu dans les aggregats. 
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SUMMARY 

The work presented in this thesis is inspired by the photosynthesis processes occurring in 

photobacteria and plants where solar energy is converted into chemical energy. The man-made 

devices such as solar cells and light emitting diodes can be improved based on the adoption of 

basic concepts extracted from the antenna and electron transfer processes found in plants and 

photobacteria. The conveyed concept here is that prior to optimizing the performance of these 

man-made photonic devices, we need to fully understand the processes of photo-induced 

energy and electron transfers. To do so, synthetic polyads, oligomers and polymers can be 

investigated. Another important issue that needs to be addressed is the photophysical study of 

organometallic polymers and oligomers motivated by their important photonic applications 

since man-made photonic devices are increasingly built upon polymers. 

In this respect, this thesis includes four main sections. The first one is devoted to the study of 

the photophysical properties of one class of organometallic compounds called the A-frame 

complexes, along with their corresponding oligomers and polymers. The photophysical 

properties of the A-frame d -d model complexes and their corresponding polymers were 

investigated. These materials were found to be luminescent at 77 K in both solution and solid 

state. These oligomers and polymers are found inactive towards energy migration (i.e. exciton). 

In the second section, different examples of donor-acceptor (dyads, triads, and polyads) 

systems were examined where through-bond or through-space photo-induced electron and 

energy transfers have been investigated. The first example described in this section is the 

through-space energy transfer in cofacial bis(e^'o-porphyrins) rigidly held by a carbazoyl 

spacer. The studies on singlet-singlet transfers were performed using the porphyrin zinc(II) 

and free base chromophores as energy donor and acceptor, respectively, whereas the 

investigation on triplet-triplet processes was performed using the porphyrin palladium(II) 

complex as the donor, and the porphyrin zinc(II) and free base chromophores as the energy 

acceptors. The presence of the H-atom (N-H) exactly located between the two meso-cavbom in 
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the dyads exerted a slowdown effect on the rates of singlet-singlet transfer (kET(Si)). On the 

other hand, rates for triplet-triplet transfer are also slow but not too different from that recently 

reported for similar bisporphyrins at 77 K. 

The second series of systems presented in this section is the non-covalent associations formed 

between [M3(dppm)3(CO)]2+ clusters (M = Pt, Pd; dppm = Ph2PCH2PPh2; as PF6" salt) and 

carboxylate anions M(P)C02" (M(P) = tetraphenylporphyrin zinc(II); /?ara-phenyltritolyl-

porphyrin zinc(II); para-phenyltritolylporphyrin palladium(II)). The [M3(dppm)3(CO)]2+ 

clusters act as triplet energy donors whereas the M(P) units act as acceptors. For the 

[Pd3(dppm)3(CO)]2+---"02CM(P) dyads, evidence for photoinduced electron transfer from the 

metalloporphyrin to the cluster, ought to its low reduction potentials at 298 K, is provided. 

Another system that was investigated were hybrid materials composed of organometallic 

polymers ([Ag(dmb)2]BF4)n and ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n and conjugated organic 

polymers of the type (-Cz-C6H4-)n and (-Cz-)n, where Cz is a 2,7-linked carbazole unit 

substituted by (CH2)3S03Na or (CEb^SC^Na pendant groups at the JV-position. Interchain 

interaction across the electrostatic bridge has been manifested through the observed large 

increase in the phosphorescence intensity of the carbazole-containing polymers. Also, the 

interchain energy transfer from the polycarbazoles donor to the organometallic polymers 

witnesses the assigned interactions. 

Another system investigated concerned the A-frame complexes of two homobimetallic d9-d9 

terminal [ClPt(|Li-dppm)2Pt(CN-PCP)]Cl a n d d*~d* A-frame [ClPd(Mppm)2(|i-C=N-PCP)-

PdCl] isocyanide complexes bearing PCP-NC ligand (PCP = [2.2]paracyclophane). The 

complexes exhibit higher energy luminescence arising from the PCP unit at 298 and 77 K 

despite the conjugation between the ligand and the binuclear chromophores. The slow energy 

transfer between the donor (PCP) and acceptor (d9-d9 terminal and d8-d8 A-frame) is due to 

poor electronic communication across the C=N bridge. 
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Moreover, an interesting series of organometallic oligomers and polymers of the type (-Cz-

C=C-PtL2-C=C-Cz-X-)n along with the corresponding model compounds (Ph-PtL'2-C=C-

Cz>2-X- where Cz = 3,3'-carbazole, X = nothing, Cz or F (2,2'-fluorene), L = PBu3 and L' = 

PEt3, were investigated. Evidence for singlet electron and triplet energy transfers from the Cz 

chromophore to the F moiety are provided and discussed in detail. 

Furthermore, a series of porphyrin dyads (M(P)-spacer-M'(P) and triads (M(P)-spacer-M'(P)-

spacer-M(P), where the spacer is a conjugated organometallic fragment (trans-C(£UC=C-

Pt(PEt3)2-C=CC6H4-) and M = Zn, Pd, P = porphyrin, have been investigated. Excitation in the 

Q-region of the Pd(P) resulted in singlet and triplet energy transfers from the Pd(P) to the 

Zn(P) through the spacer(Pd(P)* —• Zn(P)). Another energy transfer process was observed 

upon excitation in the absorption band of the spacer (spacer* —*• M(P)) with rates of 104 s"1 

taking place. Evidence for photoinduced electron transfer was obtained by the study of the 

transient absorption spectra for Zn(P)-containing compounds. 

In the third chapter of this thesis, we also designed the organometallic version of polyaniline 

in its neutral emaraldine form based upon quinone diimines and 1,4-benzene diamine units. 

This luminescent polymer at 77 K does not exhibit conjugation all along the backbone but is 

limited to the quinone diimine fragments. The luminescence arises from an upper 7t,7C* excited 

state localized in the trans-Csl^C^CP^C^CCsIU units, one adjacent to the quinine diimine 

residues, the other adjacent to the benzene diamines. 

The last section of the study is concerned with the investigation of the photophysical 

properties of the Cu-cluster-containing polymers of the general formula CunXnLn (n = 2, 3; X 

= I; and L = PhSC4SPh where C4 = (CH 2 ) 4 , CH 2 C=CCH 2 ) . The polymers exhibited 

luminescence, which were assigned to be halide-to-ligand-charge transfer (XLCT) and 

cluster-centred 3(CC) state emission. The emission maximum of the addressed polymers 

showed dependence upon the Cu-• -Cu distance as well as the temperature. 
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and 450 nm for c and d, respectively, in 2MeTHF at 77 K. [ZnTTPPC02] = 
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[[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M. The spectra were adjusted to about equal intensity for 

clarity. Curve d is weak 278 

517. Emission spectra of a) ZnTPPC02Na (I), b) 1:1 ZnTPPC02Y... [Pt3(dppm)3(CO)]2+ in 

2MeTHF at 298 K excited at 515 nm. [ZnTPPC02~] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M. The 

spectra were adjusted to about equal intensity for clarity 279 

518. Emission spectra of a) ZnTTPPC02Na (II), b) 1:1 ZnTTPPC02\.. [Pt3(dppm)3(CO)]2+ in 

2MeTHF at 298 K excited at 515 nm. [ZnTTPPC021 = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M 

279 

519. Emission spectra of a) PdTTPPC02Na (in), b) 1:1 PdTTPPC02\... [Pt3(dppm)3(CO)]2+ 

in 2MeTHF at 298 K excited at 520 nm. [PdTTPPCCV] = [[Pt3(dppm)3(CO)]2+] = 6x10 ~5 M. 

280 

520. Time-resolved emission spectra of the 1:1 ZnTPPC02~(I)...[Pt3(dppm)3-(CO)]2+ in 

2MeTHF at 77 K. [ZnTPPC02"] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M. Time windows: 5-50, 

10-50, 20-50, and 30-50 us for a, b, c, and d, respectively (XeXC = 450 nm) 280 

521. Time-resolved emission spectra of the 1:1 ZnTTPPC02~(n)...[Pt3(dppm)3-(CO)]2+, in 

2MeTHF at 77 K. [ZnTTPPC02 ] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M. Time windows: 10-50, 

20-50, and 30-50 us for a, b, and c, respectively (A«xc = 450 nm) 281 

522. Transient absorption spectra of a) ZnTPPC02Na (I), and b) 1:1 ZnTPPC02\ 

...[Pt3(dppm)3(CO)]2+, [ZnTPPC02] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K. (Spectra measured at different delay time and AeX = 355 nm) 282 

523. Transient absorption spectra of a) ZnTTPPC02Na (II), and b) 1:1 ZnTTPPC02~ 

...[Pt3(dppm)3(CO)]2+, [ZnTTPPC02~] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K. (Spectra measured at different delay time and 1^ = 355 nm) 283 

524. Transient absorption spectra of a) ZnTPPC02Na (I), and b) 1:1 ZnTPPC02" 

...[Pt3(dppm)3(CO)]2+, [ZnTPPC02] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K in presence of 02 . (Spectra measured at different delay time and A,ex = 355 nm). 

....284 

525. Transient absorption spectra of a) ZnTTPPC02Na (II), and b) 1: l ZnTTPPCCV 

...[Pt3(dppm)3(CO)]2+, [ZnTTPPCCV] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 
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298 K in presence of O2. (Spectra measured at different delay time and XeX = 355 nm). 

285 

526. Transient absorption spectra of a) PdTTPPC02Na (III), and b) 1:1 PdTTPPC02~ 

...[Pt3(dppm)3(CO)]2+, [PdTTPPC02] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K in presence of O2. (Spectra measured at different delay time and XeX = 355 nm). 

286 

527. Emission spectra of a) ZnTPPC02Na (I), b) 1:1 ZnTPPC02\.. [Pd3(dppm)3(CO)]2+ in 

2MeTHF at 77 K excited at 515 nm. At this wavelength, both the cluster and the porphyrin 

chromophores are excited. [ZnTPPC02~] = [[Pd3(dppm)3(CO)]2+] = 2 x 1 0 "5 M 287 

528. Emission spectra of a) ZnTTPPC02Na (II), b) 1:1 ZnTTPPC02\... [Pd3(dppm)3(CO)]2+ 

in 2MeTHF at 77 K excited at 515 nm. At this wavelength, both the cluster and the porphyrin 

chromophores are excited. [ZnTTPPC02] = [[Pd3(dppm)3(CO)]2*] = 2 x 10 "5 M .....287 

529. Emission spectra of a) ZnTPPC02Na (I), b) 1:1 ZnTPPG02" ....[Pd3(dppm)3(C0)]2+in 

2MeTHF at 298 K excited at 515 nm. [ZnTPPC02~] = [[Pd3(dppm)3CO]2+] = 2 x 10 "5 M 

, 288 

530. Emission spectra of a) ZnTTPPC02Na (II), b) 1:1 ZnTTPPC02\... [Pd3(dppm)3CO]2+in 

2MeTHF at 298 K excited at 515 nm. [ZnTTPPC02Na] = [[Pd3(dppm)3GO]2+ ] = 2 x 10 "5 M. . 

288 

531. Emission spectra of a) PdTTPPC02Na(IH), b) 1:1 PdTTPPC02\.. [Pd3(dppm)3(CO)]2+ in 

2MeTHF at 298 K excited at 520 nm. [PdTTPPCOf] = [[Pd3(dppm)3(CO)]2+] = 2 x 1 0 "5 M 

289 

532. Transient absorption spectra of a) ZnTPPC02Na (I), and b)' 1:1 ZnTPPC02" 

...[Pd3(dppm)3(CO)]2+, [ZnTPPCOf] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K. (Spectra measured at different delay time and A«x = 355 nm) ...289 

533. Transient absorption spectra of a) ZnTTPPC02Na (II), and b) 1:1 ZnTTPPC02" 

...[Pd3(dppm)3(CO)]2+, [ZnTPPCOf] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 ~5 M, in 2MeTHF at 

298 K. (Spectra measured at different delay time and AeX = 355 nm) 290 

534. Transient absorption spectra of 1:1 ZnTPPC02\..[Pd3(dppm)3(CO)]2+, [ZnTPPC02~] = 

[[Pd3(dppm)3(CO)]2+] = 2 x 10 "5 M, in 2MeTHF at 298 K in presence of 02 . (Spectra 

measured at different delay time and Xex = 355 nm) ;...290 

xxxu 



535. Transient absorption spectra of 1:1 ZnTTPPC02~...[Pd3(dppm)3(CO)] , [ZnTTPPC02] 

= [[Pd3(dppm)3(CO)]2+] = 2 x 10 "5 M, in 2MeTHF at 298 K in presence of <D2. (Spectra 

measured at different delay time and XeX = 355 nm). ..291 

536. Transient absorption spectra of 1:1 PdTTPPC02\..[Pd3(dppm)3(CO)]2+, [PdTTPPC02~] = 

[[Pd3(dppm)3(CO)]2+] = 2 x 10 ~5 M, in 2MeTHF at 298 K in presence of 02 . (Spectra 

measured at different delay time and X,ex = 355 nm) 291 

537. Uncorrected emission spectra of the Pd3(dppm)3(CO)2+ (as PF6" salt) in 2MeTHF at 77 K 

in the absence (PF^ only) and in presence of acetate and benzoate. The emission spectra are 

very weak and smoothing was applied. The band maxima were adjusted so the spectra would 

fit in the same figure 292 

538. Comparison of the absorption (black) and excitation (red) spectra of the ZnTPPCCV 

....[Pt3(dppm)3(CO)]2+ assembly at 77 Kin 2MeTHF, monitored at 820 nm 292 

539. Comparison of the absorption (black) and excitation (red) spectra of the ZnTTPPC02~ 

....[Pt3(dppm)3(CO)]2+ assembly at 77 Kin 2MeTHF, monitored at 820 nm 293 

540. Comparison of the absorption (black) and excitation (red) spectra of the ZnTPPCCV 

....[Pd3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 820 nm 293 

541. Comparison of the absorption (black) and excitation (red) spectra of the ZnTTPPC02" 

.. ..[Pd3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 820 nm..... 294 

542. Comparison of the absorption (black) and excitation (red) spectra of the PdTTPPC02" 

....[Pd3(dppm)3(CO)]2+ assembly at 77 Kin 2MeTHF, monitored at 820 nm 294 

543. Comparison of the absorption (black) and excitation (red) spectra of the ZnTPPC02\ 

....[Pd3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 650 nm 295 

544. Comparison of the absorption (black) and excitation (red) spectra of the ZnTTPPC02" 

.. ..[Pd3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 650 nm 295 

545. Comparison of the absorption (black) and excitation (red) spectra of the PdTTPPC02" 

....[Pd3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 685 nm 296 

Manuscript 3: Organometallic and Conjugated Organic Polymers Held Together by Strong 

Electrostatic Interactions to Form Luminescent Hybrid Materials 

1. XRD traces for polymers 10-13. 315 
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2. Top: drawings of the cationic ([Ag(dmb)2;f)n and ([Pt2(dppm)2(CNC6Me4NC)]2+)n polymers 

stressing the distance between repetitive units containing 2 positive charges. Bottom: space 

filling model based on the X-ray structure of the ([Ag(dmb)2]
+)n polymer showing the head-to-

tail symmetry of the rigid rod induced by the dmb ligand 317 

3. IR and Raman spectra of Hybrids B and D in the solid state in the v(CN) region. The 

FWHM are for Hybrid B 50 and 100, and for Hybrid D 42 and 90 cm"1, for the Raman and IR 

peaks, respectively.. 320 

4. Comparison of the *H (left) and 13C (right) NMR MAS spectra of solid ([Pt2(dppm)2-

(CNC6Me4NC)](BF4)2)n, polymer 11 and Hybrid D at 298 K as an example 321 

5. Energy diagram for the hybrid materials based on the observed fluorescence and 

phosphorescence spectra of the polycarbazole materials and the literature data for the 

([Ag(dmb)2]
+)n (top) and ([Pt2(dppm)2](CNC6Me4NC)2+)n (bottom) organometallic polymers. 

The exact location of the Si state is not known with certainty, but arguments are provided in 

the text in favour of this diagram where Si is an optically silent state (from a forbidden 

transition) 323 

6. Solid state excitation (red) emission spectra (blue) of Polymer 10 and Hybrids A and B at 

298 K. The excitation and emission wavelength are indicated in the spectra 324 

7. Solid state excitation (red) emission spectra (blue) of polymer 11 and Hybrids C and D 

(left) and polymer 12 and Hybrids E and F at 298 K. The excitation and emission wavelengths 

are 350 and 500 nm. The intensities were adjusted so they fit in the frame. The emission 

intensity of the fluorescence and phosphorescence of Hybrids D and F is very low 325 

8. Time-resolved emission spectra of polymer 10 (top) and Hybrid A (bottom) in the ns time 

scale. The delay times labelled 42 and 43 ns are located on the short-time side of the laser 

pulse where the laser has not fired (FWHM = 1.4 ns). The 45 ns is located at the maximum of 

the pulse, so the 43-45 ns delay range represents the rise time of the laser pulse. The feature is 

the 515-nm band associated with the emission of the ([Ag(dmb)2]
+)n 326 

9. Fluorescence lifetime of N-hexyl-3,6-bisethynylcarbazole (left) and N-butylcarbazol-3,6-

diyl trimer (right) as solid at 298 K measured using Xem = 420 nm and XeX = 350 nm 328 
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10. Distribution of fluorescence lifetimes for thin films of polymers 10, 11 and 13 at 298 K 

using X.em = 460 nm and AeX = 400 nm. 331 

51. Comparison of the JH (left) and 13C (right) NMR MAS spectra of solid ([Ag(dmb)2]BF4)n, 

polymer 10 and Hybrid A at 298 K 339 

52. Comparison of the *H (left) and 13C (right) NMR MAS spectra of solid ([Pt2(dppm)2-

(CNC6Me4NC)](BF4)2)n, polymer 10 and Hybrid B at 298 K. 339 

53. Comparison of the JH (left) and 13C (right) NMR MAS spectra of solid ([Ag(dmb)2]BF4)n, 

polymer 11 and Hybrid C at 298 K 340 

54. Comparison of the ]H (left) and 13C (right) NMR MAS spectra of solid ([Ag(dmb)2]BF4)n, 

polymer 13 and Hybrid E at 298 K.. 340 

55. Comparison of the *H (left) and 13C (right) NMR MAS spectra of solid ([Pt2(dppm)2-

(CNC6Me4NC)](BF4)2)„, polymer 13 and Hybrid F at 298 K 341 

56. XRD pattern of Hybrids B and E 342 

57. Solid state emission (blue) and excitation (red) spectra of polymer 10 at 77 K 343 

58. Solid state emission (blue) and excitation (red) spectra of Hybrid A at 77 K. 343 

59. Solid state emission (blue) and excitation (red) spectra of polymer 11 at 77 K 344 

510. Solid state emission (blue) and excitation (red) spectra of Hybrid C at 77 K 344 

511. Solid state emission (blue) and excitation (red) spectra of polymer 13 at 77 K .345 

512. Solid state emission (blue) and excitation (red) spectra of Hybrid E at 77 K 345 

513. Solid state emission (blue) and excitation (red) spectra of Hybrid F at 77 K 346 

514. Time-resolved emission spectra of polymer 11 (top) and Hybrid C (bottom) at 298 K in 

the ns time scale. The delay time labelled 43 ns is located on the short-time side of the laser 

pulse where the laser has not fired (FWHM =1.4 ns). The 45 ns is located at the maximum of 

the pulse, so the 43-45 ns delay range represents the rise time of the laser pulse 347 

515. Time-resolved emission spectra of polymer 13 (top) and Hybrid E (bottom) at 298 K in 

the ns time scale. The delay time labelled 43 ns is located on the short-time side of the laser 

pulse where the laser has not fired (FWHM =1.4 ns). The 45 ns is located at the maximum of 

the pulse, so the 43-45 ns delay range represents the rise time of the laser pulse 348 

516. Phosphorescence decay traces of N-hexyl-3,6-bisethynylcarbazole measured as solid at 

77 K using Xex - 360 nm and Xem= 500 nm 349 
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517. Phosphorescence decay traces of Hybrids A-F and polymer 10, 11, 13 measured at 77 K 

using the solid suspension in 2MTHF using Xem = 600 nm and ^ x = 450 nm ...352 

518. Distribution of fluorescence lifetimes for Hybrids A-F measured as solid at room 

temperature using Xem = 460 nm and A«x = 400 nm :. 354 

Manuscript 4: Probing the Electronic Communication of the Isocyanide Bridge Through the 

Luminescence Properties of the d9-d9 [ClPt(|i-dppm)2Pt-(C=N-PCP)]+and A-Frame [ClPd(u-

dppm)2-(|U-C=N-PCP)PdCl] Complexes (PCP = [2.2]paracyclophane) 

1. Absorption, excitation and emission spectra of 3 in PrCN at 77 K (left) and at 298 K (right). 

363 

2. MO representation of the frontier MOs (left) and calculated energetics of the frontier 

orbitals explaining the lowest-energy absorption and phosphorescence of ligand 3. The energy 

units are in a.u (right) ....365 

3. Absorption spectra of 4 in PrCN (red) andin 2-MeTHF (blue) at 298 K 367 

4. MO energy diagram of the frontier orbitals, MO representations for LUMO+1, LUMO, 

HOMO, HOMO-1, HOMO-5 and calculated energetics of the frontier orbitals explaining the 

lowest-energy absorption and emission of compound 4 using the 

[Pt2(PH2CH2PH2)2(Cl)(CNPCP)]+ model 368 

5. Absorption (black), excitation (blue and green, at 480 and 630 nm for 4 and at 370 and 480 

nm for 5, respectively) and emission (red, at 350 nm for 4 and at 310 nm for 5) spectra of 4 

and 5 in PrCN at 77 K. For 2-MeTHF 371 

6. Evolution of the emission spectra of 4 (up) in 2-MeTHF and (down) in the solid state at 77 

K with the wavelength of excitation 372 

7. MO energy diagram of the frontier MOs and MO representations for LUMO+2, LUMO+1, 

LUMO, HOMO, HOMO-1, and HOMO-2 for [Pdz^HzCHzPHzMClMu-CNPCP)] model 

compound 375 

Sl.1HNMRspectraof4(CDCl3) 387 

52. 31P{'H} NMR spectra of 4 (CDC13)... , 387 

53. Ti NMR spectra of 5 (CDC13). 387 
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54. "P^HJNMR spectra of 5 (CDC13) 388 

55. Time-resolved emission spectra of 3 in PrCN at 77 K (A,exc = 270 nm) 388 

56. Absorption, excitation and emission spectra of 3 in 2-MeTHF at 77 K 389 

57. Absorption, excitation and emission spectra of 3 in the solid state at 77 K .....389 

58. Absorption, excitation and emission spectra of 4 in 2-MeTHF at 77 K. 390 

59. Emission in the solid state of 4 at 77 K. X,exc = 425 nm 390-

510. Absorption, excitation and emission spectra of 5 in 2-MeTHF at 77 K 391 

511. Time-resolved emission spectra of 4 (left) and 5 (right) in PrCN at 77 K. For 4, both 

emission bands are observed with different lifetimes, but not for 5. No low-energy emission 

could be detected in this case. . 391 

512. Molecular structure of [<tBu-NC)Pt(|Li-dppm)2Pt(NC-tBu)](BF4)2 with the numbering 

scheme :..... 393 

513. Selected C...C separations (A) issued from the optimized geometry of 3 393 

514. Selected bonds (A) and angles (°) obtained for the optimized geometry of 4. 394 

515. Selected bonds (A) and angles (°) obtained for the optimized geometry of 5. 394 

Manuscript 5: The Intrachain Electron and Energy Transfers in Conjugated Organometallic 

Oligomers and Polymers 

1. Absorption (black), emission (blue) and excitation spectra (red) of PI (up left), P2 (up 

right), P3 (down left) and M3 (down right) in degassed 2MeTHF at 298 K ....403 

2. Absorption (black), emission (blue) and excitation spectra (red) of PI (up left), P2 (up 

right), P3 (down left) and M3 (down right) in degassed 2MeTHF at 77 K. Fluo = fluorescence; 

Phos = phosphorescence. For P2 and P3, the blue shifted emissions are multiplied by 100 and 

20, respectively , 407 

3. Time-resolved emission spectra of P2 (up left), P3 (down left), M2 (up right) and M3 

(down right) in 2-MeTHF at 77 K in the 10-50 JLXS time scale. The phosphorescence of the 

carbazole and fluorene chromophores is indicated as Phos (Cz) and (F), respectively 408 

4. Time-resolved fluorescence spectra of M3 (up) and P3 (down) in 2MeTHF at 77 K. The 

time delays are indicated on the graphs and correspond to the rising time of the laser pulse 
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where the delay time of 43.5 ns is the beginning of the laser pulse and delay time 45 ns is the 

pulse maximum (kmax = 340 nm). The pulse pulse width at half maximum is 1.3 ns 409 

where the delay time of 43.5 ns is the beginning of the laser pulse and delay time of 45 ns is 

5. Excitation spectra of M3 and P3 in 2MeTHF at 77 K monitored at different wavelengths. 

The grey lines represent a comparison mark of the 0-0 peak of F with respect to the rest of the 

spectra.. 410 

6. Transient spectra of M2 (up left) and P2 (down left) in me 8-65 JLLS time scale and M3 (up 

right) and P3 (down right) in 2MeTHF at 77 K excited at 355 nm in the 8-60 îs time 

scale .412 

7. Absorption (black), emission (blue) and excitation spectra (red) of Ilia in 2MeTHF at 77 K 

(i.e. under the same experimental conditions as in Figure 2) 412 

8. MO representations of the frontier MOs of a model compound Cz-=-PtL2- = — Cz-F-Cz-

= -PtL2- = -Cz. The energies are in a.u. (1 a.u. = 27.2114 eV) 414 

51. Absorption (black), excitation at 446 nm (red) and emission spectra at 326 nm 

(fluorescence part multiplied by 50) (blue) of Ml in 2MeTHF at 77 K ....436 

52. Absorption (black), excitation at 447 nm (red) and emission spectra at 325 nm 

(fluorescence part multiplied by 20) (blue) of M2 in 2MeTHF at 77 K. 437 

53. Time-resolved emission spectra of Ml at 326 nm (up) and PI at 340 nm (down) in 

2MeTHF at 77 K in the 10-50 fis time scale. The phosphorescence located at 450 nm is due to 

the Czlumophore 438 

Manuscript 6: Energy and Electron Transfers in Dimers and Trimers of Zinc(II) and 

Palladium(II) Porphyrins Bridged by Rigid Pt-Containing Conjugated Organometallic Spacers 

1. Emission (blue), excitation (red) and absorption (black) spectra of the parent compound 

PhC = CPt(PEt3)2C = CPhin2MeTHFat77K....... 462 

2. Emission (blue and green), excitation (red) and absorption (black) spectra of Zn(P)-CeH4C 

= CPtL2C = CC6H5 (bottom, 6) and Pd(P)-C6H4C = CPtL2C = CC6H5 (top, 7) in 2MeTHF at 

77K(L = PEt3) 465 
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3. Emission (blue and green), excitation (red) and absorption (black) spectra of Zn(P)-

C6H4C=CPtL2C=CC6H4-Zn(P), 9 (bottom), and Pd(P)-C6H4C=CPtL2C-CC6H4-Pd(P), 10 (top) 

in 2MeTHF at 77 K (L = PEt3) 467 

4. Emission (blue and green), excitation (red) and absorption (black) spectra in 2MeTHF at 77 

K of Pd(P)-C6H4C=CPtL2C=CC6H4-Zn(P) (L = PEt3) 468 

5. Emission (blue and green), excitation (red) and absorption (black) spectra in 2MeTHF at 77 

K of Zn(P)-C6H4C=CPtL2C=CC6H4-Zn(P)-C6H4C=CPtL2C=CC6H4-Zn(P) (bottom) and 

Pd(P)-C6H4G=CPtL2C=Ce6H4-Zn(P)-C6H4C=CPtL2C=CC6H4-Pd(P) (top) (L = PEt3). 

468 

6. Transient absorption spectrum of trans-PhC = CPt(PEt3)2C=CPh.in 2MeTHF at 77 K (kexc 

= 355 nm, delay = 0.1 jus). The negative signal at 430 nm is due to phosphorescence 476 

7. Transient absorption spectra of 2b, 5, 7, 9, 11 and 12 in 2MeTHF at 298K (^x = using 355 

nm; delay = 0.1 s) 477 

51. Emission (blue), excitation (red) and absorption (black) spectra of Zn(P)-C6H4C=CH (top, 

2b) and Pd(P)-C6H4C=CH (bottom, 3b) in 2MeTHF at 77 K.... 491 

52. Emission (blue), excitation (red) and absorption (black) spectra of Zn(P)-C6H4C=CH (top, 

2b) and Pd(P)-C6H4C-CH (bottom, 3b) in 2MeTHF at 298 K 492 

S3.Emission (blue,green), excitation (red) and absorption (black) spectra of Zn(P)-

C6H40CPtL2Cl (top, 5) and Pd(P)-C6H4C=CPtL2Cl (bottom, 6) in 2MeTHF at 77 K 493 

S4. Emission (blue), excitation (red) and absorption (black) spectra of Zn^-CeELjOCPfl^Cl 

(top, 5) and Pd(P)-C6H4C=CH (bottom, 6) in 2MeTHF at 298 K .....494 

S5. Emission (blue and green), excitation (red) and absorption (black) spectra of Zn(P)-

C6H4OCPtL2C=CC6H5 (top, 7) and Pd(P)-C6H4OCPfL2OCC6H5 (bottom, 8) in 2MeTHF at 

298 K „. 495 

S6.Emission (blue), excitation (red) and absorption (black) spectra of Zn(P)-

C6H4C=CPtL2C=CC6H4-Zn(P (top, 9) and Pd(P)-C6H4C=CPfL2C=CC6H4-Pd(P) (bottom, 10) 

in 2MeTHF at 298 K 496 

S7. Emission (blue), excitation (red) and absorption (black) spectra of Pd(P)-

C6H4C=CPtL2C=CC6H4-Zn(P) (11) in 2MeTHF at 298 K 497 
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58. Emission (blue), excitation (red) and absorption (black) spectra of Zn(P)-

C6H4C=CPtL2C=CC6H4-Zn(P)- C6H4C=CPtL2C=CC6H4-Zn(P) (top, 12) and Pd(P)-

C6H4C=CPtL2C=CC6H4-Zn(P)- C6H4C=CPtL2C=CC6H4-Pd(P) (bottom, 13) in 2MeTHF at 

298 K .498 

59. Typical example of fluorescence decay of compounds 11 and 13 in 2MeTHF at 77 K (red) 

against the lamp profile (black). 499 

S10. Transient absorption spectra of 3b, 6, 8, 10, and 13 in 2MeTHF at 298 K (A,exc = using 

355 nm; delay = 0.1us) ....500 

CHAPTER 4: The First Organometallic Version of Polyaniline in its Emeraldine Form 

Manuscript 1: The First Organometallic Version of Polyaniline in its Emeraldine Form 

1. GPC trace of polymer 5 513 

2. Top; absorption spectrum of polymer 5 in 2MeTHF at 298 K. Bottom; fluorescence and 

phosphorescence spectra (red, Xexc = 360 nm; black, X,exc = 430 nm, spectrum x 50 to fit in the 

frame) and excitation spectrum (blue, A-eXc = 513 nm) of polymer 5 in 2MeTHF at 77 K......514 

3. Time-resolved spectra of polymer 5 in 2MeTHF at 77 K in the (is time scale. The delay 

times are indicated in the frame (Xem = 360) 515 

4. Normalized decay traces of trans-bis(triethylphosphine)bis(2,4,5-trimethylbenzene-

ethynyl)platinum(II) (black), polymer 5 (red), and polymer 6 (n = 5, blue; n = 12, green).. .517 

CHAPTER 5: Cu.. .Cu Distance sensitive photophysical response in cluster-containing 

polymers 

Manuscript 1: Rigidity Effect of the Dithioether Spacer on the Size of the Luminescent 

Cluster (Cu2I2)n (n = 2, 3) in their Coordination Polymers 

l.View on the be plane of the 2D network of 1. The phenyl groups are omitted for clarity (C = 

black, S = yellow, Cu = blue, I = magenta) 526 
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2. (Right) Schematic illustration of the interwoven square grids of 1. The interpenetrated 

layers are shown in two different colours. (Left) Crystallographic presentation of two fused 

squares within the 2D network of 1, which are interpenetrated by a square from a second 

orthogonal arranged layer. The phenyl groups, H atoms and I atoms are omitted for clarity. 

527 

3. Local structure of the tetranuclear Cu^^-ru core of 1 ligated by four LI molecules. The H 

atoms are omitted for clarity. Selected bond lengths [A]: Cu(l)-Cu(2) 2.6505(16), Cu(l)-

Cu(3) 2.6978(17), Cu(l)-Cu(4) 2.7151(16), Cu(2)-Cu(3) 2.6700(17), Cu(2)-Cu(4) 2.6921(14), 

Cu(3)-Cu(4) 2.7431(16). Symmetry transformations used to generate equivalent atoms: #1 -

x+1, -y, -z+2 #2 x-1, y, z #3 -x+2, -y+2, -z+2 #4 x+1, y, z ..528 
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INTRODUCTION 

General considerations 

Recently, serious global-scale environmental issues such as the green house effect and 

atmospheric contamination, has motivated the search for clean alternative sources of energy. 

In this respect, in search for renewable and clean energy sources, solar light is of special 

interest since it is man's oldest and most important source of sustainable and inexhaustible 

energy. The maximum solar power density on Earth is approximately 1350W/m2. When it 

enters the Earth's atmosphere, it drops approximately to 1000W/m2due to absorption in the 

atmosphere (1,2). The solar spectrum is shown in Figure 1. 

2 5 0 1 1 I Zenith (perpendicular) I 

Wavelength, um 

Figure 1. Solar spectra (left); definition of AM (air mass) term (right) (modified from 

reference 2). 

Figure 1 (left) shows a comparison of the extraterrestrial solar spectrum against the standard 

AM 1.5 global spectrum (the definition of AM 0 and AM 1.5 is given in Figure 1; right). It is 

clear that the atmosphere is mainly transparent at visible wavelengths (0.34 to 0.75 |im) 

whereas in the infrared region (above 2.5 |im) it is strongly absorbing (1, 2). 
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Solar energy is of a clean and economical energy source but it cannot be used as captured. 

Instead it is converted into useful forms of energy. For example, solar energy can be used as a 

source of excitation to induce a variety of chemical reactions. 

The widespread examples for conversion of light energy are plants, algae and photosynthetic 

bacteria where it is used to synthesize organic sugar-type compounds through photosynthesis. 

This process has a great importance for survival of all life on our planet because it provides 

the energy and reduces the carbon dioxide as well as produces molecular oxygen necessary for 

oxygen consuming organisms. In fact, this process can be considered as a vital link between 

. material and energy cycling in the biosphere. 

In photosynthesis, green plants and some bacteria harvest the light coming from the sun by 

means of their photosynthetic antenna systems. The light harvesting starts with light-gathering 

by antenna systems which consist of pigment molecules including chlorophylls, carotenoids 

and their derivatives. The absorbed photons are used to generate excitons, which then travels 

via Forster energy transfers toward the reaction centres (RCs). This overall series of processes 

is represented in Figure 2. 

Light energy 
(hv) 

he energy recieved at the1 

reaction center are used as 
driving forces for electron 

transfer reactions _ , 

Specialized chlorophylls 
of the reaction center 

'Antenna molecules 

Figure 2. Light is absorbed by the antenna and the energy is transferred to the reaction 

centre where charge separation takes place to generate chemical energy. 
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In the reaction centres, the energy is used as a driving force for an electron transfer reaction, 

which in turn initiates a series of slower chemical reactions and the energy is saved as redox 

energy (3, 4) inducing a charge separation in a chlorophyll dimer called the special pair 

(chlorophyll^. The charge separation, which is the base of the photosynthetic energy transfer 

is achieved inside the reaction centres (equation 1). 

(Chlorophyll)2 + energy —• (ChIorophyll)2
+ + e~ .[1] 

Specialized reaction centre protein is the final destination for the energy where it is converted 

into chemical energy by means of electron-transfer reactions. This protein consists of a 

mixture of polypeptides, chlorophylls (plus the special pair) and other redox-active cofactors. 

In the reaction centres, a series of downhill electron transfers takes place resulting in the 

formation of a charge separated state. Based on the nature of their electron acceptors, two 

types of reaction centres can be distinguished. For the first type (photosystem I), the RC 

contains iron-sulfur clusters (Fe4S4) as their electron acceptors and relays whereas the second 

type (photosystem II) have quinones as their electron acceptors. Both types of RCs are present 

in plants, algae and cyanobacteria, whereas the purple photosynthetic bacteria have only a 

photosystem II and the green sulfur bacteria contain a photosystem I (5, 6). 

Purple photosynthetic bacteria 

In the mid 1980s, Deisenhofer reported his model for the structure of photosystem II for two 

species of purple photosynthetic bacteria (Rhodopseudomonas viridis and Rhodobacter) based 

on X-ray crystallography of the light harvesting device II (7). Photosynthetic centers in purple 

bacteria are the closest examples for the green plants but they are simpler and better 

understood. The photosynthetic membrane of the purple photosynthetic bacteria is composed 

of many phospholipid-filled ring systems (LH II) and several larger dissymmetric rings (LH I) 

stacked almost like a honey comb. Inside LH I is placed a protein called the reaction centre 

(RC) as illustrated in Figure 3 (8, 9). 
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Figure 3. Simplified drawing showing two Light Harvesting II next to one Light 

Harvesting I unit. The gray circles are polypeptides and the bars represent rings of 

interacting bacterio-chlorophylls a (called B850). In the middle of LH I, there is a protein 

called the reaction center (RC) where the primary photo-induced electron transfer takes 

place from the special pair of bacteriochlorophylls b (reference 8). 

The light-harvesting antenna complex LH II is composed of two rings of bacteriochlorophylls 

a (BCHI) molecules that can be classified into two categories. The first one is a set of 18 

molecules arranged in a slipped face-to-face arrangement and is located close to the membrane 

surface perpendicularly to these molecules. The second ring is composed of 9 BCH1 in the 

middle of the bilayer. The first 18 BCH1 has an absorption maximum at 850 nm and are called 

B850, while the second (9 BCH1) have absorption maximum at 800 nm and are called B800. 

These structures are contained within the walls of protein cylinders with radii of 1.8 and 3.4 

nm. Once the.LH II complex antenna absorbs the light a series of very complex non-radiative 

photophysical processes are triggered. First the excitation energy migrates via energy transfers 

which involves the hopping of excitation energy within almost isoenergetic subunits of a 

single complex which is then followed by fast energy transfer to a lower energy complex with 

minimal losses. These ultrafast events occur in the singlet state (Si) of the BCHI pigments and 

are believed to occur by a Forster mechanism (8). 
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Scheme 1. The exciton and energy transfer processes (modified from reference 8). 

The energy collected by the LH II antenna is transferred to another antenna complex known as 

LH I, which surrounds the RC. The photosynthetic reaction centers of bacteria consist mainly 

of a protein which is embedded in and spans a lipid bilayer membrane. In the reaction centre, a 

series of electron transfer reactions are driven by the captured solar energy. As a result of 

these electron transfer reactions, the captured solar energy is converted to chemical energy in 

the form of a charge separation process across the bilayer (10-12). The mechanism of this 

process is illustrated in Figure 4. The photosynthetic reaction centre is where the harvested 

solar energy is converted to chemical energy via charge separation across the bilayer by means 

of an electron transfer reaction (10-12). 

A special pair of BCH1 (P870) is excited from either the absorption of a photon or by 

acquiring this excitation from an energy transfer from the peripheral antenna BGH1 (not 

shown for simplicity) triggering a photoinduced electron transfer inside the RC (10). Two 

photoinduced electrons are transferred to a plastoquinone placed inside the photosynthesis 

membrane acting as an electron acceptor and is consequently reduced to a semiquinone and 

finally to a hydroquinone. This reduction involves the uptake of two protons from water on the 

internal cytoplasmic side of the membrane. The formed hydroquinone then diffuses to the next 

component of the apparatus, a proton pump called the cytochrome bcl complex in Figure 4. 
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The next step involves the oxidation of the hydroquinone back to a quinone and the energy 

released being used for the translocation of the protons across the membrane thus establishing 

a proton concentration and charge imbalance (proton motive force, pmf). Thus, the oxidation 

process takes place via a series of redox reactions triggered by the oxidized special pair which 

at the end is reduced to its initial state. The oxidation process is ultimately driven, via various 

cytochrome redox relays, by the oxidized P870, which becomes reduced to its initial state. 

Finally, the enzyme ATP synthase allows protons to flow back down across the membrane 

driven by the thermodynamic gradient, leading to the release of ATP formed from adenosine 

diphosphate and inorganic phosphate (Pi). The ATP fills the majority of the energy needs of 

the bacterium (11). 

Cytochrome c 

inside 
2rf O" 

ATP Synthase 

2H+ 

PSII Cytochrome be 
complex ADP + P. ATP 

Figure 4. Scheme showing a cross-section of the photosynthetic membrane in the purple 

photosynthetic bacteria. PS II = photosystem II, P870 = special pair, Q = plastoquinone, 

QH2 = dihydroplastoquinone, ADP = adenosine diphosphate, ATP = adenosine 

triphosphate. 
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Green sulfur bacteria 

The observation of a photosynthetic reaction centre in green sulfur bacteria dates back to 1963 

(13). Green sulfur bacteria reaction centers are of the type I or the Fe-S-type (photosystem I) 

where the electron acceptor is not the quinine, but instead chlorophyll molecules (BChl 663, 

S^OH-Chl a, or Chi a) serving as primary electron acceptors and three Fe4S4 centers 

(ferredoxins) as secondary acceptors. A quinone molecule may or may not serve as an 

intermediate carrier between primary electron acceptor (Chi) and secondary acceptor (Fe-S 

centers) (14). The sequence of the processes leading to the energy conversion in reaction 

centre I is shown in Figure 5. 

PSI 

Cytochrome 
Cytochrome c 

ATP Synthase 

Cytochrome be 
complex 

war y 
/ - 2 F d r e d > . msiR A D P + P j A T p 

* ~J. ^ NADP 
2Fd0X 2Fd0X 

Figure 5. Scheme for photosystem I (PS I). P700 = special pair, Q = plastoquinone, QH2 = 

dihydroplastoquinone, NADP = nicotinamide adenine dinucleotide phosphate, FQR = 

ferredoxin-quinone reductase, FNR = ferredoxin-NADP reductase, Fd = ferredoxin, 

ADP = adenosine diphosphate, ATP = adenosine triphosphate. 

A large number of chlorophyll antennas are used to harvest the solar energy, which in turn are 

used to excite the special pair P70o. The P70o donor will in turn transfer an electron to a primary 
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acceptor (Ao, phyophytin) and in less than 100 ps to a secondary acceptor (Ai, a 

phylloquinone). The electron received by Ai is in turn transferred to an iron-sulfur cluster and 

then to the terminal iron-sulfur acceptor (15), 

Inspiration of photosynthesis in artificial systems 

Photosynthesis is a source of inspiration for scientists interested in non-natural systems that 

convert light into chemical potential or electrical energy. Molecular wires, optoelectronic 

gates, switches and rectifiers are typical examples of molecular electronic devices envisioned 

by the function of the energy or electron transfer processes (16-19). The basic structure of 

these devices is achieved via stimulating the natural systems by designing a scaffold where the 

energy or charge transfer can be induced. The desired scaffold can be represented in Figure 6. 

^ \ Donor Bridge Acceptor 

Energy or Electron Transfer 

Figure 6. Schematic representation of a scaffold for photoinduced intramolecular energy 

or electron transfer. 

The desire behind such a system is the mimicry of the highly efficient photosynthesis process 

in biological systems, where an antenna device collects the light energy prior to a series of 

exciton and energy and electron transfers leading to the synthesis of the plant's fuel (20-23). 

Porphyrins are considered as one interesting class of compounds used for the study of the 

energy- and electron-transfer functions of the natural photosynthetic machinery. The concern 
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with porphyrins in this respect is motivated in part by their photo-catalytic activity and 

electronic properties (24). It is also structurally related to chlorophyll. 

Concerning the energy transfer, cofacial bisporphyrin systems using rigid spacers are 

interesting since this particular arrangement provides a unique way to place two chromophores 

(a donor and an acceptor) at a given distance, inducing a through-space energy transfer as the 

shortest pathway for inter-molecular interactions and communications (25). 

Figure 7. Some examples of cofacial face-to-face porphyrin systems with different spacer 

(modified from reference 25). 

Recently, the effect of the donor-acceptor separation has been studied (26). Both the 

fluorescence lifetime and quantum yield were found to decrease as the distance between the 

two porphyrins (CmeSo-Cnieso (c-d) and CCmeso-CCmeso (ab) distances) decreases (Figure 7). It 

has been demonstrated that as the two rings get closer to each other, they interact more 

strongly, and hence the non-radiative deactivation becomes more pronounced (25, 26). 

Study of the rate dependence for the Si energy transfer (Si ET) for such systems proved the 

presence of a dependence of the rate of energy transfer (RET) on the Cmeso-CmeSo distance. The 

rate increases as the distance decreases (25). Upon the comparison of donor-acceptor 

separation in the face-to-face arrangement and the corresponding various donor-acceptor in 

the living supramolecular structures (found in plants, algae, and cyanobacteria), we can see 

(Figures 7 and 8) that while the former is ~ 3.5 A the latter is up to ~ 20 A. Despite this 
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observation, the Si energy transfer data are strikingly slower (2 orders of magnitude) (8). This 

leads to the question "what is missing"? One chapter in this thesis is devoted to the study of 

cofacial porphyrin systems in order to shed some light on this area. 

Figure 8. A LH II ring showing only the chlorophyll for the B850 network and the non-

interacting B800 bacteriochlorophylls, and the rhodopin glucosides. Two of the B850 

units were marked with arrows representing the transition moments of the Qy bands. 

This is also true for the rest of the B850 ring (modified from reference 8). 

Both through-space and through-bond mechanisms are known for energy transfers, where 

singlet-singlet energy transfer occurs through both Coulombic or dipole-dipole interaction 

(Forster) and double electron exchange (Dexter) mechanisms. 

An example of different dyads of the type donor-bridge-acceptor based on metallated and free 

base porphyrins reported where singlet-singlet energy transfer occurs through both Coulombic 

or dipole-dipole interaction (Forster) and double electron exchange (Dexter) mechanisms is 

given in Figure 9 (27,28). For these systems, the Si energy transfer occurs via a contribution 

from both mechanisms (Coulombic and exchange), which are almost of the same magnitude 

and are not affected by the distance between the donor and acceptor (D-A). The electronic 

interactions were found to be dependent on the donor-bridge energy gap as well as the bridge 

conformation (planar or nonplanar). Study of the rate of energy transfer as a function of the 
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energy gap between the donor and the bridge facilitated the separation of the two mechanisms 

where the rates observed for systems with the biggest energy gap were found to be almost 

equal to the Forster energy transfer rates. 

Bridge 

Figure 9. Some Donor-Bridge-Acceptor systems involving both Forster and Dexter 

energy transfer (modified from reference 28). 

In Harvey's laboratory, the study of energy transfers arising from the longer-lived triplet states 

as well as the singlet ones was also a focus. This study was achieved by using systems where 

porphyrins contained a heavy metal (e.g. Pt and Pd) as shown in Figure 10 (29). 

By virtue of the spin orbit coupling of the heavy atom, the intersystem crossing is increased 

thus populating more the triplet excited state. Triplet energy transfers can only be analysed 

according to the Dexter mechanism because the Forster one does not operate in the triplet 

excited states due to their diradical nature, and the change in multiplicity during the process. 

For Dexter mechanism, energy transfer occurs via a double electron exchange 

HOMO(acceptor)—>HOMO(donor) and LUMO(donor)-*LUMO (acceptor) between triplet 

states of the donor and acceptor. In these systems (Figure 10), the Pd- and Pt-metallated 

chromophores act as triplet donors, whereas the free base and Zn-containing materials are the 

energy acceptors. 
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Figure 10. Some examples of cofacial bisporphyrin systems containing heavy atoms 

(modified from reference 25). 

The analyses of the energy transfer rates revealed that for those systems where the spacer used 

was DPS, no sensitive transfer is detected, whereas for those with the DPB- and DPX-

containing dyads, energy transfer occurred. This result was explained on the basis of the 

mechanism. In the singlet states, the energy transfer can operate via two mechanisms: Forster 

and Dexter. For the DPB- and DPX-containing dyads; Cmeso-Cmeso = 3.80 and 4.32A, 

respectively. The mechanism for singlet energy transfer proceeded dominantly via a Dexter 

mechanism. On the other hand, for DPS-containing dyad, CmeSo-Cmeso= 6.33A, the singlet 

energy transfer operated dominantly according to the Forster mechanism. Since the latter 

mechanism is inactive in the triplet states (27), then at such long distance orbital overlap is 

poor and energy transfer is either weak or nil. This concept is of great importance for 

designing molecular switches based on the distance separating the donor from the acceptor. 

Through-bond energy transfer was also observed for porphyrin systems (regardless whether it 

occurs via a Forster or a Dexter mechanism). An example for this kind of interactions was 

reported for the rhodium meso-tetraphenylporphyrin-tin (2,3,7,13,17,18-hexamethyl-8,12-
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diethylcorrole, which exhibits a Rh-Sn bond of 2.5069 A and a 3.4 A separation between the 

average macrocycle planes, Figure 11 A (25). 

10e<kE T<108S-1 k£T - 4 x l 0 4 . , ' 2 x 1 0 s , <0.1s-' 

Figure 11. Porphyrin systems with through-bond energy transfer, 

A photophysical study showed the presence of significant intramolecular triplet energy 

transfer with an estimated kET ranging between 10 6 and 10 8 s _1. The comparison of the rates 

for the through-bond process with those obtained for through-space examples clearly shows 

that the former is three to five orders of magnitude larger than the through-space energy 

transfer. Some other examples for through-bond energy transfer are shown in Figure 11 B (30, 

31). The rates for intramolecular energy transfer within these systems were found to be slower 

than those estimated for cofacial systems by two or three orders of magnitude (8). These 

results can be helpful in predicting the rates for energy transfer (kET) for unknown systems. 

A similar observation was made by Albinson, using Zn(II)porphyrin as the donor and free 

base porphyrin as the acceptor, where the solvent viscosity and temperature were investigated 

as factors affecting the donor-acceptor interactions, Figure 12 (32). In this example and in 

agreement with the one represented in Figure 1 IB (25), the rates are increasing with the 

increase of conjugation along the spacer while a complete turn off of the energy transfer 

process is observed when the conjugation is broken by the presence of the saturated system. 

This indicates that the through-bond energy transfer process takes place between the higher 
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triplet energy state of the Zn(II)porphyrin to the lower lying triplet state of the free base 

porphyrin. 
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Figure 12. Porphyrin systems with through-bond energy transfer (modified from 

reference 32). 

The rates of triplet energy transfers were measured over range of temperatures from 295-80 K. 

The free energies of activation were found to be in the range of 1.0-1.7 kcal/mol in low 

viscosity solvents whereas in high viscosity solvents the temperature dependence is less 

pronounced. The triplet energy transfer was also found to be dependent on the viscosity of the 

solvent where a dramatically slower rate is observed for high viscosity solvents due to smaller 

electronic coupling. It was suggested that the triplet excited donor porphyrin can adopt 

conformations in fluid solutions that have a much larger electronic coupling than it is possible 

for the same molecule in highly viscous media (32). This was attributed to the nature of the 

porphyrins considered in the study where they are prone to change in conformational in the 

triplet manifold. These different conformations are due to the rotation of the bridging unit of 

the D-spacer-A system (Figure 12) and hence leading to different electronic coupling between 

the donor and the acceptor through the bridging spacer. While the ground state is associated 

with a dihedral angle near 90°, the triplet state has a situation where the phenyl group could 

14 



rotate towards the plane of the porphyrin macrocycle leading to a considerable increase in the 

electronic coupling. This conformational freedom is lost when the solvent rigidifies and 

consequently the coupling between the donor and the bridge is decreased. Moreover, in 

solvents of low viscosity at sufficiently high temperatures a triplet state distortion was 

observed inducing slower rates for triplet energy transfers. 

All in all, the nature of the donor-acceptor linker is undoubtedly a controlling factor on the 

energy transfer, especially in the case of the triplet state interactions where the mechanism of 

the interaction proceeds according to the Dexter mechanism (i.e. double electron exchange). 

This analysis provides information about the importance of the study of different donor-

acceptor spacers and arrangements on the photo-induced energy transfer. In this thesis, 

attention was paid to this factor that cannot be neglected. 

Organometallic polymers 

Organic and organometallic polymers are considered a class of materials exhibiting potential 

applications in photonics. The class of organometallic polymers has received a lot of interest 

as it combines the advantages of the high luminescence of the organic and high carrier density, 

mobility, steady chemical properties and physical strength of inorganic material. The search in 

the field of such classes of compounds is increasing due to their potential use as components 

in electronic applications; such as field effect transistors (FETs), light emitting diodes (LEDs) 

and solar cells (33). They received special interest where tremendous effort focused on the 

energy levels of the singlet and triplet states of the conjugated polymers. Metal-containing 

polymers can be divided into three types, known as types I, II and III as illustrated in Figure 

13(34,35). 

In type I, the metal centers are connected to the conjugated polymer backbone through a 

saturated linker such as alkyl chains. The polymer in this type (I) is acting as a conducting 

support. The electronic, optical and chemical properties of the metal ions in this type of 

polymer remain the same as it would be if it were alone (i.e. unattached to the polymer 

15 



backbone). In the second type, the metal centers are electronically coupled to the conjugated 

polymer backbone where both the polymer and the metal group properties are affected. For 

type in, the metal centers are located directly within the conjugated backbone. In the last type, 

there are strong interactions between the metal centre and the organic bridge. For this 

arrangement, the electronic interactions between the organic bridge and the metal group are 

possible and new properties can be obtained because of the combination of the characteristics 

of the organic polymers with the common properties of the transition metals (34, 35). 

Type III 
Type I Type II 

< E > = metal center fc.~~ J l = conjugated polymer 

Figure 13. Schematic representation of types of metal-containing polymers (modified 

from reference 35a). 

The presence of heavy metal atoms in the backbone of the polymer has the effect of increasing 

the intersystem crossing rate of the organic lumophores as the result of the enhanced spin-orbit 

coupling thus populating more the triplet state facilitating the study of interactions on both 

singlet and triplet states (35). The concept of energy transfer in organic and organometallic 

polymers is considered an important point for research. In fact various types of organic and 

organometallic systems (oligomers and polymers) were specifically designed for 

intramolecular energy transfer studies. The molecular architecture was found to play an 

important role in the efficiency of the energy transfer where the bridge between the donor and 

the acceptor chromophores has been found to exert an important effect on the rates as well as 

the mechanism through which the energy transfer occurs (36, 37). Through-bond mechanism 

operates very efficiently for the cases of rigid saturated hydrocarbon bridges on the other hand 

through-space mechanism are efficient for flexible bridges (39, 40). 
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In Dr. Harvey's laboratory, the research interest was, in part, devoted to study the 

photophysical properties of macromolecules built upon M-P and M-CN (isocyanide) bonds 

including the metal in the backbone. Despite the important photonic applications of this class, 

it has not been explored, to our knowledge, much in depth in literature where only a limited 

number of small reviews or small sections in larger reviews have appeared (40-42). 

In this respect, a study on copper- and silver-containing coordination polymers was reported 

by Harvey and collaborators using l,8-diisocyano-/?-menthane (dmb) as a coordinating unit. 

The photophysical properties were investigated and compared to monomeric complexes 

[M(CN-fBu)4]BF4, as model compounds (Figure 14; M = Cu (I), Ag(I)) (43). 
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Figure 14. Structure of A: [M(dmb)2]
+ and B: complex [M(CN-tBu)4]

+(modified from 

reference 43). 

In general, the low-energy absorption bands are assigned to metal-to-ligand-charge-transfer 

(MLCT) due to the d'° electronic configuration the metal. The materials are weakly 

luminescent at room temperature. However, intense blue emissions are observed at 77 K, both 

in the solid state and in solution. The broad emission bands arises from the lowest energy 
3MLCT excited state. A large difference in A,max emission between the monomeric and 

polymeric species is noted. This observation suggests that M—M interactions play a role in the 

stabilization of the emissive state. The investigation of these emissions by time-resolved 

phosphorescence spectroscopy demonstrated that the broad emissions are composed of an 

17 



infinite number of emission bands. In addition, the decay traces for these samples were non-

exponential, thus revealing the presence of an exciton process consistent with an energy 

derealization within the backbone bearing some similarity with eximer emissions. This 

process is particularly useful for energy migration across a material. Moreover, it was 

demonstrated that the counter-anions play a role in the deactivation mechanism as the 

emission lifetime decays were not the same from one counter-ion to another. Thus a study of 

the polymer formation as well as the different counter ions is essential in order to present a 

complete photophysical study on this class of compounds. 

Another class of compounds bearing Pt(I)-Pt(I) or Pd(I)-Pd(I) in the main chain and based on 

diphosphine ligands (diphos) such as bis(diphenylphosphino)butane (dppb), 

bis(diphenylphosphino)pentane (dpppen) and bis(diphenylphosphino)hexane (dpph) (polymers 

A-D and model compound E, see Figure 15) were investigated (44). 
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Figure 15. Structure of polymers A-D and model compound E (modified from reference 

44). 

These compounds exhibited a luminescence in butyronitrile at 77 K where that luminescence 

arises from a do-da* triplet excited state. This is associated with the nature of the ligand 

exerting an increase in the electronic density on the P-atom due to inductive effect, hence 

destabilizing the HOMO. The LUMO of the chromophore "Pd(CNR)2(P)" is stabilized going 
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from a saturated chain P(CH2)nP to P-C=C-P, via coupling of the empty d orbitals located 

onto P and the empty Ji*-orbital located onto ethynyl fragment. 

Other examples of M2-bond-containing organometallic polymers where the diphosphine acts 

now as chelating ligand instead of bridging M2-support were investigated. The structure of 

these polymers (F and G) and the corresponding model compounds (H and I) are given in 

Figure 16 (45). 
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Figure 16. Structural motif of M2-bond-containing polymers F and G and their model 

compounds H and I (modified from reference 45). 

Examination of the photophysical data showed that the Pt-based polymers exhibit longer 

emission lifetimes in comparison with that of the Pd-based materials. This observation can be 

explained on basis of the more stable Pt-Pt and Pt-L bonds in comparison to the more photo-

labile Pd-Pd and Pd-L ones. Therefore, the energy wasting process (here bond cleavage) does 

not occur, or at least occurs in a much less efficient manner for the Pt-materials, thus reducing 

efficient non-radiative excited state deactivation. 

Another interesting system of homo- and heterobimetallics M(fx-CNR)M' bearing an isonitrile 

bridge between the metal centres need to be addressed due to its resemblance with the systems 

discussed in this thesis. 
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Figure 17. Some examples of homobimetallic complexes with |i-CNR ligands (modified 

from reference 46). 

An example is provided in the binuclear system [Ni2(|J.-L)(CNMe)2(|J.-dppm)2] (L = C=N-R, 

C=N-(Me)(R)+, NO+) complexes; Figure 17 (46). The nature of the lowest energy electronic 

absorption band for these isocyanide complexes was assessed by varying the nature of the 

bridging ligand and the solvent. The electronic absorption spectra of these species exhibit an 

intense, broad band centreed between 350 and 450 nm. The lowest excited states is assigned to 

a metal-to-in-hgand-charge transfer (M2—>-u,-LCT). This assignment was made based on the 

observed hypsochromic shifts of the emission band with the decrease in solvent polarity (a 

difference as large as 85 nm was noticed) as well as a bathochromic shift and increase of the 

maxima with the nature of the aryl group. 

Aim of the thesis 

As previously mentioned, the natural photosystems are very efficient devices for energy 

conversion. It begins with sun light, which is absorbed by an antenna pigment molecules. This 

excitation energy travels via excitonic processes towards the reaction centre where it triggers a 

primary electron transfer followed by a series of other electron transfer reactions in a cascade 

fashion. Man-made devices inspired by these biological phenomena mainly contain in their 

backbone a donor-acceptor structure. In these devices it necessary to understand the 

relationship between this structure and the rates for energy and electron transfer to be able to 
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design more efficient devices. Thus, research focusing on the photophysics of dyad systems 

and polymers is very interesting because of their fundamental electron and energy transfer 

properties and ultimately for potential applications in the field of optoelectronic devices, 

sensors, luminescent markers, and solar energy conversion. 

Researchers in the field of optoelectronic devices need to consider one more important issue in 

addition to the one mentioned above, which is the search for new materials with potential 

photonic applications. In this respect, organometallic polymers are of general interest. This 

field stresses the obvious importance and necessity of a complete understanding of the 

relationship between the structure and the photophysical properties for this class of 

compounds. 

In our laboratory, our interest focuses on compounds designed for the study of photo-induced 

singlet (Si) electron and energy transfers as well as triplet (TO energy transfer (ET) (25, 28, 

47-55). In this respect, a large emphasis was given to the study of cofacial bisporphyrin dyads 

along with their corresponding homobimetallic models and organometallic polymers with 

potential photonic applications. Here, in this thesis, and as continuation of our interest, the 

project is aimed towards the study of different types of energy or electron transfer dyad 

systems in order to provide a better understanding of the factors that influence their rates. 

Study of such systems is very important since it is essential to understand the photophysical 

properties of such molecules in order to establish a relationship between rates and structure of 

the materials for better applications. We also elected to study organometallic systems since, to 

our knowledge; there is very little literature on organometallic dayds, polyads and polymers 

bio-inspired or mimicking nature. 

We selected, here, mainly the Pd- and Zn-containing porphyrins for their ability of acting as 

energy donor and acceptor molecules, respectively. This choice is based on experience where 

both singlet and triplet energy transfers were demonstrated with respect to the possible 

electron transfer. During the course of this work several types of dyad systems were examined 

starting from systems in which both the donor and the acceptor molecules are porphyrins 
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covalently attached in the face-to-face fashion. Then, we moved to another type of dyad 

systems where the electrostatic interactions between cationic donors and anionic acceptors 

assemble them together to form host-guest supramolecular dyads. Indeed, these host-guest 

complexations and triplet energy transfers occur between negatively charged porphyrin 

molecules functionalized with a benzoate anion with the hydrophobic cavity of inorganic 

clusters, namely the [M3(dppm)3(CO)]2+ clusters (M = Pt, Pd; dppm = Ph2PCH2PPh2; as PF6" 

salt). 

We also have selected to study conjugated polymers of the type (-Cz-C=C-PtL2-C=C-Cz-X-)n 

along with their corresponding model compounds (Ph-PtL'2-C=C-Cz)2-X- where Cz = 3,3'-

carbazole, X = nothing, Cz or F (2,2'-fluorene), L = PBU3 and L' = PEt3, where Cz and F are 

the electron donor and acceptor, respectively. Studying these polymers and dyads enables us 

to put together a very nice study focusing on the effect of electronic communication across the 

backbone of these conjugated organometallic polymers on their photophysical properties. 

Moreover, with the aim of developing basic concepts to hopefully design inexpensive devices 

for harvesting this renewable energy source (i.e. light), organometallic and coordination 

polymers with novel constitutions (such as conjugated polymers of the type (-A-B-)n) and 

structural motifs as functional materials, were investigated. This interest is motivated by the 

fact that such molecules may have a potential use as cheap and easy fabrication materials to 

harvest energy from sunlight in comparison with the more expensive (and "not so easy" to 

prepare) inorganic semiconductors. This importance was the motivation of this work to 

involve a photophysical study for some organometallic polymers and monomers that are 

promising materials for photonic applications. In this respect, we studied some simple 

examples of A-frame containing complexes and the corresponding polymers. For example, the 

d9-d9 [ClPt(|a-dppm)2Pt(CN-PCP)]+ and A-frame [ClPd(]H-dppm)2(u-C=N-PCP)PdCl] 

isocyanide complexes (PCP = [2.2]paracyclophane) were examined in order to probe the 

communication through the C=N bridge. The study also included investigations on the 

photophysical properties of the ([XM(^-dppm)2M'((J,-CN-C6H3(R)-2-OCH2CH20-2-C6H3(R)-
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NC)]X)„ (R = H or R = tBu; M = Pd, Pt., M' = Pd, Pt and X = I, CI). The corresponding 

polymers were also considered in the photophysical study. 

Furthermore, the current study included some examples of CunXnLm polynuclear complexes 

(i.e. clusters) resulting from the reaction of copper(I) halides (CuX) with dithioether ligands 

(L). The study focuses on the effect of the resulting Cu-Cu distance in the clusters on the solid 

state photoluminescence of this class of compounds. 
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CHAPTER 1 

Theory 

1.1 Introduction 

This thesis involves the photophysical study of multi-component organic and organometallic 

systems that promote intramolecular energy transfers upon photo-excitation as well as some 

coordination polymers that are considered promising materials for photonic applications. This 

study is inspired by the antenna devices in natural photosystems in the photosynthetic bacteria, 

algae and plants where the energy transfer and energy derealization across the photosynthetic 

membrane secure a good constant excitation of the special pair inside the reaction centre 

protein (62). 

This chapter outlines the theory and physical basis as well as the techniques that are employed 

to characterize the photoactive systems including the absorption of light and the processes that 

follow that event. 

1.2 Electronic absorption and emission spectroscopy 

Light is composed of particles known as photons, each of which has the energy of Planck's 

quantum, hc/A,; where h is Plank's constant, c is the velocity of light and X is the wavelength of 

the radiation. Light has dualistic properties of both waves and particles; ejection of electrons 

from metal as a result of light bombardment is due to the particle behavior while the observed 

light diffraction at gratings is attributed to the wave properties. The different processes related 

to light interactions with molecule can be represented by the Figure 18. 
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Figure 18. Different processes associated with light interaction with a molecule. 

1.2.1 Electronic absorption 

Absorption spectroscopy is amongst the oldest technique in science. The principles of this 

technique were first presented by Newton in the early years of the eighteenth century. A few 

years later, Bouguer observed a change in the intensity of a beam that passes through various 

thicknesses of absorbing materials. Another important observation was made by Beer who 

demonstrated that there was a dependence of the transmitted intensity with the concentration 

of the absorbing species in a solution (56). 

When light passes through a medium (a solid or a liquid or a gas), the intensity of the 

emergent light is lower than the incident light. The attenuation of the light intensity as the 

result of passing through different media is known as the absorption of light and the selective 

absorption of white light produces colored light. The fractional part of the energy or the 

intensity absorbed in a thin layer of material was found, first by Bouguer and later by Lambert, 

to be dependent on the substance and the frequency of the incident radiation and was 

proportional to the thickness. Beer was then able to demonstrate that the absorption coefficient 

is directly proportional to the concentration of the absorbing species in a solution and 

introduced what we know as Beer's law: 
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/=.7o10_ a / or A = \og(^) = £cl [1.1] 

where A is the absorbance; Io , I are the intensity of the incident and transmitted beam, 

respectively; 1 is thickness of the medium; c is the concentration of the absorbing material; and 

s is the absorptivity, which depends upon the frequency of the radiation as well as the nature 

of the substance. The percentage I/Io is known as the transmittance, T. Molecules that absorb 

photons of energy corresponding to wavelengths in the range 190 nm to about 1000 nm absorb 

in the UV-VIS region of the electromagnetic spectrum. The molecule that absorbs a photon of 

light becomes excited. The energy that is absorbed can be translated into rotational, vibrational 

or electronic modes. The quantized internal energy Eim of a molecule in its electronic ground 

or excited state can be approximated with sufficient accuracy for analytical purposes, by: 

Eim = Eel + Evib + Erot [1.2] 

where Eei, EVib and Erot are the electronic, vibrational and rotational energy, respectively. 

According to the Born-Oppenheimer approximation, electronic transitions are much faster 

than atomic motion. Electronic transitions upon excitation occurs in about 10"15 s, which is 

very fast in comparison with the characteristic time scale for molecular vibrations (10"10-1012 

s) (57). Hence the influence of vibrational and rotational motions on electronic states should 

be almost negligible. Franck-Condon designed his principle based upon this observation and 

stated that electronic transition is most likely to occur without changes in the position of the 

nuclei in the molecular entity and its environment. It is then possible to describe the molecular 

energy by a potential energy diagram in which the vibrational energies are superimposed upon 

the electronic curves (see Figure 19). 
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Figure 19. Schematic diagram showing the relative ordering of electronic, vibrational, 

and rotational energy levels (modified from reference 57). 

Considering that for most molecules only one or two lower energy electronic transitions are 

normally postulated, and then one would expect that the UV-VIS spectrum to be relatively 

simple. This is indeed often not the case. The question is why there are often many bands 

exhibiting additional features? The answer to this question lies in the Franck-Condon principle, 

where vibronic couplings are possible for polyatomic molecules. Indeed, both vibronic and 

electronic transitions will be observed in the spectrum generating vibrationally structured 

bands, and even sometimes leading to broad unresolved bands (58). Each absorption resolved 

peak corresponds to a vibronic transition, which is a particular electronic transition coupled 

with a vibrational mode belonging to the chromophore. For solids (when possible) and liquids, 

the rotational lines are broad and overlapping, so that no rotational structure is distinguishable. 

In order to apply this concept for the simple case of a diatomic molecule, let's consider the 

example given in Figure 20. At room temperature, according to the Boltzman distribution, 

most of the molecules are in the lowest vibrational level (v ) of the ground state (i.e. v = 0). 

The absorption spectrum presented in Figure 20b that exhibits in addition to the pure 

electronic transition (the so-called 0-0 transition) several vibronic peaks whose intensities 

depend on the relative position and shape of the potential curve. 
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Figure 20. (a) Potential energy diagram for a diatomic molecule illustrating the Franck-

Condon excitation, (b) Intensity distribution among vibronic bands as determined by the 

Franck-Condon principle (modified from reference 58). 

The transition from the ground to the excited state where the excitation going from v = 0 (in 

the ground state) to v = 2 (in the excited state) is the most probable for vertical transitions 

because it falls on the highest point in the vibrational probability curve in the excited state. 

Hence, the fine structure of the vibronic broad band is a result of the probabilities for the 

different transitions between the vibronic levels. 

Noteworthy, there are two kinds of spectra, namely excitation and absorption. The absorption 

and excitation spectra are distinct but usually overlap, sometime to the extent that they are 

nearly indistinguishable. The excitation spectrum is the spectrum of emitted light by the 

material as a function of the excitation wavelength. The absorption is the spectrum of 

absorbed light by the material as a function of incident wavelength from an external light 

source. The origin of the occasional discrepacies between the excitation and absorption spectra 

are due to the differences in structures between the ground and excited states, or the presence 

of photo-reactions, or the presence of non-radiative processes that relax the molecule to the 

ground state without passing through the luminescent states (i.e. Si and Ti). 
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1.2.2 Luminescence 

After an absorption process, the excited molecule can relax to the ground state by various 

processes. The energy level diagram representing the different states and transitions is called a 

Jablonski diagram or a state diagram. The Jablonski diagram was first introduced in 1935; a 

slightly modified diagram is presented in Figure 21 (59). The different energy levels that are 

given in this figure where So represents the electronic ground state while Si and S2 represent 

the first and second singlet excited states, respectively. The first and second triplet states are 

denoted Ti and T2, respectively. 

1 Phosphorescence 

ia3s 
Internal conversion 

ja'-s 

Figure 21. The Jablonski diagram showing the various processes associated with light 

absorption and their time scale. Arrows in boxes describes the relative spin states of the 

paired electrons (modified from reference 58). 

As depicted by the arrows in the boxes, in the singlet states all electron spins are paired and 

the multiplicity of this state is 1. The subscript indicates the relative energetic position 

compared to other states of the same multiplicity. On the other hand, in the triplet states two 

electrons are no longer antiparallel and the multiplicity is 3. The triplet state is more stable 

than the singlet counterpart (S) and the source for this energy difference is created by the 

Coulomb repulsion energy between the two electrons and the increase in degree of freedom of 

the magnetic spins. Because the electrons in the singlet excited state are close to each other, 
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the Colomb repulsive energy between them is higher, consequently an increase in energy 

compared to the triplet excited state is observed. The splitting between these two states (S-T) 

is also dependent on the nature of the orbitals. Let's consider a case where the two orbitals 

involved in a transition are similar (i.e. two p-orbitals of an atom, or two rc-orbitals of aromatic 

hydrocarbon). For this situation the overlap between them will be high and the two electrons 

will be forced to be close to each other consequently the S-T splitting will be large. The other, 

situation is the case where the two orbitals are different (i.e. n—>7t* or d—>n transitions), for the 

case of small ovelap. Since overlap is small, the two electrons will have its own region of 

space to spread in which will result a minimization of the repulsive interactions between them 

and hence the S-T splitting will be small. 

Absorption occurs on a time scale of 10"15 s (58) inducing generally the promotion of an 

electron from the HOMO to the LUMO and thus the molecule passes from an electronic 

ground singlet state So (for diamagnetic molecules) to a vibrational level of an upper singlet or 

triplet excited state Sn or Tn, respectively. The energy of the absorbed photon determines 

which excited state is accessible. After a while, the excited molecule relaxes to the ground 

state via radiative (with emission of light) and non-radiative processes (without emission of 

light). The radiative processes (again for diamagnetic molecules) are either the spin-allowed 

fluorescence or spin-forbidden phosphorescence. The non-radiative processes are intersystem 

crossing (ISC), a process allowing a molecule to relax from the Sn to the Tn manifolds, and 

internal conversions in the singlet and triplet states (IC and IP; respectively), a stepwise 

(vibrational) energy loss process relaxing molecules from upper excited states to any other 

without or with a change in state multiplicity, respectively (58). 

An internal conversion, IC, is observed when a molecule lying in die excited state relaxes to a 

lower excited state. This radiationless transition between two different electronic states of the 

same multiplicity is possible when there is a good overlap of the vibrational wavefunctions (or 

probabilities) that are involved between the two states. Internal conversion occurs on a time 

scale of 10" s, which is a time scale associated with molecular vibrations. A similar process 

occurs for an internal conversion, IP, when it is accompanied by a change in multiplicity 

30 



(triplet Ti down to So, for example). Upon non-radiative relaxation heat is released. This heat 

is transferred to the media by collision with the neighbouring molecules. 

The radiative process called fluorescence is a process in a diamagnetic molecule involving two 

states (excited states and the ground state) of the same multiplicity (for example Si —• So and 

S2 —*• So). The fluorescence spectra are the spectra showing the intensity of the emitted light 

versus the wavelength. A fluorescence spectrum is obtained by initial irradiation of the sample 

normally at a single wavelength, where the molecule absorbs light. The lifetime of 

fluorescence is typically on the 10" -10" s (i.e. ns time scale) for organic molecules and faster 

for metal-containing compounds (10~10 s or shorter). 

0—>2 

2 Vibrational 
T0*1 energy levels 

Vibrational 
Q-1 " energy levels 

Figure 22. Potential energy curves and vibronic structure in fluorescence spectra 

(modified from reference 58). 

In general the fluorescence band, typically Si —• So, is a mirror image of the absorption one (So 

—> Si) as illustrated in Figures 22 and 23. This is particularly true for rigid molecules such as 

aromatics. Once again, the Franck-Condon principle is applicable and hence the presence of 

vibronic bands is expected in the fluorescence band. However there are numerous exceptions 

to this rule, particularly when the molecule changes its geometry in the excited states. Another 

observation that one can make is that the emission is usually red-shifted in comparison with 

absorption. This is because the vibronic energy levels involved are lower for the fluorescence 

and higher for the absorption processes as illustrated in Figure 22. The difference in 
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wavelength between the 0-0 absorption and emission band is usually known as the Stokes shift, 

the magnitude of which gives an indication about the extent of geometry relaxation between 

the ground and excited states of a molecule as well as the solvent-solute reorganization (58). 

Another non-radiative process that can take place is known as intersystem crossing. This 

process is very important for metal-containing compounds as those presented in this thesis. 

This process can take place on a time scale of -10". -10" s for an organic molecule while for 

organometallics it is -10"11 s. This is due to spin-orbit coupling, i.e. an interaction between the 

spin angular momentum and the orbital angular momentum, which allows mixing of the spin 

angular momentum with the orbital angular momentum of Sn and Tn states. So, these singlet 

and triplet states are no longer "pure" singlets and triplets and the transition from one state to 

the other is "less forbidden" by multiplicity rules. The increase in intersystem crossing can be 

achieved by the heavy atom effect (60). This arises from an increased mixing of spin and 

orbital quantum number with increased atomic number. This can be done either by the 

introduction of heavy atoms into the molecule via chemical bond (internal heavy atom effect) 

or with the solvent (external heavy atom effect). For atoms, the spin-orbit interaction energy 

grows with the fourth power of the atomic number Z. In addition to the increase in the 

intersystem crossing rate, heavy atom exerts some more effects that can be summarized in 

these points: (1) decrease in the phosphorescence lifetime due to increase in the non-radiative 

rates; (2) decrease in the fluorescence lifetime; (3) increase the phosphorescence quantum 

yield. Not only can the heavy atom affect the rate for intersystem crossing but also the the 

energy gap between the singlet and the triplet state, where the rate for the intersystem crossing 

increases as the energy gap between Si and Ti decreases. Moreover, the nature of the excited 

state exerts an important effect on the intersystem crossing. For example the S](n,7i*) —• 

T2(n,7c*) (e.g., as in benzophenone) transition occurs almost three order of magnitudes faster 

than the Si(it,7t*) —*• T2(7t,7i*) transition (e.g., as in anthracene) (59). 

In the triplet state, relaxation of the molecules to the ground state can be achieved by either 

internal conversion (non-radiative IP) or phosphorescence (radiative). Emissions from triplet 
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states (i.e. phosphorescence) exhibit longer lifetime in comparison with fluorescence. These 

long-lived emissions occur on time scale of 10"3 s for organic samples and 10~5-10~7 s for 

metal-containing species. This difference between the fluorescence and phosphorescence is 

associated with the fact that it involves a spin-forbidden electronic transition. Moreover, the 

phosphorescence bands are always red-shifted in comparison with their fluorescence counter

part because of the relative stability of the triplet state compared to the singlet manifold (see 

Figure 23) (58). It is found that the non-radiative processes in the triplet states increases 

exponentially with the decrease in triplet energies (energy gap law). Hence, phosphorescence 

is more difficult to observe when the triplet states are placed very low in energy. It is also 

often easier to observe the phosphorescence at lower temperatures where the thermal decay is 

inhibited further (61). 

Excitation s 2 

f -T, ^T-T, S J- T l «.-&, 
ISC = Intersystem crossing 

Absorption Fluorescence Phosphorescence 

Figure 23. Relative positions of absorption, fluorescence, and phosphorescence The 0-0 

peak is common to both absorption and fluorescence spectra (see Figure 22; modified 

from reference 58). 

1.3 Emission quantum yield 

The radiative quantum yield is an important photophysical quantity and the knowledge of this 

parameter is very useful and of important application in photophysical studies. Quantum 

yields can provide information about the relaxation processes of the excited electronic states 

such as the rates of radiative and non-radiative processes. Moreover, they can also find 
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applications in the determination of chemical structures and sample purity (62). The emission 

quantum yield can be defined as the fraction of molecules that emits a photon after direct 

excitation by a light source (63). So it is also a measure of the relative probability for radiative 

relaxation of the electronically excited molecules. 

The widespread method for measurement of the emission quantum yield involves the 

comparison of very dilute solution of the studied sample with a solution of approximately 

equal optical density of a compound of known quantum yield (standard reference). The 

quantum yield of an unknown sample is related to that of a standard by the equation (64): 

<£.. = 
(\Fsnl). 

* , - [1-3] 

where, the subscript u refers to "unknown" and s to comparative "standard", and O is the 

quantum yield, A is the absorbance at a given excitation wavelength, F is the integrated 

emission area across the band, n and no are the refractive indices of the solvent containing the 

unknown and the standard, respectively. Both the sample and standard solutions should have 

low absorption (^0.05) and have the same absorption (as much as possible) at the same 

excitation wavelength (64). 

1.4 Emission lifetime 

In general, the lifetime is the amount of time a molecule remains in the excited state following 

the excitation. From a kinetics point of view, the lifetime can be defined by the rate of 

depopulation of the excited (singlet or triplet) states following an optical excitation from the 

ground state (65). For a complete photophysical study, it is essential not only to study the 

emission spectrum but also the time domain since it can reveal a great deal of information 

about the rates and hence the kinetics of intra- and intermolecular processes. Here, in this 
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section, the fundamental principles of the techniques used to characterize the emission 

lifetimes of the fluorescence and the phosphorescence are being discussed. 

When a molecule is excited [1.4], it is promoted from the ground to the excited state after 

which the excited molecule can relax to the ground state after loosing its extra energy gained 

from the exciting source via a set of radiative [1.5] and non-radiative [1.6] processes: 

Ao + hv -»A* [1.4] 

A* —*• Ao+ h v ' (radiative processes, kr) [1.5] 

A*—>Ao + heat (non-radiative processes, kn) [1.6] 

Therefore, we can write 

- ^ - = (kr+kn)[A*]t = [A*] [1.7] 
at T, 

where, [A*] is the concentration of the species "A" in its excited state at a given time t, kr and 

kn are the rate constants for the radiative and non-radiative processes, respectively. The 

relative concentration of A* can be obtained from the integration of equation [1.7], using the 

concentration from t = 0 to any given time t, and is given by: 

In-1—ij- = -(K +K)t = — [1.8] 

Hence, the mean lifetime (x) of [A*] is: 

x=l/(kr + kn) [1.9] 
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where, kr and kn are the rate constant for the radiative and non-radiative processes, 

respectively, represented by equations [1.5] and [1.6]. 

Hence the measured unimolecular radiative lifetime is the reciprocal of the sum of the 

unimolecular rate constants for all the deactivation processes. The general form of the 

equation is given by: 

T = 
1 

5>* 
[1.10] 

where T is observed radiative lifetime, and the rate constant k; represents the unimolecular or 

pseudo-unimolecular processes which deactivate A* (66). 

The lifetime can be measured from a time-resolved experiment in which a very short pulse 

excitation is made, followed by measurement of the time-dependent intensity as illustrated in 

Figure 24. 

Pulsed 
excitation 

Slope = - ( 1 / x) 

Time (ns) 

Figure 24. Time-domain lifetime measurement (modified from reference 67). 

The intensity decays are often measured through a polarizer oriented at 54.7° from the vertical 

z-axis in order to avoid the effects of anisotropy on the intensity decay (67). Then the recorded 

intensity is plotted against time in the log scale to obtain a straight line predictable from the 
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integration of the equation 1.7. The slope of this line is the negative reciprocal of the lifetime. 

When more than one lifetime is present in the decay traces, this means that there is more than 

one radiative pathway to relaxation, also often meaning that there are more than one species 

emitting light at the wavelength of excitation. The analysis of such multi-component decays 

involves the deconvolution of an equation of the same form of equation 1.7 where to each 

component is added a weighing factor for each component. 

One possible explanation for the polyexponential curves can be due to an exciton process. The 

exciton phenomenon is a derealization of excitation energy through a material. A description 

of the process is given in Scheme 2. It shows a schematic representation of a 1-dimensional 

coordination or organometallic polymer denoted by - | Mn | -1 Mn | -1 Mn | -Mn | -, where Mn 

represent a mono- (n = 1) or polynuclear center (n >1). The incident irradiation is absorbed by 

a single chromophore, | Mn | , along the backbone (hvO, and then its stored energy is 

reversibly transmitted via an energy transfer process to the neighbouring chromophore (with 

no thermodynamic gain or loss; i.e. AG = 0), which can re-emit, or not, the light (hv2, hv3, 

hV4,..) at a given moment. 

\hv, y » 
\ 

hv2
 h v i 

ML M„ ML M„ M„ Mn 

N-•>/ 

Scheme 2 

The interactions between the different units in the excited states are called excimers. These 

excimers can be under the form of excited dimers, trimers, tetramers, etc. These excited 

oligomers have different wavelengths and lifetimes of emission. The extent of interactions in 

the excited state (dimers, trimers, tetramers, etc) is hard to predict since it depends upon the 

amplitude of the interactions and the relaxation rates. Hence, the lifetime decay curve will 

have a polyexponential nature. 
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1.5 Transient absorption spectroscopy (Flash photolysis) 

The phosphorescence or emission arising from the triplet states can often be difficult to 

observe in fluid solution at room temperature because of the high efficiency of the non-

radiative processes from long lived triplet states such as intermolecular collisional processes 

with the solvent (61). The difficulties associated with observation of the phosphorescence at 

room temperature represented an obstacle for the development of triplet-state theory (66). The 

solution came in 1949 when Porter and Norris introduced the flash photolysis technique (68). 

Flash spectroscopy or flash photolysis allows the observation of the triplet states in fluid 

solution by direct measurement of their absorption spectra (66). The long-lived nature of the 

triplet-states allow the build up of the concentration of species residing in the Tj state and the 

fact that Ti—> Tn is a spin allowed transition making these transitions as intense as the So —• Sn 

(66). A brief discussion on the principles of this technique is placed below. 

1.5.1 Principles of the flash photolysis technique 

The basic principle of this technique is shown in the state diagram in Figure 25. 

intersystem Crossing 

'T~^-v 
Absorption 

I 
_ Triplet-triplet 

2 Absorption 

Figure 25. State diagram showing the pathway leading to Ti-T„ absorption. 

In principle, a laser flash photolysis setup is a single beam absorption spectrometer. The 

difference is the presence of pulsed laser excitation as a pump source. The basic components 
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of the apparatus used for the flash photolysis are shown in Figure 26. The basic principles of 

this technique involve the excitation of the molecule by the application of an intense flash 

(pump) which will create a high concentration of the singlet excited molecules, first in the Si 

state. Then two scenarios can occur depending on the width of the laser pulse (pump). If the 

laser pulse is very narrow (i.e. fs or ps) and that a second excitation (probe) is performed 

almost right away (delay time between the first and second pulse of fs or ps), then So —> Sn 

absorption is possible. At this time scale, the concentration of species lying on the Si state is 

still large since the time scale for the usually very fast inter-system crossing process is about 

10"11 s. However for larger excitation pulse width (ns for example), then species lying on the 

Si state have the time to relax to the Ti state. At this point, the concentration of these species 

is the highest. So, with an appropriate delay time after the pump and probe excitation (Figure 

25) observation of Ti—• Tn absorption bands is possible (66). 

E- Shutter .Filter 1 

Figure 26. Schematic representation of a flash photolysis apparatus. 

Interestingly, if the measurements of these absorption bands are performed as a function of 

delay times, then one can monitor the decrease in concentration of the species residing on the 

Ti state (via the absorption intensity of the Ti—»Tn bands) as a function of time. Since the 

concentration of Ti species is never 100% but a significant fraction, then a large concentration 

of the species in solution are ground state species as well. In consequence, the resulting 

spectrum is an overlay of both So—•*• Sn and Ti —• Tn spectra making the analysis difficult. To 
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minimize this problem, two experiments are performed. First, the typical pump-probe 

experiment is performed as described above, and then the probe experiment extracting only 

the So —> Sn spectrum is executed. Then the two spectra resulting from these two experiments 

are subtracted from each other (pump-probe minus probe). The So —*• Sn spectrum will be 

manifested as negative absorption bands, whereas the Tj —> Tn band will exhibit positive 

signals. 

1.5.2 Transient lifetime 

As stated, if the measurements of these absorption bands are performed as a function of delay 

times, then one can monitor die decrease in concentration of the species residing on the Ti 

state. In this way, the decay kinetics of Ti species are easily extracted (66). Study of the 

observed change in the intensity of the triplet absorption signal with time can allow us to 

evaluate the lifetime of the transient triplet state, so its lifetime from a graph of the absorbance 

vs time similar to that shown in Figure 24, even despite the absence of phosphorescence. 

Processes involving a photo-induced electron transfer can also be investigated by this 

technique. Normally, photo-induced electron transfers occur from species lying in their Si 

states and consequently these events occur at shorter time scales (ps). Using an appropriate 

pulsed laser system (fs for example), it is possible to see the growth of signals associated with 

the generation of the species associated with the charge-separated state (for example a cation 

and an anion arising from a neutral dyad). They exhibit absorption spectra different from the 

starting material. Consequently, the rise time of these products provides the rate for electron 

transfers. Then as time passes after the pump pulse, the charge-separated state starts to relax 

(most of t ime by a back electron transfer) and the monitoring of these species (again as a 

function of delay times between the pump and probe pulses) allows to extract the rate for back 

electron transfers. 

So this spectroscopic method turns out to be very versatile. However, the limiting technologies 

for this time-resolved spectroscopic metfiod are those related to the generation of ultra short 

laser pulses, and the detection of very short-lived species. In the laboratory we have a laser 
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pulse with a half-width of 13 ns. This is relatively slow in comparison with the more 

expensive ps and fs lasers. So only Ti—• Tn and long-lived charge separated state absorption 

bands as well as their kinetics can be measured in this work. This is not a major inconvenience 

for this thesis since most of the species studied are all metal-containing species and so most of 

the photophysical events are slow enough to be detected. 

1.6 Ground and excited state molecular interactions 

In the course of the present study, ground state intermolecular interactions are present in some 

systems of this thesis and require the measurements of the binding constants. These are 

manifested by the spectral changes experienced in the absorption spectra upon interactions. 

Therefore, these changes can be monitored as a function of the concentration of the substrates 

leading to the extraction of the binding constants (below). On the other hand, inter and 

intramolecular excited state interactions may refer to the energy and electron transfer 

operating in the excited states of the different studied dyad or polyad systems. These can also 

be excimers, dimers or oligomers that are formed only in the excited states. These latter 

species are not a subject in this thesis and will not be described. Studies of photo-induced 

energy and electron transfers involve the measurement of their corresponding rates. The 

theory of the methods used to characterize the different types of interactions as well as the 

measurements of the binding constants is described below. 

1.6.1 Binding constant (ground state interactions) 

Let's consider the situation of the three simplest complex stoichiometries: SL, SL2, and S2L, 

the different equations showing the bimolecular processes for the formation of each of them 

are given below (69): 

S + L = S L 

SL + L = SL2 

SL + S = S2L 
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where, S is the substrate and L is the ligand. The stepwise binding constants are defined as: 

Kn = - ™ - [1.14] 
[S][L] 

^ 1 2 = J ^ I [1.15] 
[SL][L] 

= _[^L]_ 
[S][SL] 

In the same manner, the equations representing the formation of any complex of the type SmLn 

can be drived analogously. The general, a reaction between any substrate and a given ligand 

can be written as: 

mS + nL = SmLn [1.17] 

Let m be the maximum number of binding sites on the ligand (L) and h the number of 

occupied sites. Consequently h can be any number starting from 1 up to m. Similarly, let n be 

the maximum number of binding sites on the substrate (S), with i = 0, 1,2, • • ••, n; where i the 

running index. Then the basic statement of a stoichiometric model involves the values of m 

andn. 

If St and Lt are the total concentration for the substrate and the ligand, respectively, while [S] 

and [L] are the free concentration for the substrate and the ligand, respectively, then one 

derives the mass balance expression considering all concentrations to be on the molarity scale: 

m,n 

S,=[S] + 2>[SAL,] [1-18] 
/?=] 

m,n 

L,=[L] + £/[SAL,] [1.19] ;=i 
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The extent of binding ( i ) can be defined as die number of ligand molecules bound per 

molecule of substrate, and can be calculated from the equation: 

} = k-M [1.20] 
s, 

In the form of species ShLi, the fraction of substrate /hi is defined as: 

f ^ ^ 1 [1-211 • 

then 

m,n 

' £ / « = ! [1-22] 
h=\ 
(=1 

where the fraction of free substrate fio= [S] / St. If we consider the special and generally the 

important case where m = 1, the following expression is given by: 

i = 2 X [1-23] 
' - i=\ . 

. r" ' . 

The binding isotherm is the development of the model into a testable form involving the 

conversion of this basic model into a functional relationship. The simplest case involves the 

study of 1:1 complex formation. The importance of this isotherm comes from two reasons, 

first because it is often applicable to real systems where it is used in this thesis for the 

measurement of the binding constants, and secondly because many other systems can be 

viewed as extensions of, or deviations from, this simple case. 

/ „ '= KniL] [1.24] 
U l + Ku[L] 
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The above equation can be written in general form as: 

y = - ^ - [1-25] 
f + ex 

where y is the dependent variable, x is the independent variable, and d, e, f are constants or 

parameters. The graphical representation of the above equation is given in Figure 27. 

Rearrangement of the above equation results in three non-logarithmic linear plotting forms 

outlined below: 

1 / fO e 

- +— [1.26] y d \XJ 

A plot of 1/y against 1/x is linear (double-reciprocal), Figure 28. Another form can be derived 

from equation [1.25] is given in equation [1.27]: 

- = Uxh±- [1-27] 
y a a 

This equation is called the y-reciprocal plot. The third linear form is called the x-reciprocal 

plot. The third linear form is called the x-reciprocal plot. 

* f f 

These different equations are represented by the following Figures 28-30. From the absorption 

spectroscopy point of view, if a two-state system having two different absorption spectra 

shows an intersection point when their spectra are superimposed then a mixture of these two 

states will pass through this point of intersection when the solutions are expressed on a molar 
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basis. This intersection point is usually referred to as the isosbestic point. A typical example of 

such situation is given in Figure 31 (69). 

1.0 h 

yo.5h 

Figure 27. Direct binding curve plot (eq. [1.25]) (69). 

Figure 28. Double-reciprocal plot (eq.[1.26]) (69). 

Figure 29. y-Reciprocal plot (eq. [1.27]) (69). 
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Figure 30. x-Reciprocal plot (eq. [1.28]) (69). 
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Figure 31. Typical absorption spectrum of a 1:1 complexing system (69). 

Hence, one can observe that the presence of an isosbestic point in the spectra of a given 

system, which can be used as an evidence for the presence of two or more species in 

equilibrium in the system. Similarly, the system should contain more than one isosbestic point 

in the case of more than two equilibrating states where complex stoichiometry exits. These 

conclusions are based upon the assumption that observed spectral shifts are ascribable entirely 

to the changes in concentrations of the absorbing species as the ligand concentration is 

changed; that is, it is assumed that the spectral characteristics of the absorbing species are 

constant, unaffected by the inevitable changes in solution composition (69). 
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For the case of a system where a single 1:1 complex SL is formed with the complex and the 

free substrate (S) having significantly different absorption spectra, the Beer-Lambert law is 

assumed to be followed by all the species existing in the solution. The molar absorptivity of 

the substrate and complex are ss and Sn, respectively, at a wavelength where the given 

absorptivities are different. The total concentration of substrate (St), in absence of ligand, the 

solution absorption given by Beer-Lamber law will be: 

\=£slSt . [1.29] 

In the presence of ligand at total concentration Lt, the absorbance of a solution containing the 

same total substrate concentration consequently is: 

AL=£sl[S] + £j[L] + £j[SL] [1.30] 

On applying the mass balances on S and L, the above equation can be written as: 

AL =£SIS, +£LIL, +Aenl[SL]\ [1.31] 

where Aeu=£n—£S. — £L. By measuring the solution absorbance against a reference 

containing ligands at the same total concentration Lt, the measured absorbance becomes: 

AL=£slSt+A£ul[SL\ [1.32] ' 

Knowing that Kn = [SL]/{ [S] [L]}, we can say that: 

AA = KuA£u[S][L]l [1.33] 

where A A = AL - A0. From the mass balance expression 

47 



S f - [ S l + tSL] or [S] = S,/Q + KU[L]) [1-34] 

The last equation represents the relationship between the observed absorbance changes per 

centimeter. The equation that can be used to describe the spectral data for 1:1 complexing 

system is: 

M = S1K^m 5 

/ l + Ku[L] 

The above equation represent the binding isotherm, it shows the hyperbolic dependence on 

free ligand concentration. It must be noted that the reference solution contains the same total 

ligand concentration Lt as the sample solution. 

The above equation can be re-arranged to give the so-called Benesi-Hildebrand equation: 

— = + — — [1.36] 
M StKnA£n[L] S,A£n 

The plot of (1/ A A) against (1/[L]) is linear and the parameters characterizing the formed 

complex can be evaluated from the given plot according to the equations below: 

KU=^=™V [137] 
(slope) 

Aen=—^-- [1.38] 
s , (y-mt) 

where int = intercept. Another equation that can be used to extract Ki i is the Scott equation: 

M = _ W _ + ' [L39] 
M S,A£U S,KuAen 
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where the parameters are given by: 

* „ = « [1.40] 
(;y-int) 

Aeu = 1 [1.41] 
St (slope) 

Furthermore, the Scatchard plot is also another method to extract Kn and is given in equation 

[1.42] 

M =-En^i + stKnA£n [1.42] 

where 

l[L] I 

Kn=-(slope) [1.43] 

^ (£-inO [ L 4 4 ] 

For experimental measurements, in the case of 1:1 complexes, the fixed wavelength is usually 

chosen to give the largest possible values of A A, and the range of Lt should be as large as is 

permitted by the experimental situation. The Kn values can be evaluated using the above 

mentioned three plots (Benesi-Hildebrand, Scott, and Scatchard). 

1.6.2 Energy and electron transfer (excited state interactions and reactions) 

The possible pathways for deactivation of the excited state can be summarized in Figure 32. 

We discuss here the radiative relaxation pathways fluorescence and phosphorescence and the 

thermal deactivation processes (section 1.2.2). 
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Photochemistry 

Electron or Energy Transfer 

Thermal Deactivation 

Figure 32. The different pathways for the deactivation of the excited state. 

For the case of an energy acceptor molecule that is placed at the proximity of an excited 

energy donor molecule, a transfer of the excitation energy from the donor to the acceptor will 

occur. After energy transfer, the donor relaxes down to its ground state and the acceptor is 

•promoted to one of its excited state. A photo-induced electron transfer can be initiated after 

photoexcitation when the excited single electron from the LUMO of the electron donor is 

transferred to a vacant molecular orbital in the LUMO of the acceptor. 

The mechanisms for the energy and electron transfers are outlined below. 

1.6.2.1 Energy transfer 

In presence of a molecule of an energetically lower excited state (acceptor), the excited donor 

(D*) can be deactivated by a process known as energy transfer that can be represented by the 

following sequence of equations: 

D + hv - * D * [1.45] 

D* + A - > D + A* [1.46] 

For the energy transfer to take place, the energy level of the excited state of D* has to be 

higher than that for A* and the time scale of the energy transfer process must be faster than the 

lifetime of D*. Two possible types of energy transfers are known, the namely radiative and 

non-radiative (radiationless) energy transfer. 
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The first type, or the radiative transfer, in which the extra energy of the D* is emitted in form 

of luminescence and this radiation is absorbed by the acceptor (A). 

D * - » h v ' + D [1.47] 

hv''+A->A* [1.48] 

For this type to be effective, the wavelengths where the D* emits need to overlap with those 

where A absorbs. This type of interaction operates even when the distance between the donor 

and acceptor is large (100 A). However this radiative process is very inefficient because 

luminescence is a 3-dimensional process. So only a small fraction of the emitted light can be 

captured by the acceptor. 

The second type is known as a raditionless energy transfer, which is more efficient. There are 

two different mechanisms: the Forster and Dexter mechanisms. 

1.6.2.1.1 Forster Mechanism 

This mechanism is also known as the coulombic mechanism or dipole-induced dipole 

interactions. It was first observed by Forster (70, 71) when the emission band of one molecule 

(donor) overlapped with the absorption band of anotiier molecule (acceptor). Then a rapid 

energy transfer may occur without the emission of a photon. This mechanism involves the 

migration of energy by the resonant coupling of electrical dipoles from an excited molecule 

(donor) to an acceptor molecule. Based on the nature of interactions this process can occur 

over a long distances (30 to 100A). The mechanism of the energy transfer by this mechanism 

is illustrated in Figure 33. 

As illustrated in Figure 33, an electron of the excited donor placed on the LUMO relaxes to 

the HOMO and the released energy is transferred to the acceptor via coulombic interactions. 

As a result, an electron initially in the HOMO of the acceptor is promoted to the LUMO. This 
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mechanism is only operating in the singlet states of the donor and the acceptor. This can be 

explained on the basis of the nature of the interactions (dipole-induced dipole) since only 

multiplicity-conserving transitions possess large dipole moments. This can be understood 

considering the nature of the excited state in both the singlet and triplet states. For triplet state, 

it has a diradical structure so it is kind of non polar and hence it is difficult to interact over 

long distance (i.e. Forster mechanism). 

LUMO.-K. _ * -J--LUMO 

HOMO—JV- "4fcr -Q- - f - HOMO 

Donor *.... Acceptor Donor.. .Acceptor* 

Figure 33. Mechanism of energy transfer action according to Forster. 

The rate of energy transfer (ICET) according to this mechanism can be evaluated by the equation 

,[1.49] (58): 

kET=kDR6
F(±)6 [1.49] 

R 

where kD is the emission rate constant for the donor, R is the inter-chromophore separation, 

and RF is the Forster radius which can be defined as the distance (between the donor and the 

acceptor) at which 50% of the excited state decays by energy transfer, i.e., the distance at 

which the energy transfer has the same rate constant as the excited state decay by the radiative 

and non-radiative channel (ICET = kr + knr). RF is calculated by the overlap of the emission 

spectrum of the donor excited state (D*) and the absorption spectrum of the acceptor (A) (58). 

9 1 0 0 ( ^ 1 0 ) ^ 1 [L50] 
F 128nVNA 
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where, <J>D is the fluorescence quantum yield of the donor in the absence of the acceptor, n is 

the refractive index of the solvent, NA is the Avogadro's number, and K2 is the orientation 

factor which depends on the relative dipole positions of the donor and acceptor, which is 

typically close to 1 in fluid systems and ~ 0.6 in solid solutions with random orientation of D 
9 1 * 

and A molecules, and / (cm M") is the spectral overlap integral between the donor and the 

acceptor, which is given by (58): 

[fD(v)£A{v)V-AdV 
j = *>— [1.51] 

[fo(v) 

In this equation, fo (cm"1) is the normalized donor emission spectrum, and £A is the acceptor 

molar extinction coefficient (M^cm"1). Moreover, Xothe radiative excited state lifetime of the 

donor, the quantum yields of both the donor free (®D) and the donor-acceptor (<&DA) can be 

used to evaluate the rate for energy transfer (s1) using the equation below: 

kET=— (~—l) [1-52] 
T D <PDA 

1.6.2.1.2 Dexter Mechanism 

The Dexter mechanism is a non-radiative energy transfer process, which involves a double 

electron exchange between the donor and the acceptor as shown in Figure 34 (72). Although 

the double electron exchange is involved in this mechanism, no charge separated-state is 

formed. 

\ 
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Here is presented the basic mechanism, which can be thought as electron tunneling where one 

electron from the donor's LUMO moves to the acceptor's LUMO at the same time of an 

electron from the acceptor's HOMO moves to the donor's HOMO. In this mechanism, both 

the singlet-singlet and triplet-triplet energy transfers are possible. This contrasts with the 

Forster mechanism since it operates in the singlet states only. 

LUMO 

HOMO 

± 
> 

i 
#• "+ 

LUMO 

HOMO 

Donor*. ..Acceptor Donor Acceptor* 

Figure 34. Mechanism of energy transfer action according to Dexter. 

For this double electron exchange process to operate there should be a molecular orbital 

overlap between the excited donor and the acceptor molecular orbital. For a bimolecular 

process, intermolecular collisions are required as well. This mechanism involves short range 

interactions (~6 to 20A and even shorter) and as it relies on tunneling, it should be attenuated 

exponentially with intermolecular distance between the donor and acceptor (73). The rate 

constant can be expressed by the following equation (58): 

^ = ^ V 0 V / ) e x p ( - ^ ) 
h L "ET [1.53] 

where R D A is distance between the donor and the acceptor, JD is the integral spectral overlap 

between the donor and the acceptor, L is the effective Bohr radius of the orbitals between 

which the electron is transferred, h is Plank's constant, and Vo is the electronic coupling 

matrix element between the donor and acceptor at the contact distance. 
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Upon comparing two mechanisms for energy transfer, Forster and Dexter, one can find that 

while only dipole-dipole interactions are involved in the former mechanism, the latter 

mechanism is operating through an electron tunneling. Another difference noted is their range 
o 

of interactions. While Forster is operating at long range (up to -30-100 A), Dexter is 

predominant a short range (from ~6 to up to 20A) again because of the necessary orbital 

overlap. Furthermore, while Forster is used to describe interactions between singlet states, 

Dexter can be used for both singlet-singlet and triplet-triplet interactions. Hence, for the 

singlet-singlet energy transfer both mechanisms are possible. Simulated graphs using 

reasonable values for the parameters involved in the two equations ([1.49] and [1.53]) 

expressing the rate constants for the two mechanisms have been constructed for the purpose of 

distinguishing between the zones where Forster and Dexter are dominant (51). The 

experimental values found for the energy transfer rates in cofacial bisporphyrin systems were 

found to be in agreement with the the theortically constructed graphs (51). The resulting 

graphs are shown in Figure 35. 

In these graphs, the Bohr radius value (L) in Dexter equation [1.53] is used as 4.8 A (the value 

for porphyrin) (51). Also, the solid lines correspond to hypothetical situations where the 

Forster mechanism operates solely; while the dotted lines are hypothetical situations for the 

Dexter mechanism is the only process (51). The curved lines in these two graphs are simulated 

lines obtained with equations [1.49] (Forster) or [1.53] (Dexter), but transposed onto the other 

graph (i.e., Forster equation plotted against Dexter formulation and vice versa). 

These plots clearly suggest the presence of a crossing point between the two mechanisms. 

There is a zone where one mechanism is dominant and vice versa. All in all, the relaxation of 

an excited molecule via energy transfers processes will use all the pathways that that is 

available to it, and so the total rate for energy transfer can be better described as kET (total) = 

kET (Forster) + kET (Dexter). According to Figure 35, the distance where there is a change in 

dominant mechanism is ~ 5A. 
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Figure 35. Qualitative theoretical plots for kET versus 1/R6 (Forster, right) and kET versus 

exp(-2R/4.8) (Dexter, left) (modified from reference 51). 

1.6.2.2 Electron transfer 

Photoinduced electron transfer (PET) involves an electron transfer within an electron donor-

acceptor pair. The situation can simply represented by: 

^ | ^ y ^ ^ ^ ^ ^ ^ transfer ^ | ^ ^ ^ recombination ^ t ^ T ^ttr 

Figure 36. Photoinduced electron transfer process. 

The process of photoinduced electron transfer represents one of the most basic photochemical 

reactions and at the same time it's the most attractive way to convert light energy or to store it 

for further applications. As shown in Figure 36, one can see that it is a process taking place 

between a donor and acceptor after excitation resulting in the formation of a charge separated 

state which relaxes to the ground state via an electron-hole recombination (back electron 

transfer). 

The frequently used theory to study and interpret the photoinduced electron transfer in 

solution was described by Marcus (74-80). In this theory, the electron transfer reaction can be 
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treated by transition state theory where the reactant state representing the excited 

donor/acceptor while the product state is the charge-separated state of donor and acceptor (D+-

A"), as shown in Figure 37. 
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Figure 37. Schematic representation of potential energy surfaces for the ground state 

(DA), the excited state (DA*, reactant state), and the charge-separated state (D+-A', 

product state), as proposed by Marcus theory. X = total reorganization energy, and TS = 

transition state (modified from reference 74). 

According to the Franck-Condon principle, the photoexcitation triggers a vertical transition to 

the excited state which proceeds to a rapid nuclear equilibration. Without excitation of the 

donor, the process of electron transfer would be highly endothermic. However, after exciting 

the donor, electron transfer occurs at the crossing of the equilibrated excited state surface and 

the product state. 

The change in Gibbs free energy associated with the electron transfer event is given by the 

following relation (74): 
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The total reorganization energy (k), which is required to distort the reactant structure to the 

product structure without electron transfer, is composed of a solvent (ks) and internal (ki) 

components (X = ki + ks). The free reaction, energy (AG0), is the difference in free energy 

between the equilibrium configuration of the reactant (DA*) and product states (D+A~). The 

internal reorganization energy represents the energy change that occurs in bond lengths and 

bond angles distortion during the electron transfer step and is usually represented by a sum of 

harmonic potential energies. In the classical Marcus theory, the rate for electron transfer is 

given by (77,78): 

*£T = KETVn e * p ( — — ~ ) [1-55] 

where vn is the effective frequency of motion along the reaction coordinate and icET is the 

electronic transmission factor. The transmission factor is related to the transition probability 

(Po) at the intersection of two potential energy surfaces, as given by the Landau-Zener theory 

(79): 

IP 
KKT=—t" [1-56] 

-1"1" • 'o 

The graph showing the change of the driving force for the rate of electron transfer calculated 

from Marcus theory versus the rate constant is given in Figure 38 (bottom). 

Using equation [1.55] for the estimation of the rate constant for the electron transfer, we can 

assign Marcus normal region as that where the free reaction energy (AGo) is decreased, 

leading to an increase of the electron transfer rate (kET)- The second region that can be 
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identified in' Figure 38, is the optimal or activationless region at which the driving force for 

electron transfer equals the reorganization energy, i.e. - A G° = X. If A G° becomes even more 

negative, the activation barrier A G* reappears resulting in a decrease in the values of ICET-

This last situation is pbserved over the regime, known as the Marcus inverted region, which 

was first demonstrated experimentally by Closs and Miller (80). The potential energy 

illustrating the different Marcus regimes can be seen in Figure 38 (top). 

Driving fore* 

Figure 38. The free energy regimes for electron transfer (top) and the corresponding 

reaction rate dependence on the free energy (bottom, driving force is AG0-A,) (modified 

from reference 74). 
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CHAPTER 2 

Organometallic polymers 

(Cases where no energy transfer and electron transfer occur) 

In this chapter, a photophysical study of a series of A-frame compounds and A-frame-

containing polymers is presented. In these systems, there was no observation of photo-induced 

energy transfer and electron transfer interactions. The deactivation of the excited states 

proceeded by typical photo-luminescence and non-radiative processes. The latter processes 

exhibit a larger contribution as the molecules becomes of larger size. Deactivation is promoted 

also by intra chain collisions especially for the polymer cases. 

Indeed, some new isocyanide-containing homo- and heterobimetallic systems have been 

investigated and their photophysical properties were fully characterized. The chapter starts 

with an article devoted for the study of the A-frame complexes [ClPd((i-dppm)2(|i-C=N-

R)PdCl] (R = Ph, xylyl), [ClPt((i-dppm)2((i-C=N-R)PtCl] (R = p-tolyl; p-C6H4JPr) and the d9-

d9 M2-bonded [ClPt(u.-dppm)2Pt(CN-R)]Cl (R = xylyl; /?-C6H4*'Pr). These compounds were 

obtained from the reaction between the starting homodinuclear [ClM(|i-dppm)2MCl] 

complexes (M = Pd) and (M = Pt) with RNC ligands (R = Ph, xylyl, p-tolyl, p-C6H4iPr). These 

complexes were investigated as model compounds in order to better understand the polymers. 

The polymers were also the subject of investigations in the course of the second (preliminary 

communication) and third papers in this chapter. In the second paper, the study extended to 

include the first example of A-frame-containing organometallic polymers. The ([ClPd([i-

dppm)2(|X-GN-C6H4-2-OCH2CH20-2-C6H4-NC)Pt]Cl)n polymeric material was obtained by 

the reaction of ClPd(|i-dppm)2PtCl with (CNC6H4-2-OCH2-)2. In order to fully characterize 

this class of polymers, a more detailed study is conducted in the third paper. In this last paper, 

a series of ([XM(n-dppm)2M'(it-CN-C6H3(R)-2-OCH2CH20-2-C6H3(R)-NC)]X)n (M, M'= Pd, 

Pt; X = I, CI; R = H or R = tBu) polymers were investigated to study the effect of the nature 
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of the metal centers, the halide as well as alfcyl group on the properties, mainly photophysical, 

of these polymers. 

The study of model compounds included both the d9-d9 complexes and the d8-d8 A-frame 

systems. A single crystal was prepared and an X-ray structure analysis was obtained for one 

example of the d9-d9 complexes. The d9-d9 complexes demonstrated the conservation of the 

M-M bond (2.654 A) and the terminal coordination of a linear RNC ligand (R-N(l)-C(49) = 

175.4°; d(Pt(l)-C(49)) = 1.93 A) at Pt(l). For the d8-d8 A-frame systems, we represented what 

r appears to be the first crystallographic information on the molecular structure of ^i-CNR-

containing d8-d8 Pt2 A-frame systems. The isocyanide insertion into the M-M bond leads to 

breakdown of the M-M bond and an observable elongation of M - M interactions (d(Pt—Pt) 
o 

3.2118(18) A), and the C=N-R angle is somewhat less acute compared to the reported for the 

corresponding Pd2 analogue (133.0(2) vs 129.3(9)°). 

With respect to the polymers, we introduced the first reported example of a polymer 

containing the basic structure of the A-frame repetitive unit. This repetitive unit can adopt two 

possible conformations called "divergent" and "convergent". Of these two, the divergent form 

allows both the head-to-head and head-to-tail geometries for the polymer. Accordingly, two 

scenarios can be depicted, the first case being where the bridging ligand acts as PdPt-bridging 

ligand on one side and a terminal donor on Pt on the other side. The other scenario involves 

the PdPt-bridging isocyanide being connected to the bridging one of the other unit. 

Furthermore, another series of ([XM(|a-dppm)2M'(|i-CN-C6H3(R)-2-OCH2CH20-2-C6H3(R)-

NC)]X)n (M, M'= Pd, Pt; X = I, CI; R = H or R = fBu) polymers were investigated to study 

the effect of the nature of the metal centers, the halide as well as alkyl group on the properties 

of these polymers. 

In general, the investigated systems exhibit luminescence at 77 K in both the solid state and in 

frozen media. The model compounds were fully investigated to assign the nature of this 

emission. For the d9-d9 complexes, based on the DFT calculations, the HOMO—>LUMO 
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transition can be assigned to metal/halide-to-hgand-charger-transfer (M/XLCT) process from 

the Pt-Cl fragment to the %* RNC component. Two other transitions were observed as well: 

the HOMO-2->LUMO+l and HOMO-3—•LUMO+l. These two transitions are assigned to the 

da-do* transition expected for the M2-bonded species. The relative weights for the three 

transitions are 0.57,, 0.20 and 0.31, respectively. All in all, the lowest energy electronic 

transition is a mixture of M/XLCT and da—•da*. On study of the d -d A-frame complexes, 

the HOMO-LUMO transitions are assigned to be essentially due to charge transfer from the 

Pd/X center and U.-CNR to the terminal RNC %* system (i.e M/XLCT). 

Furthermore, a very important observation was made based on the DFT computations, where a 

major triplet state distortion occurs. The M-M and M-X bond dissociation energies were 

computed where strong angle deviations were noted. Accordingly, the da—>da* transition 

induced a large distortion in the excited state. This distortion provides a non-radiative pathway 

for deactivating the excited state. In fact, this can account for the absence of emission at room 

temperature while in solid state or at 77 K in frozen media, the rigid matrices that trap the 

molecule prevent major distortions and hence increasing the possibility of luminescence as the 

pathway of excited deactivation. 

Similarly, the A-frame polymers exhibit a luminescence that has the M/XLCT (metal/halide-

to-ligand-charger-transfer) nature. The polymers showed a decrease in the size of the 

photophysical properties (i.e. quantum yield and lifetime) compared with that of the model 

compounds. This observation is consistent with an increase in the non-radiative processes 

associated with supplementary vibrational modes in the polymers and the increased intra

molecular collisions. 

For this class of compounds, neither energy transfer nor electron transfer was noted. This can 

be understood considering that despite the conjugation through the isocyanide group a weak or 

modest electronic communication appears to occur through this bridge. This is consistent with 

the fact that conducting isocyanide coordination polymers where conductivity proceeds across 
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the conjugated GN group are relatively rarely reported. Consequently, one can predict a 

certain difficulty for triplet energy transfer to occur. Moreover, the calculated excited state 

distortion suggests the presence of an efficient energy wasting process that competes with the 

possible (and yet to be observed) energy migration across the chain. 

This chapter contains three articles which are given below. . 
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2.1 Manuscript 1: 

Properties of the "[M(dppm)2M'] Building Blocks (M, M' = Pd or Pt): Site 

Selectivity, Emission Features and Frontier Orbital Analysis 

2.1.1 Preface 

This paper came as a result of a collaboration. The idea and the outline of the work strategy 

came from Dr. Pierre D. Harvey and Dr. Michael Knorr. They also supervised the research 

during the preparation for this paper. The work in this paper can be divided into three parts: 

the synthesis and characterization of the studied molecules, the second part included the 

photophysical studies, and the third part is'the theoretical calculations. 

The synthesis part has been carried out at the Universite de Franche-Comte in France and was 

carried on by Dr. Sebastien C16ment under supervision of Dr. Laurent Guyard and Michael 

Knorr. Diana Bellows prepared one compound in Sherbrooke under the supervision of Dr. 

Pierre D. Harvey. 

The second part of the work was carried out at the Universite de Sherbrooke under the 

supervision of Dr. Pierre D. Harvey. This part involves spectroscopic and photophysical 

measurements including the absorption and emission spectra, emission quantum yields, and 

lifetimes. This part of the work was solely my responsibility. I did all the measurements and 

analysis and discussion of the photophysical parameters under the supervision of Dr. Pierre D. 

Harvey. 

The DFT (density functional theory) and TDDFT (time-dependent density functional theory) 

computations were carried out by Dr. Daniel Fortin at the Universite de Sherbrooke. 

This work is accepted as a full paper in Inorganic Chemistry in January 2009. 
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2.1.2 Properties of the "[M(dppm)2M']2+ Building Blocks (M, M' = Pd or 

Pt): Site Selectivity, Emission Features and Frontier Orbital Analysis 

Sebastien Clement,1* Shawkat M. Aly,lb Diana Bellows,15 Daniel Fortin,lb Carsten 

Strohmann,lc Laurent Guyard,la Alaa Abd-El-Aziz,ld Michael Knorr,la* and Pierre D. 

Harveylb* 

Contribution from: a)the Institut UTINAM UMR CNRS 6213, Universite de Franche-Comte, 

16 route de Gray, 2503G Besancon, France, b)the Departement de Chimie, Universite de 

Sherbrooke, Sherbrooke, PQ, Canada, J1K 2R1, c)Technische Universitat Dortmund, 

Anorganische Chemie Otto-Hahn-Str. 6, D-44227 Dortmund, Germany and the Department of 

Chemistry, d)University of British Columbia at Okanagan, BC, Canada. 
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Abstract The homodinuclear [QM(|i-dppm)2MCl] complexes 1 (M = Pd) and 2 (M = Pt) 

react with RNC ligands (R = Ph, xylyl, p-tolyl, p-CeiUiPr) to provide the A-frame [ClPd(fX-

dppm)2(n-C=N-R)PdCl] (R = Ph (5a), xylyl (5b)), [ClPt(|X-dppm)2(|i-C=N-R)PtCl] (R = p-

tolyl (4a); p-CelUiPr (4b)) and the d9-d9 M2-bonded [ClPt(n-dppm)2Pt(CN-R)]Cl (R = xylyl 

(3a); p-CeiUiP* (3b)) complexes. The heterodinuclear [XPd([i-dppm)2PtX] complexes 6a (X = 

CI) and 6b (X = I) react with RNC (R = o-anisyl) to form the A-frame [XPd(|0.-dppm)2(|a,-

C=N-R)PtX] (X = CI (9); I (10a)) and M2-bonded [ClPt(^i-dppm)2Pt(CN-R)]Cl (10b) 

complexes. The dangling ligand-containing complex [ClPd((a,-dppm)2Pt(T|1-dppm=0)](BF4) 

(7) reacts with xylylNC stoichiometrically to produce the dicationic salt [(xylyl-NC)Pd(p,-

dppm)2Pt(ri1-dppm=0)](BF4)2 (8). Parameters ruling the coordination site terminal vs bridging 

are discussed. The precursor 10a reacts with RNC (R = o-anisyl, tBu) to form the 

heterobimetallic bis(isonitrile) [rPd(ji-dppm)2(u.-C=N-o-anisyl)Pt(CN-R)]I complexes l i b and 

12, respectively, demonstrating the site-selectivity of the second CNR ligand coordination, Pd 

vs Pt. The X-ray structures of l ib and 12 were obtained. 12 is the first example of an A-frame 

system of the Ni-triad bearing two different isocyanide ligands. Several d9-d9 terminal and d8-

d A-frame homo- and heterodinuclear complexes in 2-MeTHF at 77 K were studied by UV-

vis. and luminescence spectroscopy. Assignments for the lowest energy absorption and 

emission bands are made on the basis of DFT (density functional theory) and TDDFT (time-

dependent density functional theory) computations. 
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Introduction 

The M-containing macromolecules and polymers have gained tremendous interest recently 

for their potential applications in photonics and advanced materials. Among the transition 

metals, one finds Pd and Pt occupying a major place in this wide family, ' but very few works 

concerned M-M bond-containing oligomers and polymers.5 Recently, one of us (PDH) 

investigated in detail the physical properties of conjugated and non-conjugated Pd-Pd and Pt-

Pt bond-containing coordination and organometallic polymers in the solid state and in solution 

(Chart l).6 Evidence for electronic communication along the polymer backbone in the 

conjugated polymers was provided. 

1 2+ 

- fPd^Pd^d^Pd-C^N iy -^ 
% • 

M = Pd, Pt 

^ ^ 
= N N 

III III 

c c 
Chart 1 

1 9 9 

Concurrently, the electron-rich Pd-Pd and Pt-Pt bonds, formally called d9-d9, are capable 

of oxidatively adding 2-electron donor substrates to form A-frame d8-d8 species where no M-

M bond exists.7 This feature is extremely interesting since it was recently demonstrated that 

the electronic communication was completely shut down when the linear conjugated d -d 

complex Pt2(dppm)2(C=CFc)2 (Fc = ferrocenyl) was reacted with different substrates, 

including AuCl, to form the corresponding d8-d8 A-frame complex.8 This feature opens the 

doors for potential applications in photonic materials such as sensors where the stimuli is the 

reversible oxidative addition of a given substrate onto the electron rich M-M bond being part 
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of a conjugated backbone of a polymer. In principle, because the conjugated polymer is long 

in comparison with a single dinuclear complex, then the amount of substrate does not need to 

be large to affect the overall physical, optical, and photophysical properties of the materials. 

We now wish to report the chemical and structural properties of a series of homo- and 

hetero-M-M bonded complexes, as well as A-frame dimers, notably with respect to site 

selectivity in heterobimetaTiic systems, and to their photophysical behavior in comparison with 

other related dinuclear compounds. A full understanding on what controls terminal vs. 

bridging coordination properties for various CNR donor is crucial for the structural design of 

P- and CNR-containing organometallic and coordination polymers. The heterobimetallic 

systems are particularly interesting because of the potential in building "head-to-tail" 

polymers by making judicious choices of mixed-donor bidentate ligands. 

Experimental Section 

Materials. All reactions were performed in Schlenk-tube flasks under purified nitrogen. 

Compounds ClPd(|i-dppm)2PdCl (1), ClPt(|ii-dppm)2PtCl (2), ClPd(|i-dppm)2PtCl (6a), IPdQi-

dppm)2PtI (6b), [ClPd(|i-dppm)2Pt(Ti1-dppm=0)](BF4) (7) were prepared according to 

literature methods.9'10'113 o-anisylisocyanide was prepared according to a similar procedure 

described forp-anisylisocyanide.12The following materials were purchased from commercial 

suppliers: xylylisocyanide (Fluka), feTt-butylisocyanide (Aldrich). All solvents were dried and 

distilled from appropriate drying agents. 

[ClPt(|i-dppm)2Pt(CNxylyl)](BF4) (3a'). Xylylisocyanide (0.013 g, 0.100 mmol), diluted in 

2 mL of CH2CI2, was added over 30 min to a stirred solution of 2 (0.123 g, 0.100 mmol) in 3 

mL of CH2CI2. After one day, NaBF4 (0.110 g, 10 equivalents) was added and stirring was 

continued during one week. After filtration, the volume of the yellowish solution was reduced 

under vacuum and layered with diethyl ether. After several days, yellow needles were formed. 

Yield: 0.113 g (80 %). IR (KBr): 2157 (s) (vCN) cm"1. !H NMR (CDC13): 8 6.76-8.00 (m, 43H, 

Ph), 4.59 (m, br, 4H, PC#2P, 3Jn-n= 60), 1.70 (s, 6H, CH3) ppm. 31P{XH} NMR (CDC13): 

8 1.2 (m, 2P, Vpt.p = 2370, N = 90), -1.7 (m, 2P, Vpt.p = 3070, N = 90). UV-vis (CH2C12) (Xmax 
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nm (8)): 226 (62700), 348 (4500). Anal. Calc. for C59H53BClNF4P4Pt2 • CH2C12: G 48.12; H, 

3.67; Found C 47.88; H 3.55. 

[CIPt(^-dppm)2(|i-C=N-C6H4-iPr)Pta] (4b) and [ClPt(n-dppm)2Pt(CN-C6H4-iPr)]Cl 

(3b). l-isocyano-4-isopropylbenzene (0.039 g, 0.268 mmol) in 2 mL of CH2CI2 was added to a 

stirred solution of 2 (0.330 g, 0.268 mmol) in 10 mL of CH2CI2 over a period of 30 min. The 

orange solution was stirred for 1 h and evaporated to dryness. The orange residue was then 

dissolved in a minimum amount of CH2CI2 and precipitated with hexane, washed with ether (2 

x 5 mL) and dried under vacuum. Yield: 0.270 g (73%). 4b: IR (KBr): 1616 (w) (VC=N) cm"1. 

*H NMR (CDCI3): 5 6.90-8.10 (m, 44H, Ph), 4.63 (m, br., 4H, PC#2P, 3/p,_H= 60), 2.92 (h, 1H, 

C#(CH3)2, V H - H = 6.8), 1.12 (d, 6H, CH(CH3)2, V H - H = 6.8) ppm. ^P^H} NMR (CDC13): 

5 17.9 (s, 4P, Vpt.p = 3480). 3b: IR(CH2C12): 2162 (s) (vCN) cm"1. ^Pj1!!} NMR (CDCI3): 

8 7.5 (m, 2P, Vpt.p = 3220), 3.4 (m, 2P, % .? = 2980). XH NMR (CDCI3): 5 6.55-8.10 (m, 44H, 

Ph), 3.83 (m, br, 4H, PCH2P, 3/pt.H = 60.2), 2.59 (h, 1H, C#(CH3)2, 3JH-H= 7.4), 1.09 (d, 6H, 

CH(CF3)2, 3JH-H= 7.4) ppm. Anal. Calcd for CeoHssCL^Ptz • 0.5 CH2C12: C 51.27; H 3.95; 

N 0.99. Found: C 51.14; H 3.82; N 0.95. 

[(xylylNC)Pd(MPPm)2Pt(Tl1-dppm=0)](BF4)2 (8). Xylylisocyanide (0.011 g, 0.084 mmol), 

diluted in 1 mL of CH2CI2, was added within 30 min to a stirred solution of 7 (0.120 g, 0.076 

mmol) in 2 mL of CH2CI2. After one day, NaBF4 (0.084 g, 10 equivalents) was added and 

stirring was continued during one week. The mixture was filtered and evaporated to dryness. 

The resulting orange residue was washed with diethyl ether and dried. Yield: 0.121 g (90%). 

IR (KBr): 2167(s) (vCN) cm"1. lH NMR (CDC13): 5 6.99-7.77 (m, 63H, Ph), 6.80 (m, 4H, 

PC#2P), 4.56 (m, br, 2H, PCH2P), 1.76 (s, 6H, CH3). ^ P j ^ } NMR (CDC13): 25.6 (s, Pt-

PCH2P=0), -0.98 (Pt-PtV-dppm), Vpt-p = 2580,.N= 90 Hz), -3.98 (m, Pt-P(|i-dppm), lJPt-p = 

2450, A^= 80 Hz), -6.18 (m, Pd-Pd^-dppm)). UV-vis (CH2C12) (A™axnm (e)): 227 (57500), 270 

(22400), 307 (13500), 375 nm (3100). Anal. Calc. for C84H75B2F8NOP6PdPt • 2 CH2C12: C 

53.05; H, 4.06; N, 0.72; Found C 52.98; H 4.03, N 0.69. 

[ClPd(|i-dppm)2(uJ-C=N-C6H4-OCH3)PtCI] (9). o-anisylisocyanide (0.013 g, 0.100 mmol) in 

2 mL of CH2CI2, was added slowly over a period of 30 min to a stirred solution of 6a (0.114 g, 
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0.100 mmol) in 3 mL of CH2CI2. After lh, the yellowish solution was evaporated to dryness. 

The orange residue was washed with 5 mL of Et20 and dried under vacuum. Yield: 0.103 g 

(81%). TR (KBr): 1616 (VC=N) cm"1. !H NMR (CDC13): 5 5.98-7.78 (m, 44H, Ph), 3.54 (s, 3H, 

OCH3), 3.28 (m, br, 2H, PCH2P), 2.82 (m, br, 2H, PCH2P). ^P^H} NMR (CDC13): 5 12.1 (m, 

4P, lJn_? = 3560,3Jpt-P = 495). UV-vis (MeCN) ( U n m (e)): 227 (51800), 267 (18900), 348 

(2700). Anal. Calc. for C58H5iCl2NOP4PdPt: C 54.67; H, 4.03; N, 1.10; Found C 54.49; H 

4.42, N 1.00. 

[IPd(^-dppm)2Pt(CN-C6H4-OCH3)]I (10b) and [IPd(MPPni)2Pt(u.-C=N-C6H4-OCH3)I] 

(10a). o-anisylisocyanide (0.013 g, 0.100 mmol) in 2 mL of CH2CI2 was added to a stirred 

solution of 6b (0.132 g, 0.100 mmol) in 3 mL of CH2CI2 over a period of 30 min. The reddish 

solution was stirred for 1 h and evaporated to dryness. The orange residue was washed with 5 

mL of Et20 and dried in vacuum. Yield: 0.125 g (86 %). 10b: IR (CH2Cl2/MeOH): 2175 cm"1 

(VCN). ^Pf'H} NMR (CDCl3/MeOH): 5-8.9 (m, 2P, Pd-P, 2+3/Pt.p = 52), -3.1 (m, 2P, Pt-P, 

Vpt.p•= 2590, N= 80 Hz). 195Pt{1H} NMR (CDCl3/MeOH): 5 -2758 (tt, % .? = 2590, 2+37Pt.P = 

50). 10a: IR (KBr): 1611 cm"1
 (VC=N)- *H NMR (CDC13): 5 3.53 (s, 3H, OCH3), 4.77 (t, 4H, 

PCH2P), 6.99-7.77 (m, 44H, Ph). 31P{1H} NMR (CDCI3): 5 10.8 (t, 2P, Pt-P, Vpt.p = 3465, N 

= 75 Hz), 12.3 (t, 2P, Pd-P, 3JPt.P = 520). Anal. Calc. for C58H5il2NOP4PdPt: C 47.80; H, 3.53; 

N 1.05; Found C 47.56; H 3.53; N 0.96. 

[XPd(u,-dppm)2(^-C=N-C6H4-2-OCH3)Pt(CN-C6H4-2-OCH3)]X (11a X = CI, l ib X = I). 

o-Anisyl isocyanide (0.027 g, 0.200 mmol), diluted in 2 mL of CH2CI2, was added over a 

period of 30 min to a stirred solution of 6a or 6b (0.100 mmol) in 3 mL of CH2Q2. After 2 hrs, 

the reddish solution was evaporated to dryness. The orange residue was washed with 5 mL of 

Et20 and dried under vacuum. 11a: Yield: 93 % (0.131 g). IR (KBr): 2171 (s) (vCN), 1621 (w) 

(VC=N) cm"1. ]H NMR (CDC13): 5 5.98-7.95 (m, 48H, Ph), 3.51 (s, 3H, OCH3), 3.39 (m, br, 4H, 

PCff2P), 3.14 (s, 3H, OCH3). 31P{1H} NMR (CDC13): 5 16.1 (m, 2P, Pt-P(|i-dppm), ]JPt-p = 

3210, N= 80 Hz), 18.3 (m, 2P, Pd-P(^-dppm), 37Pt_P = 302). 195Pt{!H} NMR (CDC13): 5 -2856 

(tt, Vpt.p = 3210,3/pt.p = 302). UV (MeCN): Xxnax(e) = 224 (65800), 289 (36200), 384 (4100), 

459 (2050). Anal. Calcd for CeeHsgC^NaC^PdPt • CH2C12: C 53.92; H, 4.03; N 1.88; Found 

C 53.69; H.4.09; N 1.84. l ib: Yield: 0,135 g (80 %). IR (KBr): 2174 (s) (vCN), 1630 (VC=N). 
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*H NMR (CDCI3, 213 K): 5 6.10-7.90 (m, 48H, Ph), 3.63 (s, 3H, OCH3), 3.46 (m, br, 4H, 

PCH2P), 3.17 (s, 3H, OCH3). UC{lYi} NMR (CDC13): 20.3 (2G, PCH2P), 55.9 (2C, OCH3), 

112.0, 120.6 (Ph), 122.2 (2C, CN), 128.3 - 134.6 (Ph), 153 (=C-OMe). 3lP{lK} NMR 

(CDCI3): 5 15.0 (m, 2P, Pt-P, Vpt-p = 3225, N = 85 Hz), 20.8 (m, 2P, Pd-P, 3/Pt.P = 300). 
195Pt{JH} NMR (CDCI3): 5-2825 (tt, V P = 3225, 37Pt.p = 300). UV-vis (CH2C12) ( ^ n m 

(e)): 245 (54200), 292 (20400), 406 (3560), 450 (4150). Anal. Calc. for C66H58I2N202P4PdPt • 

0.5 CH2C12: C 48.87; H, 3.61; N 1.71; Found C 48.91; H 3.65; N 1.72. 

[IPd(n-dppm)2Pt(vi-C=N-C6H4-OCH3)(CN-mu)]I (12). Terf-butylisocyanide (0.008 g, 

0.100 mmol) dissolved in 1 mL of CH2C12 was added to a stirred solution of 9 (0.156 g, 

0.100 mmol) in 3 mL of CH2C12 over a period of 30 min. The orange solution was stirred for 

1 h. Its volume was reduced under vacuum and layered with Et20 to afford X-ray suitable 

orange crystals. Yield: 0.136 g (83 %). !H NMR (CDC13): 5 6.10-7.90 (m, 44 H, Ph), 3.43 (s, 

3H, OCH3), 3.16 (m, br, 4H, PCH2P), 0.86 (s," 9H, tBu). nP{{B.) NMR (CDC13): 5 14.9 (m, 

2P, Pt-P(|i-dppm), Vpt.p = 3222, N = 81 Hz), 19.9 (m, 2P, Pd-P(n-dppm), 3^Pt-p = 325). 
195R{1H} NMR (CDCI3): 8-2860 (tt, %t.P = 3220, 37Pt.p = 325). Mass FAB (NBA-matrix) 

(rel. int.): 1328 (6%) PdPt(dppm)2I(CN-C6H4-OMe), 1196 (100%), PdPt(dppm)2I, 1068.0 

(40%) PdPt(dppm)2. Anal. Calc. for C63H6oI2N2OP4PdPt C 49.12; H, 3.92; N 1.82; Found C 

49.06; H 4.15; N 1.83. 

Apparatus. IR spectra have been recorded on a Nicolet Nexus 470 spectrometer. All NMR 

spectra were acquired with a Bruker Avance 300 (*H 300.13 MHz, 13C 75.48 MHz and 31P 

121.49 MHz) using the solvent as the chemical shift standard, except for 31P NMR, where the 

195 chemical shifts are relative to H3PO4 85% in D20. Pt chemical shifts were measured on a 

Bruker ACP 200 instrument (42.95 MHz) and externally referenced to K^PtCLj. in water with 

downfield chemical shifts reported as positive. All the chemical shifts and coupling constants 

are reported in ppm and Hz, respectively. UV-Vis. spectra were recorded on a Varian Cary 50 

spectrophotometer. Emission and excitation spectra were obtained by using a double 

monochromator Fluorolog 2 instrument from Spex. Fluorescence lifetimes were measured on 
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a Timemaster model TM-3/2003 apparatus from PTI. The source was a nitrogen laser 

equipped with a high-resolution dye laser (fwhm ~ 1500 ps), and the fluorescence lifetimes 

were obtained from deconvolution and distribution lifetime analysis. 

Quantum yield. The quantum yield were measured against [Ru(bpy)3](Cl)2 (4>e= 0.376 ± 

0.036).13 

X-ray crystallography. Single crystals of l i b and 12 were coated with perfluoroalkyl ether 

oil (ABCR), mounted using a glass fiber and frozen in the cold nitrogen stream of the 

goniometer. The data were collected on a Stoe IPDS diffractometer. The data were reduced 

(Integrate in IPDS) and corrected for absorption (FACEIT in IPDS). The structure was solved 

by direct methods and refined by full-matrix least squares on F2 (SHELXTL). Single crystals 

of 4b were grown by slow vapor diffusion using methylethylketone as good solvent and tert-

butylmethylether at 298 K. One single crystal of 0.50 X 0.10 X 0.10 mm was mounted using 

a glass fiber on the goniometer at 298(2) K. Data were collected on an Enraf-Nonius CAD-4 

automatic diffractometer using u) scans. The DIFRAC14 program was used for centering, 

indexing, and data collection. Two standard reflections were measured every 200 reflections, 

no intensity decay was observed during data collection. The data were corrected for absorption 

by empirical methods based on psi scans and reduced with the NRCVAX15 programs. All 

structures were solved using SHELXS-97 and refined by full-matrix least squares on F with 

SHELXL-97.16 The non-hydrogen atoms were refined anisotropically. The hydrogen atoms 

were placed at idealized calculated geometric position and refined isotropically using a riding 

model. The absolute structure of 4b was determined by anomalous dispersion effect.17 

Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre 

as no. CCDC 711384 (4b), CCDC 711703 (lib) and CCDC 711702 (12). Copies of the data 

can be obtained free of charge on application to Cambridge Crystallographic Data Centre, 12 

Union Road, Cambridge CB21EZ, UK; [fax: (+44)1223-336-033; email: 

deposit@ccdc.cam.ac.uk). ' , ' • 
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Computational details: The Density Functional Theory (TDFT) and Time-Dependent 

Density Functional Theory (TDDFT) were performed with the commercial software Gaussian 

03 using the Super Computer of the University of Sherbrooke (Mammouth MP) and 

supported by the Reseau Quebecois de Calcul de Haute Performance. The TDDFT19ac and 

D F T i 9 d - g c a l c u l a t i o n s 

were performed using the B3LYP method20 with the basis sets 6-21g21 

for all G, N and H atoms, whereas basis sets and specific core electron approximations were 
99 

used for Pt, Pd, CI, I and P atoms. The same basis sets were used to compute the electronic 

configuration of the triplet states and the energy of the highest semi-occupied molecular 

orbitals (HSOMO) and the ground state (HOMO).23 
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Table 1. Crystal and refinement data for 4b, l i b and 12. 

4b l i b • 0.5 CH2C12 12 • CH2C12 

Empirical formula 

Formula weight 

Description 

Crystal size (mm) 

Temperature (K) 

Crystal system 

Space group . 

a (A) 
b(A) 

c (A) 

(3(°) 

Volume (A3) 

Z 

Calcd. density (Mg/m3) 

Scan mode 

F(000) 

Absorption coeff. (mm"1) 

Grange 

Limiting indices 

Reflections collected 

Independent reflexions 

Min./Max.transmiss. ratio 

Data /restraints/ parameters 

Goodness-of-fit on F2 

Final R indices [I>2a(I)] 

R indices (all data) 

C6oH55Cl2NP4Pt2 

1375.01 

Colorless 

0.10x0.10x0.5 

293(2) 

Tetragonal 

P41 

21.510(4) 

21.510(4) 

14.2270(13) 

90 

6583(2) 

4 

1.387 

(0 

2688 

9.747 

4.11 to 69.98° 

0 < h < 26 

- 2 6 < k < 0 

-17<1<0 

6385 

6385 

0.4423 and 0.0848 

3556/371/478 

1.034 

Rl = 0.0880 

wR2 = 0.2308 

Rl =0.1524 

wR2 = 0.2884 

C66.5H59ClI2N202P4Pd 

1632.78 

Orange 

0.20x0.20x0.10 

173(2) • 

Orthorhombic 

Pica 

15.658(2) 

24.377(4) 

32.281(5) 

90 

12321(3) 

8 

1.760 

<P 
6360 

3.756 

1.26 to 25.00° 

-18<h<26 

-28<k<28 

-38 <1 < 38 

229876 

10851 

0.7052 and 0.5205 

10851/2/727 

1.081 

Rl =0.0620 

wR2 = 0.1466 

Rl = 0.0842 

wR2 = 0.1550 

C64H62Cl2I2OP4PdPt 

1625.23 

Orange 

0.30 x 0.20 x 0.20 

173(2) 

Monoclinic 

P2(l)/c 

21.703(4)) 

13.373(3) 

24.493(5) 

115.04(3) 

6441(2) 

4 

1.676 

<P 
3168 

3.631 

2.24 to 25.00° 

- 2 4 < h < 2 5 

-15 < k < 15 

-29<1<29 

41644 

11321 

0.5304 and 0.4089 

11321/0/693 

1.012 

Rl = 0.0848 

wR2 = 0.2447 

Rl = 0.0990 

wR2 = 0.2561 

Rl = S I I F j - I Fc I I / 1 IF0 I; wR2 = (I[w(F0
2-Fc

2)2]/I[F0
4])1/2; Weight = 1 / [a2(F0

2) + (A * P)2 + (B 

* p)l where P = (max (F0
2, 0) +2 * Fc

2)/3; A = 0.0890 and B = 11.4580 for 4b, and A = 0.0612 and B = 
161.0473 for l ib , and A = 0.1686 and B = 50.39 for 12. 
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Results and Discussion 

1- The £-£ homo- and heterobimetallic systems. 

The conclusion of our previous work on the reactivity of [ClM(|a-dppm)2MCl] (M = Pd, 

Pt) towards isocyanides,11 urged us to synthesize additional derivatives ligated by one or two 

CNR ligands with diverging electronic and steric properties. A systematic variation of the 

nature of R in CNR ligands, M as well of the halide ligands is necessary in order to elucidate 

what controls the bridging vs. terminal coordination of the CNR ligands, as well as the 

photophysical properties of these compounds. This section describes the syntheses and 

characterization of some new isocyanide-containing homo- and heterobimetallic systems and 

discusses their structural features. 

Grundy et al. previously demonstrated that treatment of [ClPt(jLi-dppm)2PtCl] (2) with/?-

tolylisocyanide in CH2CI2 solution affords the A-frame compound [ClPt(|i-dppm)2(|x-C=N-

C6H4Me)PtCl] (4a), resulting from CNR insertion on the Pt-Pt bond.24 Surprisingly, treatment 

of 2 with xylylisocyanide (xylyl = 2,5-dimethylphenyl) in a 1:1 ratio under similar reaction 

conditions produces exclusively the Pt-Pt-bonded mono-cationic species [ClPt(|i-

dppm)2Pt(CNxylyl)]Cl (3a) bearing a terminal CNR ligand (Scheme 1). This terminal 

coordination mode can be inferred from the IR spectra, which exhibits a strong v(CsN) 

absorption at 2157 cm"1. The 31P{1H} NMR spectra of 3a gives rise to AA'BB' spin systems 

consisting of two multiplets centered at 1.2 and -1.7 ppm with Vpt-p couplings of 2370 and 

3070 Hz, respectively. These observation contrast with a precedent report on the synthesis of 

[ClPd(u-dppm)2(n-C=N-xylyl)PdCl] '(5b) and [ClPd(|i-dppm)2(u-C=N-Ph)PdCl] (5a), 

spanned by a bridging CNR ligand. These differences of behaviour will be discussed below. 
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Scheme 1 

[ClPt(|i-dppm)2Pt(CNxylyl)][BF4] • CH2G12 (3a') was prepared from the counter ion 

metathesis of the CI" salt (3a) with NaBF4. Single crystals suitable for an X-ray structure 

analysis of this salt (3a') were obtained, but because of the poor crystal quality, little data 

could be collected. Nevertheless, the collected data unambiguously demonstrated the 

conservation of the M-M bond (2.654 A) and the terminal coordination of a linear RNC ligand 

(R-N(l)-C(49) = 175.4°; d(Pt(l)-C(49)) = 1.93 A) at Pt(l) (Figure S2). These values compare 

favorably to those recently reported for the dicationic salt [(j'PrC6H4NC)Pt(|i.-

dppm)2Pt(CNC6H4/Pr)](BF4)2, having a Pt-Pt bond length of 2.6453(3) A and two linearly 

bonded CNR ligands with mean Pt-C bond distances of 1.99 A.6 

The cationic heterodinuclear complex [ClPd((J,-dppm)2Pt(r|1-dppm=0)](BF4) (7), 

coordinated by a dangling diphosphine oxide, reacts with a stoichiometric amount of 

xylylisocyanide to produce the dicationic salt [(xylylNC)Pd(|Lt-dppm)2Pt(ri1-dppm=0)](BF4)2 

(8) after a metathesis reaction exchanging the counterion CI for BF4. (Scheme 2). The RNC 

terminal coordination on Pd is readily deduced from the IR spectrum, which exhibits a strong 
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v(C=N) absorption at 2167 cm"1. The ^ P ^ H j NMR spectrum of 8, which is similar to that of 

precursor 7, is reported in the Supporting Information (SI). 

Ph2P PPh2 

© 2© 

(BF4©)L 

R-NC „ J,. 1 „ / \ 
BF4

G Ph2P PPh2 2 

Cl-Pd Pt—P PPh2 - £ - ^ — * - R - N = C - P d Pt—P PPh2 

J | Ph 2 J! C H 2 C I 2 | | . P h 2 J) 
Ph2Pv. .PPh2 O Ph 2 P\ .PPh2 O 

8 R = xylyl 

Scheme 2 

An interesting borderline case between RNC terminal ligation in M-M connected d9-d9 

systems, and u,-CNR coordination giving rise to d8-d8 A-frame bimetallics, is compound 10a 

(Scheme 3), which exists in two isomeric forms. This dinuclear iodo complex is obtained by 

the treatment of [IPd(|i-dppm)2Ptr] (6b) with 1 equiv. of o-anisylisocyanide in CH2CI2 or by 

halide metathesis with Nal using [ClPd(|x-dppm)2(|x-C=N-o-anisyl)PtCl] (9) as precursor. 

This yellow compound prevails in the crystalline state almost exclusively in the A-frame form 

[rPd(|i-dppm)2(|Li-C=N-o-anisyl)PtI], as deduced from the observed IR-active v(C=N) at 1611 

cm . However, the IR spectrum of 10a in CH2CI2 solution indicates the coexistence of an 

appreciable percentage of the ionic form [rPd(|i,-dppm)2Pt(CN7o-anisyl)]I (10b) with a 

terminal coordinated CNR ligand. This equilibrium is entirely shifted in a 1:1 MeOH/CH2Cl2 

mixture towards the ionic isomer 10b. Owing to the increase in solvent polarity, the 

dissociation of the iodo ligand is now facilitated. Indeed, a single sharp v(C=N) band is 

detected at 2175 cm'1 in the IR spectrum of 10b. 
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10b 

The equilibrium in solution can also be monitored by 31P{1H} NMR spectroscopy. The 

spectra exhibit an approximate 50:50 distribution between 10a and 10b in a 1:1 

CDCI3/CH2CI2 mixture. However, in 1:1 CDCl3/MeOH as solvent medium, only a small 

amount of the A-frame isomer 10a remains detectable (Figure 1). The AA'BB'-type 

resonances of 10b appear at strongly high-field at -3.1 (P(Pt)) and -8.9 ppm (P(Pd)) in 

comparison with those of the p.-CNR isomer 10a (AA'BB' type, 10.8 (P(Pt)) and 12.3 ppm 

(P(Pd)). The Pt-Pd bond scission also causes a considerable increase of the ^Pt-p couplings 

going from 2590 to 3465 Hz. The ^ P t ^ H } NMR spectrum of 10b consists of a broadened 

triplet of triplets centered at -2758 ppm with lJj>t.P and 2+3/pt-p couplings of 2590 and 50 Hz, 

respectively. J ' 
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Figure 1. (a) 31p{JH} NMR spectrum of an isomeric mixture of 10a and 10b recorded in 
31-n r 1 CDCI3/CH2CI2. (b) J1P{'H} NMR spectrum of 10' recorded in CDCI3/CH3OH (N = 

I2/(PAPB) + V(PAPB<)I). 
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The observation of isomers' equilibrium, even in a less polar medium such as 

CDCI3/CH2CI2, suggests that the energetic difference between bridging and terminal RNC 

bonding is quite small in system 10. The solvent polarity-dependence on the CNR 

coordination mode was already noticed by others. Examples include the p-tolyl isocyanide 

adduct of [ClPt(|ii-dppm)2PtC6F5], which exists in benzene as the A-frame [ClPt(|j,-dppm)2(|i.-

C=N-p-tolyl)PtC6F5], but rearranges entirely in CH2C12 to the ionic [(p-tolyl-N=C)Pt(|i-

dppinhPtCeFs] form. The low, but definite, conductivity of the heterodinuclear [ClPt(|n-

dppm)2(|Li-C=N-/?-tolyl)PdC6F5] complex-containing acetone solution was ascribed to a 

deinsertion-terminal coordination equilibrium. All in all, system 10 represents the first case 

where a co-existence of <f-ds and cf-d9 isomers of the Ni-triad in a non-coordinating solvent 

is established. 

2- The ds-cf A-frame homo- and heterobimetallic systems. 

In contrast with the stoichiometric reaction of 2 with xylylisocyanide affording the cationic 

complex [ClPt(|i-dppm)2Pt(CNxylyl)]Cl (3a), the treatment of 2 with l-isocyano-4-

isopropylbenzene in CH2O2 yields like previously, to a mixture of the A-frame compound 

[ClPt(|a,-dppm)2((x-C=N-C6H4/Pr)PtCl] (4b) and the . ionic compound [ClPt(fi-

dppm)2Pt(CNC6H4/Pr)]Cl (3b) (Scheme 4). 
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The existence of these two isomeric forms can be deduced from the IR (in CH2C12, v(C=N) 

= 1616 vs; V(N=C) = 2162 cm"1) and the ^Pf1!!} NMR spectrum. The spectra exhibit an 

approximate 50:50 distribution between 4b and 3b in CDC13 at 298 K. The AA'BB'-type 

resonances of 3b appear at 3.4 and 7.5 ppm whereas the resonance of ji-CNR isomer 4b is a 

singlet at 17.5 ppm. The shift and the type resonances obtained for 3b compare 

unambiguously with the data reported above for [ClPt(ju,-dppm)2Pt(CNxylyl)]BF4 (3a'). 

Crystal structure of 4b - In contrast with several reports on the molecular structures of \x.~ 

CNR-containing d8-d8 Pd2 A-frame systems, no crystallographic information on analogous Pt2 

compounds was available until this work. The insertion of CN-CeFLj/Pr into the Pt-Pt bond was 

corroborated by the X-ray diffraction study (Figure 2). The overall structure of 4b resembles 

that of the corresponding Pd2 A-frame complex [ClPd(|H-dppm)2(^-C=N-Ph)PdCl] .25a'27 

Similarly to this previous complex (d(Pd—Pd) 3.188(1) A),25a the insertion causes a 

considerable elongation of M—M interactions (d(Pt-Pt) 3.2118(18) A), and the C=N-R angle 

is somewhat less acute (133.0(2) vs 129.3(9)°). The coordination mode about the Pt atoms are 

square planar and share bridging C(3), which spans in a symmetric manner the two Pt centers. 

The Pt-C(3) bond lengths of 1.92(2) and 1.97(2) A resemble to the Pd-u-C distances in the 

Pd2-complex (1.99(1) and 1.96(1) A). The Pt(l)-C(3)-Pt(2) angle of 110.9(11)° is also close to 

the reported Pd(l)-C(3)-Pd(2) angle of 107.5(5)° for [ClPd(|i-dppm)2(n-C=N-Ph)PdCl].25a 
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Figure 2. Ball and stick representation of 4b with the numbering scheme; the H-atoms are 

omitted for clarity. 

The question now arises as to why the addition of p-tolylisocyanide in CH2CI2 solution 

produces the A-frame compounds 4a, whereas under analogous reaction conditions, the 

treatment of 2 with xylylisocyanide leads to the d9-d9 salt 3a'. Steric effects are unlikely 

despite the bulkiness of the xylyl group, since in the case of the ds-dH Pd-Pd system 5b, the 

xylylNC ligand adopts, without any steric repulsion, a bridging position. 

Hypothetic ally, electronic effects of the aryl substituent R are likely responsible for the 

bonding mode of the ArNC ligand. Theoretical studies on substituent effects on the frontier 

MO's of o- and p-substituted ArNC illustrated that (i) the substitution position (ortho vs para) 

does not appreciably alter the electron density of the donor group, (ii) phenyl ring substitution 

has a smaller effect on the a-donating ability than it does on the 7t-accepting propensity of the 

ArNC ligand, and (Hi) the 7t-accepting abilities of the isocyanide ligands increase in the order 

o-,Jp-CH3OC6H4NC, o-,p-CH3C6H4NC, o-,p-C6H5NC, o-, /?-FC6H4NC, o-, p-CF3C6H4^C, o-, 

P-CIC6H4NC, o-, P-NO2C6H4NC while the a-donating ability decreases in this same order.28 
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Table 2. Selected bond distances (A) and angles (°) for 4b 

Pt(D-C(3) 

Pt(2)-C(3) 

C(3)-N(l) 

Pt(l)-Cl(2) 

Pt(2)-Cl(l) • 

Pt-Pt 

Cl(2)-Pt(l)-C(3) 

Cl(l)-Pt(2)-C(3) 

P(4)-Pt(l)-C(3) 

P(4)-Pt(l)-P(2) 

P(3)-Pt(2)-P(l) 

Pt(l)-C(3)-Pt(2) 

P(l)-Pt(2)-Cl(l) 

P(2)-C(l)-P(l) 

1.92(2) 

. 1.97(2) 

1.31(3) 

2.443(10) 

2.446(8) 

3.2118(18) 

175.8(7) 

176.8(7) 

84.7(7) 

171.0(4) 

175.0(3) 

110.9(11) 

93.9(3) 

115.9(15) 

Pt(l)-P(2) 

Pt(l)-P(4) 

Pt(2)-P(l) 

Pt(2)-P(3) 

C(4)-N(l) 

P(l)-Pt(2)-C(3) 

P(3)-Pt(2)-C(3) 

P(2)-Pt(l)-C(3) 

P(2)-Pt(l)-Cl(2) 

P(4)-Pt(l)-Cl(2) 

P(3)-Pt(2)-Cl(l) 

C(3)-N(l)-C(4) 

P(3)-C(2)-P(4) 

2.290(9) 

2.292(9) 

2.289(8) 

2.279(9) 

1.41(3) 

88.1(6) 

86.9(6) 

87.6(7) 

93.03(3) 

94.3(3) 

91.1(3) 

133.0(2) 

114.6(17) 

The p-tolyl and xylylisocyanide ligands both exhibit methyl substituents. Based on the 

above theoretical findings, the relevant MO energies are affected little by the o- or p-

substitution with respect to the nature of the substituent. Therefore, the subtle additional 

electron-donating effect of the second methyl group of xylylisocyanide may cause a switching 

of the CNR bonding mode from bridging to terminal (4a vs 3a). In 4b, the isopropyl 

substituent at the p-position likely exerts a slightly stronger electron donating induction effect 

than methyl does, but in overall o-donor/rc-acceptor propensity, xylylisocyanide seems to be a 

somewhat better donor ligand than l-isocyano-4-isopropylbenzene. In addition, one notes the 

strong bending of the |i-C=N-R angle (123-135°) observed for all homo- and heterodinuclear 

A-frame complexes. Although bridging is often associated with bending of the (i-C=N-R 

angle, this structural feature is not so obvious. There are several examples in the literature for 

di- and polynuclear clusters exhibiting linear (J.2-CNR ligands. One example is [(py)GlPd(|i-

CN-xylyl)2PdCl(py)], spanned by two isocyanides with C-N-C angles of 175.2(13) and 
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157.9(9)°.2 a The steric factors are not important in determining the C-N-C angles since the 

more linear ligand is associated with the less hindered position on the dinuclear Pd2 complex. 

An electronic origin was also suggested to explain the observed |i-CNR linearity (171.4(8) and 

168.4(7)°) in [Pd5<^-S02)3(|Li-C=N-xylyl)2(CNxylyl)5]i
29b Howell et al. computed the MeNC 

bonding properties and predicted that, regardless of the molecular geometry, the CNR cr-donor 

character remains essentially constant, but the ^-acceptor capacity strongly depends on the 

C=N-R angle and may even reach that of carbon monoxide, if the degree of bending is 

significant enough.30 

All A-frame complexes of the type [LM(|i-dppm)2((X-C=N-R)ML] contain 4 electron-

donating bidentate phosphorous ligands. This donation in these electron-rich systems could be, 

at least, partially compensated by back-bonding in the fi-CNR ligand 7t*-orbitals (push-pull). 

Based on calculations, the C=N-R angle must be < 140° to consider isocyanide ligand as a 

good ^-acceptor. This may explain the marked bending observed in 4b, l i b and 14 (see X-ray 

structures below). Packing effects may also influence the degree of bending in the solid-state. 

The heterodinuclear complex [ClPd(u,-dppm)2(u.-C=N-o-anisyl)PtCl] (9) results from the 

insertion of 1 equiv. of o-anisylisocyanide into the Pd-Pt bond of [ClPd(|i-dppm)2PtCl] (6a). 

In contrast to its iodo analogue 10, compound 9 exists in CH2CI2 solution solely in the A-

frame form. This finding demonstrates that, apart from the solvent polarity, the nature of the 

halide ligand also plays an important role on the subtle balance between bridging and terminal 

isocyanide bonding. 

The iodo derivative 10a can also be used as precursor for the synthesis of bis(isonitrile) 

heterobimetallics, allowing the study of the site-selectivity in the second CNR ligand 

coordination, Pd vs Pt. Hence, upon addition of one equivalent of o-anisylisocyanide, 

exclusive formation of [ffd(|i-dppm)2(|u.-C=N-0-anisyl)Pt(C=N-o-anisyl)]I ( l ib) exhibiting 

both a |o,-CNR and a Pt-bound terminal CNR ligand, is observed (Scheme 5). This air-stable 

orange-red salt was unambiguously identified by IR and multinuclear NMR spectroscopy as 

well as single crystal X-ray diffraction studies. 
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The terminal v(C=N) and bridging v(C=N) absorptions of l i b in CH2CI2 are observed at 

2175 and 1627 cm-1, respectively. In comparison with precursor 10, the 3IP{1H} NMR signals 

resonate downfield at 15.0 (P(Pt)) and 20.8 (P(Pd)) ppm. The ^ P t ^ H } NMR of l i b contains 

a well-resolved triplet of triplet resonance centered at -2825 ppm with Vpt-p and 3/pt-p 

couplings of 3225 and 300 Hz, respectively. Despite the non-equivalence of the OCH3 groups, 

a single sharp resonance is found at 55.9 ppm in the 13C{XH} NMR spectrum (298 K). This 

fast CNR ligand exchange on the NMR time scale is also concluded from the single resonance 

observed at 3.45 ppm in the *H NMR spectrum at 273 K, whereas the CH2-dppm (3.28 ppm) 

and the aromatic hydrogens are quite large widiout any fine structure. Coalescence occurs at 

about 243 K, since a broad hump including the CH2-dppm and OCH3 groups is observed in 

the 3.65-3.15 ppm region. At 233 K, two new broad singlets emerge at 3.60 and 3.21 ppm, 

which are attributed to two distinct OCH3 groups. Progressive cooling to 213 K causes a 

sharpening and splitting of the two OCH3 signals (3.63 and 3.17), whereas the CH2-dppm 

protons appear in the form of an unstructured broad signal at 3.46 ppm. 

The Cl-analogue [ClPd((i-dppm)2(|i-C=N-o-anisyl)Pt(C=N-o-anisyl)]Cl (11a) was also 

prepared (195Pt{'H}: triplet of triplets at -2856 ppm with lJn-p and 3/Pt-P of 3210 and 302 Hz, 

respectively). VT *H NMR monitoring also showed a similar fluxional behavior, albeit at 

higher temperatures (the fast exchange occurs at 313 K). The exchange phenomenon of the 

isocyanide coordinations was also previously noticed by Balch and Kubiak for [(R-

N=C)]Pd(^-'R2PCH2PR'2)2(^-C=N-R)Pd(C=N-R)]2+ (R' = Me, Ph). Puddephatt and 

collaborators also reported intramolecular terminal-bridge isocyanide exchanges in 

Pt3(dppm)32+-type clusters; processes believed to be due to small energy barriers.32 
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The salt [IPd(|J,-dppm)2(|i-C=N-o-anisyl)Pt(C=N?Bu]I (12) can also be isolated as an air stable 

orange solid after the addition of 1 equiv of fBuNC to 10. As unambiguously confirmed by an 

X-ray diffraction study, the additional terminal CNR is again coordinated at the Pt site. The o-

anisyl isocyanide occupies the bridging position, since it is a better fl-acceptor compared to 

fBuNC. Indeed, it can compensate more efficiently the electron donation exerted by the two 

dppm ligands.33 To our knowledge, 12 is the first example of an A-frame system of the Ni-

triad bearing two different isocyanide ligands. As expected, the pattern and couplings of the 

AA'BB' ^P^H} and -^Pt^HJ'NMR spectra resemble those of l ib . The I95Pt signal is 

somewhat shifted to high-field to -2860 ppm with ^ . p and Vpt-p couplings of 3220 and 325 

Hz, respectively. In the ;HNMR spectrum at 295 K, the OCH3 and te?t-butyl groups give rise 

to sharp singlets at 3.43 and 0.86 ppm, however the CH2-dppm centered at 3.16 ppm are 

unresolved. The question arises why the displacement reaction of X" by a second CNR ligand 

takes place at platinum rather than palladium. Substitution reactions at Pd are known to be 

much faster than at Pt, but the positive charge of the resulting cationic salts 11 and 12 is 

probably better stabilized on the more electron-rich Pt(I) center. Furthermore, generation a 

new Pt-C bond instead of a Pd-C bond may also be more favorable for thermodynamic reasons. 

Crystal structures of lib and 12 - The X-ray structure of l i b confirms the proposed A-frame 

structure of the complex in solution at low temperature (deduced from NMR measurements). 

The coordination sphere about palladium and platinum is nearly planar with the two squares 

connected at one corner by the bridging CNR. The other coordination sites in rrans-disposition 

relative to the (i-C atom are occupied by a second CNR ligand and an I-atom on the Pt and Pd 

metals, respectively. The extreme inclination of the |X-C=N-e>-anisyl ligand of 122.8(8)° is 

much more pronounced than that of 4b, whereas the terminal CN-o-anisyl ligand is quite 

linear with an angle C(80)-N(2)-C(81) of 174.1(15)°. Consistent with a formal C=N double 

bond character, the C(70)-N(l) distance is markedly longer than the C(80)-N(2) triple bond 

(1.264(12) vs 1.124(14) A). 
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Figure 3a. Molecular structure of l i b with the numbering scheme; the H-atoms and counter-

ion are omitted for clarity. 

Figure 3b. View of the core structure of l ib . 
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Table 3. Selected bond distances (A) and angles (°) for l i b 

Pt-C(70) 

Pd-C(70) 

C(70)-N(l) 

Pd-I(l) 

Pt-C(80) 

Pt—Pd 

2.014(12) 

2.013(10) 

1.264(12) 

2.7213(11) 

1.986(12) 

3.0273(9) 

Pt-P(4) 

Pd-P(3) 

Pd-P(2) 

Pt-P(l) 

C(80)-N(2) 

C(81)-N(2) 

2.323(3) 

2.340(3) 

2.336(3) 

2.323(3) 

1.124(14) 

1.462(16) 

C(70)-Pt-C(80) 

I(l)-Pd-C(l) 

P(l)-Pt-C(80) 

P(l)-Pt-P(3) 

P(2)-Pd-P(4) 

Pd-C(70)-Pt 

C(70)-N(l)-C(2) 

P(2)-C(l)-P(l) 

168.6(4) 

178.4(4) 

97.6(3) 

167.46(14) 

170.63(11) 

97.5(4) 

122.8(8) 

117.4(5) 

P(l)-Pt-C(70) 

P(4)-Pt-C(70) 

P(4)-Pt-C(80) 

P(2)-Pd-I(l) 

P(4)-Pd-I(2) 

Pt-C(80)-N(2) 

G(80)-N(2)-

C(81) P(3)-C(2)-

P(4) 

83.9(3) 

88.8(3) 

93.5(3) 

95.25(8) 

93.74(8) 

175.2(10) 

174.1(15) 

115.8(5) 

The terminal coordination of ?BuNC at Pt is confirmed by the structure determination of 

12. In comparison with l ib , the M - M ' separation has increased from 3.0273(9) to 3.2085(12) 

A. As in l ib, the |U,-C=N-R ligand is strongly bent ((124.0(11)°), the anisyl ring being tilted 

towards the PdP2i moiety. Again, the spanning of the two M centers is almost symmetric with 

Pt-C(l) and Pd-C(l) bond distances of 2.010(13) and 2.018(10) A, respectively. The bond 

length between Pt and the terminal ?BuNC ligand (Pt-C(9) 1.98(2) A) is identical to that of 

[(OC)3Fe{Si(OMe)3}(|i-dppm)Pt(CN-fBu){C(C=0)Me}] (1.989(8) A).33a As in 4b, the CH2-

dppm groups of l i b and 12 are bent toward the |H-CNR ligand leading to a "boat" 

conformation of the M2P4C2 rings. 
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Figure 4. Molecular structure of 12 with the numbering scheme; the H-atoms and counter-ion 

are omitted for clarity. 

Table 4. Selected bond distances (A) and angles (°) for 12 

Pt-C(l) 

Pd-C(l) 

C(l)-N(l) 

Pd-I(l) 

Pt-C(9) 

P f ' P d 

C(9)-Pt-C(l) 

I(l)-Pd-C(l) 

P(l)-Pt-C(9) 

P(l)-Pt-P(3) 

P(2)-Pd-P(4) 

Pd-C(l)-Pt 

C(l)-N(l)-C(2) 

P(2)-C(26)-P(l) 

2.010(13) 

2.018(10) 

1.277(17) 

2.7116(18) 

1.98(2) 

3.2085(12) 

179.6(6) 

178.4(4) 

93.3(4) 

167.46(14) 

170.63(11) 

105.6(5) 

124.0(11) 

114.9(6) 

Pt-P(3) 

Pd-P(4) 

Pd-P(2) 

Pt-P(l) 

C(9)-N(2) 

C(10)-N(2) 

P(l)-Pt-C(l) 

P(3)-Pt-C(l) 

P(3)-Pt-C(9) 

P(2)-Pd-I(l) 

P(4)-Pd-I(2) 

Pt-C(9)-N(2) 

C(9)-N(2)-C(10) 

P(3)-C(51)-P(4) 

2.298(3) 

2.366(3) 

2.337(3) 

2.321(3) 

1.16(2) 

1.511(19) 

86.3(3) 

85.4(3) 

95.0(4) 

95.25(8) 

93.74(8) 

178.0(18) 

176.0(2) 

115.0(6) 

89 



11 and 12 are rare examples of heterobimetallic MMV complexes spanned by a (I-CNR 

ligand. The other example is [ClPt(|Li-dppm)2(|i-C=N-Me)Ni(CNMe)]Cl (13) reported by 

Kubiak et al. via a transmetallation of [(CNMe)]Ni(u.-dppm)2(M.-C=N-Me)Ni(CNMe)] with 

[Cl2Pt(dppm)].34 Like in 11 and 12, the |U-CNR ligand is strongly bent (132.3°), and the MeNC 

ligands are equivalent in solution on the *H NMR time scale, indicating fluxionality. 

Ph2P 'lJSPPh 

Pt—-Ni 

P h 2 P \ / 

13 

PPh^N. 
cP Me 

2© 

Ph 2 P / ^PPh 2 
I \ J.CNMe 

MeNC Pt----- Ni'f 

Ph2Pv .PPh2
 w i e 

14 

Chart 2 

sti 
R 

2© 

Ph2P' "J PPh2 

15 R = oanisyl 

There are however some striking differences between the Ni-Pt and Pd-Pt systems: (i) in 

13 (Chart 2), the two M centers are connected through a short Ni-Pt bond of 2.5892(9) A, (ii) 

the terminal MeNC ligand is bonded to the Ni center, whereas the halide ligand is coordinated 

on Pt, and (iii) halide abstraction in the presence of 1 equiv of MeNC produces the 

tris(isocyanide) compound 14 exhibiting a penta-coordinated Ni center. In contrast, addition of 

an excess of o-anisylNC to l i b leads to the formation of the A-frame dication 15. In 

comparison with 10 and l ib , the 31P{JH} NMR signals also appear more downfield at 19.0 

(Ppt) and 24.8 ppm (PPd) with Vpt-p and 3/pt.p couplings of 3096 and 390 Hz, respectively. The 
195Pt{1H} NMR spectrum exhibits quite a broad triplet of triplet resonance centered at -2924 

ppm. 15 could not be isolated pure as mainly l i b was recovered after recrystallisation. The 

facile dissociation of the third CNR ligand was also noticed earlier for [(RNC)Pt(jj.-dppm)2()Li-

C=N-R)Pt(CNR)]2+and [(RNC)Pd(u-dppm)2(|*i-C=N-R)Pd(CNR)]2+ (R = Me, xylyl).24'31'35 
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3- Electronic spectra and photophysics: 

3.1. Photophysical properties of the rf9-^9 homo- and heterobimetallic systems: 

Many CNR-containing d9-d9 compounds, such as 16 and 17 (Chart 3) exhibit 

luminescence at room temperature in the solid state and at 77 K in frozen solution,6 while the 

binuclear complexes 1, 2 and 6a do not. Generally, Pd-containing materials exhibit much less 

luminescence intensity than the Pt-containing analogues. In addition, the replacement of the 

two axial chloride ligands in 1 and 2 by acetonitrile leads to the corresponding [(MeCN)M(p-

dppm)2M(NCMe)]2+ complexes (M = Pd, Pt), which are also weakly emitting.6 This brings the 

question what does it take to render these d9-d9 Pd2- and Pt2(dppm)2-containing building 

blocks luminescent. Part of the answer lies in the presence of luminescence of bisphosphine 

and bis(pyridine-like)-containing d9-d9 "Pt(p-dppm)Pt" complexes in solution at room 

temperature. 

— 2© 

PPh2 

M—C=N-R (BF4
e)2 

PPI-b 

16 (M = Pd; R = 2,5-Me2C6H3) 
17(M = Pt;R = 4-C6H4-/Pr) 

Chart 3 

Dissymmetric compound 3a', which contains one axially substituted position by a 

xylyl-NC ligand, exhibits a weak luminescence at 77 K (Figure 5). The excitation spectrum 

superposes the absorption unambiguously indicating that the luminescence originates from 

compound 3a' (and not an impurity). Only two other examples of axially dissymmetric Pt2-

containing complex [ClPt(p-dppm)2PtL]+ (L = (4-chlorophenyl)(4-pyridyl)acetylene, A.max = 

420 nm; xe = 0.21 ps; Oe = 0.0071, and L = 2,4,6-trimethylpyridine; A,max = 591 nm; xe = 3.2 

ps)36'37 were previously reported to be emitting. The nature of the lowest energy excited state 
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responsible for the emission was assigned to an intraligand 37CTC* state,36 while for the second, 

it was assigned to a dado* state. The spectral and photophysical characteristic are as 

follow: ?imax = 680 nm; xe = 6.43 ± 0.1 |is, <£ = 0.0033 (Table 5). These values compare very 

favorably with the data reported earlier for the [(RNC)Pt(p.-dppm)2Pt(CNR)]2+ complexes (R 

= p-CtlUiPr, tBu).6 

The absorption spectrum of 3a' (Figure 5) exhibits a shoulder at about 350 nm (in 

acetonitrile; e = 4500 NT'.cm"1) and lower at 77 K in butyronitrile (-360 nm), which sharpens 

sensitively upon cooling. This band cannot readily be assigned to the dc—»da* transition 

typical for d9-d9 M2-bonded complexes since the absorptivity is somewhat too low.6 

Something more is occurring. 

CO 
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Figure 5. Absorption (black), excitation (red) and emission (blue) spectra of 3a' in PrCN at 77 

K. A,exc = 370 nm. 

In order to address this feature, DFT and TDDFT are used. Since the X-ray structures 

are not always available, geometry optimization was performed on the selected complexes. 

Prior to analysis, the methodology was tested using the crystallographically characterized 

complex [(?BuNC)Pt(u,-dppm)2Pt(CNfBu)]2+ containing a M-M bond,6 and the detail of the 

comparison is placed in the SI. The reason for this choice stems from the lower quality data set 

of complex 3a'. On average, the Pt-C (X-ray -1.98 A), Pt-P (X-ray -2.28 A) and Pt-Pt (X-ray 
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~ 2.64 A) bond lengths are computed 0.05, 0.06 and 0.07 A longer that the experimental data, 

representing a lengthening of -2.5, -2.6 and ~2.7 %, respectively. We find this comparison 

reasonable. Results for geometry optimization for the complexes 3b, 4b, 11a and l i b are 

presented in Scheme 6. The comparison of the computed structural parameters with the X-ray 

data, notably for complexes 4b and l ib , is similar to that described above except that the M-X 

bonds are calculated 0.1 A longer than the X-ray data, representing a difference of 4 (Pt-Cl) 

and 3.8 % (Pd-I). The comparison of the MO schemes and TDDFT results is made based on 

the optimized geometry computations for reasons of homogeneity. 
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Scheme 6. Geometry optimization by DFT (P = PPh2) 
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Figure 6. MO pictures of the frontier MO's of complex 3b. The MO energies are in a.u. units. 

The MO picture of the frontier MO's of compound 3b is shown in Figure 6. It is 

reasonably assumed that the conclusions drawn from this analysis is transferable to the other 

d9-d9 species in this work, notably to the mixed-metal Pd-Pt systems. This assumption is 

based upon the resemblance of the UV-vis spectra of [ClPt(p,-dppm)2PtCl] and [CiPd(|i-

dppnfhPtCl]. Moreover, the computations were performed on compound 3b only. In this case, 

the arylisocyanide group bears an isopropyl substituent. It is assumed that the conclusions 

drawn from these calculations can also be transposed to the case where the aryl group is 

modified by substitution (ex. xylyl and anisyl for example). Again, the argument is based on 

the resemblance of the UV-visible spectra. The HOMO and HOMO-1 of 3b are composed of 

the Pt(dxz)-Cl(px) and Pt(dyz)-Cl(py) components, where a minor contribution is computed on 

the Pt atom that binds the CNR ligand. In other words, for these two MO's, the electronic 

density is placed primarily on the Pt-Cl fragment. Based on symmetry and signs of the orbitals, 
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this MO is the equivalent of a d7t*. The LUMO is a it* orbital of the aromatic-NC system with 

a minor component on the Pt binding this RNC ligand. This diagram is also composed of two 

sets of bonding da orbitals (HOMO-2 and HOMO-3) built upon Pt(dx
2-y

2)-Pt(dz
2) and Pt(dx

2-
9 9 9 

/)-Pt(dxV) with some bonding and antibonding Pt-Cl(n) interactions, respectively. The 

LUMO+1 is an antibonding version of the HOMO-3 (i.e. Pt(dx
2-y

2)- Pt(dx
2-y

2). Based upon 

TDDFT computations, the lowest-energy electronic transition is composed of three major 

components; HOMO^LUMO, HOMO-2-^LUMO+l and HOMO-3^LUMO+l, with 

relative weights of 0.57, 0.20 and 0.31, respectively. The former transition is a metal/halide-

to-ligand-charger-transfer (M/XLCT) process from the Pt-Cl fragment to the %* RNC 

component and the two latter ones are the do-do* expected for the M2-bonded species. All in 

all, the lowest energy electronic transition is a mixture of M/XLCT and do-do*. The 

computed oscillator strength is 0.053, consistent with the reported modest absorptivity and 

may be a consequence of the fact that the two contributing electronic transition are polarized 

along two different axis, as well as the presence of a dihedral angle of about 35°. The 

computed position of this band is 387 nm when all three components are used. Using simply 

the HOMO-LUMO gap, we compute 326 nm (Figure 6). Both values, 326 and 387 nm are in 

the same range as the experimental value (355 at room temperature and 360 at 77 K). 

At room temperature, the luminescence for 3a' is not detectable in fluid solution 

(PrCN) and is weak in the solid state (not enough to extract xe) but exhibits about the same 

emission maximum. In this respect, compound 3a' behaves the same way as compounds 16 

and 17, for which lifetimes were measured.6 Compound 8 is also interesting since it exhibits a 

head-to-tail structure where the P-donor coordinates the Pt center and the RNC ligand 

occupies the remaining Pd metal. This preferential site occupancy is based on the observation 

that the P-atom also coordinates the Pt-atom in 7, potentially leading to the synthesis of head-

to-tail organometallic and coordination polymers using dissymmetric bidentate assembling 

ligand. The heterobinuclear complex 8 exhibits a strikingly similar spectrum as 3a' (Figure 7) 

allowing us to make the assignment for the observed band at 365 nm the same transition, i.e. 

M/XLCT-do^do* with M = Pt and X = P. 

95 



1.4 

1.2 

I 0.8 
o 
3 0-6 
< 

0.4 

0.2 
0.0 

290 340 390 440 490 540 590 
Wavelength (nm) 

Figure 7. Absorption spectra of 8 in PrCN at 77 K. 

Compound 8 is also luminescent as this was the case for compound 3a ' and 3b. It 

exhibits similar features as for the homobinuclear complex 3a' (unresolved band, A âx at about 

730 nm). Unfortunately, the harmonic of the excitation light cluttered the emission band so the 

photophysical data could not be extracted. The fact that no vibronic structure is observed in 

the emission band strongly suggests that the emission does not arise from an intraligand %%* 

state. Since the emission maximum compares favorably to that reported for 

Pd2(dppm)2(CNYBu)22+ (730 nm) and 3a' (680 run, PrCN), we propose to assign the lowest 

energy emitting excited state as M/XLCT-da—»da* as well. Moreover, the emission lifetimes 

(jus time scale; see Table 5) and the large energy gap between the absorption and the emission 

(Stoke shift, ~ 12000 cm'1) strongly suggest that the emission arises from a triplet state, totally 

consistent with the presence of heavy metals. 
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Table 5. Photophysical data for 3a' and 8 at 77 K. 

Compounds Solvent used ^ ( n m ) x (|iis) <j) 

2-MeTHF 630 12.7±0.467 a~ 

PrCN 680 6.43+0.1 0.0033 

solid 690 a a 

PrCN - 7 3 0 a b '••' 

a) Not measured, b) Too weak to be measured accurately. 

No emission was observed at room temperature for 3a' and 8 in fluid solution, which 

is consistent with the known facile photo-induced M-M bond cleavage in d9-d9 species. In the 

solid state, a very weak emission centered at about the same position was observed, but the 

intensity was too weak to be exploited. This phenomenon is not uncommon for such Pd-

containing d9-d9 complexes.6 

We attempted to compute the position of the emission band of 3b. First, the geometry of 

3b in its triplet state was optimized in order to extract the corresponding MO energies, notably 

that of the HSOMO (Highest Semi-Occupied Molecular Orbital). Unfortunately, the geometry 

distorted drastically where M-M and M-X bond dissociations were computed and strong angle 

deviations were noted. In other words, the weakening of these bonds upon the da—>do* 

transition induced a far too large excited state distortion to render this technique exploitable. 

This is consistent with the fact that absence of emission is often noted for these complexes 

notably in fluid solution at room temperature. In the solid state or in frozen matrices, "emission 

is observed indicating that indeed, the matrix prevents major excited state distortion since the 

chromophore is trapped inside a rigid matrix. In such a case, the ground state geometry was 

used to compute the HSOMO in the triplet state. For 3b, this energy gap was -0.171 a.u. and a 

value of 414 nm was computed for the position of the triplet emission. The conclusion is that 

some excited state distortion must occur but we do not know a way of finding out since it 

depends on the matrix that keeps the complex together. All in all, this methodology cannot be 

applied for this complex. 

3a' 

8 
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3.2. Photophysical properties of the rf8-rf8 A-frame homo- and heterobimetallic systems. 

Luminescent A-frame complexes are extremely rare. The few known examples include 

ethynyl-containing d8-d8 species and A-frame triangular Pt2Au cluster.38 While compound 10 

is not luminescent, compound 11a and l i b are at 77 K in PrCN. The characteristics of these 

emissions are listed in the Table 6. The absorption spectra of 11a and l i b exhibit low energy 

bands (more red-shifted than that the d9-d9 M2-bonded species discussed above), which are 

also better resolved at 77 K in the 400-500 nm range (Figure 8). 

300 350 400 450 500 
Wavelength (nm) 

Figure 8. Absorption spectra of 11a and l i b in PrCN at 77 K. 

550 

Isocyanide insertion into the M-M leads to a breakdown of the. M-M bond and to a 

considerable elongation of the M«"M interaction (d(Pd"Pt) 3.0273(9) A in l ib). 

Consequently, a do*—>do transition can be excluded. Several studies on cf-d8 binuclear 
on 

complexes assigned this low energy absorption band to a da*—>pc transition. In this case, 

maxima wavelength absorption is related to the M-M distance and to the nature of substituents 

ligated to the metal centers.39 

Similarly, as analyzed above, the nature of this low-energy absorption is addressed by 

means of DFT and TDDFT. Figure 9 presents the pictures of the relevant frontier MOs of 11a 

and l i b as computed by DFT. The HOMO and LUMO exhibit complex atomic contributions. 

In both cases, the HOMO is composed of in plane atomic contributions: the X(n) donor orbital 
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interacting in an antibonding fashion with the Pd(dx
2-y

2) orbital, which interact in a bonding 

fashion with one of the sp2-hybridized n-orbitals of the C bridging atom, which interact also in 

a bonding manner with the Pt(dx
2-y

2) one. This HOMO is also composed of the N(n) orbital 

ought to symmetry. Very minor contributions of the in-plane NC it* system is also computed. 

The major contributions are represented in a simple drawing in Scheme 7. 

-0.146 

Figure 9. MO pictures of the LUMO, HOMO, HOMO-1 and HOMO-2 of 11a (right) and l i b 

(left). 
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The LUMO (again in 11a and l ib) also exhibits a rather complex series of atomic 

contributions. The contribution from the halide atom and the |i-CNR is now very small. The 

nature of the atomic contribution of the Pt atom is now primarily dz
2 and the electronic density 

on the CN %* system has significantly augmented. Some modest contributions of the 

perpendicular P atoms are also computed and interact with the Pt metal orbital in an 

antibonding fashion. The HOMO-LUMO transitions are essentially a charge transfer from the 

Pd/X center and U.-CNR to the terminal RNC %* system. TDDFT computes that the lowest 

energy electronic transition is primarily the expected HOMO—>LUMO for both complexes. 

This computational conclusion comes from the fact that both MO's are well isolated from 

other frontier MOs, so little mixing occurs. The computed positions for this transition by 

TDDFT are 496 and 519 nm, whereas the values calculated from the HOMO and LUMO DFT 

energies are 411 and 434 nm (Scheme 7), for 11a and l ib , respectively. Experimentally, the 

position for these lower energy features are seen at 448 and 455 nm, respectively, which fall in 

the middle of this window. All in all, this reasonable correspondence between the computation 

and experimental provides support for the charge transfer assignment. It is also interesting to 

note that both dissymmetric d9-d9 M2-bonded and (f-d8 A-frame species exhibit a lowest 

energy charge transfer character from the Pd moiety to the RNC-Pt-containing fragment. For 

the A-frame complexes, computations indicate that this process passes through the central ji-

CNR bridge. 

Emission spectra in frozen butyronitrile (Figure 10) leads to a broad unstructured 

band at ^max = 710 nm (ie = 3.06 ± 0.044 (j.s, § = 0.0079) for 11a and at Xmax = 715 nm (te = 

12.7 ± 1.1 |ns, c|) = 0.0043) for l ib . These values are comparable with other A-frame d8-d8 

systems based on iridium and platinum metal centers.38a'c The Xmax. and the non-radiative 

deactivation values of dinuclear complexes 11a and l i b are in the order 11a < l i b , indicating 

that the nature of the excited states is influenced by the nature of the halide. This behavior 

have already been observed in other a-d3 homo- and heterobimetallics A-frame polymer,40 

and is totally consistent with the change in HOMO-LUMO gap computed by DFT (Figure 9), 

where this gap is smaller for l ib (X = I) vs. 11a (X = CI). 
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Figure 10. Emission spectra of 11a (blue) and l i b (red) in PrCN at 77 K. Xexc = 350 nm. 

The pseudo-symmetric A-frame complex 4b (considering the fluxion motion of the \x-

CNR ligand) is also found to be luminescent at 77 K (Figure 11). Its absorption spectrum is 

characterized by an absorption band at ~ 350 nm, and a weaker feature at ~ 440 nm. The 

excitation spectrum (in red) overlaps with the absorption, again illustrating that the observed 

emission does not arise from an impurity. This comparison is important because it refers to the 

equilibrium between the two species illustrated in Scheme 4 between the cf-cf A-frame 

neutral species 4b and <f-d9 M2-bonded chloride salt, 3b. Upon cooling, the equilibrium 

shifted towards the neutral species preventing ligand dissociation, but this does not necessarily 

preclude the possibility of having traces of d9-d M2-bonded complex. In this work, we had no 

spectroscopic evidence for this species as both the absorption and emission spectra are 

different from that of 3a' above. 
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Figure 11. Absorption (black), excitation (red) and emission spectra (blue) of 4b in PrCN at 

77 K. Xexc = 440 nm. 

The analysis of the absorption spectrum was addressed in a similar manner as 

illustrated above. The picture of selected relevant MOs of 4b is presented in Figure 12. The 
0 0 

HOMO is composed of Pt(dx -y ) in bonding interactions with the in plane |i-C(n) and in 

antibonding interactions with the in plane Cl(n). In plane N(n) contribution is also computed 

which in overall makes this MO bearing very close resemblance to the corresponding 

HOMO's of 11a and l i b (Figure 9 and Scheme 7). The presence of a bent static structure of 

the |i-CNR group does not affect the relative amplitude of the atomic contributions on the 

right and left hand sides. We can almost assess this MO as having a mirror plane on the (i-
0 0 

C=N axis. The LUMO is composed of Pt(dx -y ) and minor contribution of in plane Cl(n), but 

also of P(n) and some phenyl 7C* orbitals of both the dppm and RNC ligand. An electronic 

transition between the HOMO and the LUMO would lead to a change in electronic density 

mostly located in plane, primarily on the Cl-Pt-C-Pt-Cl bent frame to both almost 

perpendicularly placed P-Pt-P axis, reminding the typical d-d transition in square planar 

complexes. This quasi perpendicular orientation of the electronic density shift upon excitation 

suggests a lower overlap between the two sets of orbitals. All in all, this means that this 

specific transition would have a low probability. 
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Figure 12. MO pictures of the LUMO, HOMO, HOMO-1 and HOMO-2 of 4b. 

TDDFT computes that the lowest energy electronic transition is indeed the expected 

HOMO-LUMO process with a minor component of HOMO-LUMO+1. The relative 

contributions of these two processes are 0.65 and 0.11, respectively, so the second process is 

not analyzed here. The computed position by TDDFT for this transition is 419 nm, not too far 

away from the experimental value of 440 nm (Figure 11). The HOMO-LUMO gap computed 

by DFT is 348 nm, a value that we consider far. The problem is that the molecule must exhibit 

a large excited state distortion that is not taken into account in the computations. The modest 

computed oscillator strength (0.15) is also consistent with the observable low absorptivity 

(Figure 11). We could not reliably calculate the experimental absorptivity value because of the 

presence of two species in solution as illustrated in Scheme 4. 

TDDFT coupled with DFT computations were also performed in order to address the 

observed emission at ~ 625 nm (Figure 11). Again, because of the large energy gap between 
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the absorption and emission (~ 7000 cm"1) and the long emission lifetime (|J,s time scale), this 

luminescence is assigned to phosphorescence. We encountered similar problems when 

attempting to optimize the geometry of 4b in its triplet state. Pt-Cl bond dissociation was 

calculated and we could not address reliably the HSOMO energy. On the other hand, by 

keeping the ground state structure for the triplet state calculations, which obviously does not 

represent the real situation here but is used as an approximation, an HSOMO energy of -0.079 

a.u. is computed. This MO level is placed ~ 0.093 a.u. above the HOMO of 4b (Figure 12), 

which would placed the position of the phosphorescence at 490 nm. This value is strongly blue 

shifted with respect to the observed maximum (625 nm). By considering that this methodology 

of estimating the position of an emission from the HOMO-LUMO gap always provides blue-

shifted estimated values (see above), the this 490 nm value is not surprising. We propose that 

the observed emission at 625 nm arises from a quasi d-d state as discussed above where the 

metal center is the Pf"Pt unit and the sets of ligands are the Cl's and |i-CN on one hand and 

the perpendicular P's on the other. 

In the solid state, a very weak emission centered at about the same position as 

described below was observed for 4b, 9, 11a and l i b but the intensity was too weak to be 

exploited. All photophysical data obtained for d9-d9 homo- and heterobimetallic systems are 

summarized in the Table 6. 
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Table 6. Photophysical datas for d -d A-frame homo- and heterobimetallic systems 4b, 9,11a, 

l i b at 77 K. 

Compounds 

4b 

9 

11a 

l i b 

Solvent used 

2-MeTHF 

PrCN 

solid 

2-MeTHF 

PrCN 

solid 

2-MeTHF 

PrCN 

2-MeTHF 

PrCN 

?lem(nm)a 

625 

625 

620 

650 

700 

740 

660 

710 

670 

715 

T(u.s) 

15.7+0.13 

8.6+0.13 

b 

0.897±0.01 

0.516±0.023 

b 

12.04+1.029 

3.06±0.044 

22 + 1.64 

12.7+1.12 

-©
-

b 

0.013 

b 

b 

0.0027 

b 

b 

0.0079 

b 

0.0043 

aThe large red shift of the emission band and decrease in Te by changing the solvent from 2-

MeTHF to PrCN could very likely be associated with a halide dissociation in solution and its 

replacement by the nitrile. bNot measured. 

Conclusion. 

This study provides a better understanding of coordination properties for various CNR 

ligands in homo- and heterodinuclear M-M bonded complexes, in particular on what controls 

brigding vs. terminal coordination mode. Various subtles parameters influence the 

coordination mode: (i) the 71-acceptor propensity of isocyanide ligand, (ii) the nature of the M-

X bond and finally, (iii) the polarity of the solvent. In the case of a bridging coordination, the 

bending of the U.-CNR ligand is generally observed, allowing the control of the electronic 

density on metal centers by back bonding. These findings help us to select the appropriate 

assembling diisocyanide ligands to promote A-frame-containing coordination polymers 

avoiding the undesired halide ligand dissociation. This would help us addressing the structure 

at all time. 
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We also find that the investigated complexes, which are used as model compounds for 

the A-frame-containing polymers, notably for complexes 11a and l ib , are most currently 

modestly luminescent at 77 K in both the solid state and in solution leading to unstructured 

emission bands in the 600-800 nm window. At the same time, this work provides an insight on 

the nature of the luminescence in both the dissymmetric M2-bonded chromophores and the A-

frame species. M/XLCT-do—»dc?* excited states are predicted for the Mb-bonded complexes, 

and M/XLCT are also concluded for the A-frame species, in particular for compounds 11a and 

l ib , on the basis of DFT/TDDFT computations. The preparation and photophysical 

characterization of a series of corresponding A-frame-containing polymers are underway and 

will be reported shortly. 
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Synopsis (75 words) 

Homo- and heterobimetallics M-M bonded complexes react in a selective manner with 

diverging isocyanides leading to the terminal or A-frame form or the coexistence of the two 

isomers. Parameters which control terminal vs bridging coordination properties were 

discussed. The photophysical properties of the d9-d9 terminal and cf-d8 A-frame homo-and 

heterodinuclear complexes were also studied by UV-Vis. and luminescence spectroscopy. 
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Figure S2. Ball and stick drawing of 3a' with the numbering scheme; the H-atoms and BF4~ 

are omitted for clarity. Due to the poor data quality, no angles and bond distances are 

presented. 
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Figure S3. Absorption (black), excitation (red) and emission (blue) spectra of 3a' in 2-

MeTHF at 77 K. Xexc = 370 nm. 
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Figure S4. Absorption (black), excitation (red) and emission (blue) spectra of 4b in 2-MeTHF 

at 77 K. A-exc = 440 nm. 

300 400 500 600 
Wavelength (nm) 

700 800 

Figure S5. Absorption (black), excitation (red) and emission (blue) spectra of 11a in 2-

MeTHF at 77 K. A,exc = 450 nm. The relative intensity of the two low-energy features between 

the absorption and excitation spectra is not equal. This could mean that the excitation in the 

upper excitation may have a competitive non-radiative process that do not lead to the emissive 

excited state. 
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Figure S6. Absorption (black), excitation (red) and emission (blue) spectra of l i b in 2-

MeTHF at 77 K. A,exc = 450 nm. The relative intensity of the two low-energy features between 

the absorption and excitation spectra is not equal. This could mean that the excitation in the 

upper excitation may have a competitive non-radiative process that do not lead to the emissive 

excited state. 
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Figure S7. Emission in the solid state of 4b at 77 K. A,exc = 425 nm. 
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atoms 

129-130 
129-110 
130-95 
110-111 
95-96 
130-127 
130-126 
129-128 
129-125 
129-128-89 
129-125-92 
130-127-89 
130-126-92 
128-129-110 
125-129-110 
127-130-95 
126-130-95 
130-127-128-129 
130-126-127-129 

X-ray 
values 
2.71 A 
2.03 A 
2.03 A 
1.17A 
1.17A 
2.34 A 
2.34 A 
2.35 A 
2.36 A 
115.3° 
114.8° 
106.9 ° 
107.2 ° 
91.2° 
91.2° 
93.0 ° 
94.0° 
31.0° 
41.2° 

Calculated 
values 
2.64 A 
2.01 A 
1.95 A 
1.13A 
1.18A 
2.28 A 
2.28 A 
2.31 A 
2.30 A 
113.4° 
115.9° 
104.2 ° 
104.5 ° 
92.3 ° 
90.9° 
93.8° 
93.8° 
32.7° 
41.9° 

X-ray 
uncertainty 

0.01 A 
0.02 A 
0.02 A 
0.02 A 
0.02 A 
0.00 A 
o.oo A 
o.oo A 
o.oo A 
0.7° 
0.7° 
0.7° 
0.7° 
0.4° 
0.4° 
0.4° 
0.4° 
0.2° 
0.2° 

|A(X-ray-calc.)| 

0.08 A 
0.02 A 
0.08 A 
0.04 A 
0.01 A 
0.07 A 
0.06 A 
0.04 A 
0.06 A 

1.9° 
1.1 ° 
2.7° 
2.7° 
1.1° 
0.3° 
0.8° 
0.2° 
1.7° 
0.7° 

Table SI. Comparison between the computed structure of [Pt2(dppm)2(CNriBu)2] + (DFT) and 

the experimental X-ray data from reference 6. 
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5 = -2855.7 ppm (ref: K2PtCl4) 

1 J(PtP) = 3208 Hz 
3J(PtP) = 304 Hz 

^Ptj1!!} NMR in CDCL3 

~~i—•—'—•—r~ r -
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T - I • i • r T — ' — ' — • — r 
-2820 -2840 -2860 -2880, -2900 -2920 -2940 

Figure S8:195Pt{ *H} NMR spectrum of 11a in CDC13. 

Figure S9: Thermal ellipsoids plot of l i b shown at the 30% probability level; the H-atoms 

and counter-ion are omitted for clarity. 
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Figure S10: Thermal ellipsoids plot of l ib; the H-atoms and counter-ion are omitted for 

clarity. 

Figure Sl l : Thermal ellipsoids plot of 12 shown at the 50% probability level; the H-atoms 

and counter-ion are omitted for clarity. 
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2.2 Manuscript 2: 

The First A-Frame-Containing Organometallic Polymer; Taking Advantage 

of the Site Selectivity in PdPt-Mixed Metal Bimetallics 

2.2.1 Preface 

The work in this paper is the result of collaboration. The idea and the research strategy came 

from Dr. Michel Knorr and Dr. Pierre D. Harvey and they also offered the supervision during 

the course of the research. 

The synthesis of the molecules was performed by Dr. Sebastien Clement and Karl Gagnon at 

the Universite de Franche-Comte et de Sherbrooke, respectively. They carried out the 

syntheses and characterization of the polymers reported in this paper. 

My contribution to the work was the absorption spectroscopic measurements and 

photophysical measurements including the emission and excitation spectra, emission lifetime 

and quantum yield measurements. I contributed also in the data analysis and discussion of the 

photophysical part under supervision of Dr. Pierre D. Harvey. 

This work was published in Journal of Inorganic and Organometallic Polymers. 

S. CLEMENT, S.M. ALY, K. GAGNON, A.S. ABD-EL-AZIZ, and P.D. HARVEY, J. Inorg. 

Organomet. Polym., 18, 104 (2008). 
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2.2.2 The First A-Frame-Containing Organometallic Polymer; Taking 

Advantage of the Site Selectivity in PdPt-Mixed Metal Bimetallics 

Sebastien Clement,12 Shawkat Mohammed Aly,lb Karl Gagnon,lb 

Alaa S. Abd-El-Aziz,lc* Michael Knorr,la* Pierre D. Harveylb* 
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Summary. ClPd(|i-dppm)2PtCl (1) reacts with (CNC6H4-2-OCH2-)2 to form a sparingly 

soluble and thermally stable orange polymeric material 4. 1 reacts with 1 or 2 equivalents of 

CNC6H4-2-OCH3 to form the soluble A-frame d8-d8 model complexes 2 [ClPd(|i-dppm)2Pt(|i-

CNR)](C1), and 3 [ClPd(u.-dppm)2(^-CNR)Pt(CNR)](Cl) (R = C6H4-2-OCH3), respectively. 

IR (v(CN) bridging vs terminal) and NMR data reveal an A-frame structure where the 

terminal CNR ligahds are bonded to Pt. 4 which is amorphous (XRD) appears stable up to 290 

°C (TGA), but exhibits an exothermic process between 215 and 255 °C upon the first scan in 

DSC, but disappears upon the second. Two compounds, model 2 (?ie •= 674 nm; xe = 0.38 ± 

0.01 us; <J>e = 0.0079 (± 10%)) and polymer 4 (ke = 660 nm; Te = 0.18 + 0.01 \is; 4>e = 0.0056 

(± 10%)) are luminescent at 77 K in the solid state and in fluid solution (PrCN). 
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Introduction 

The area of metal-containing macromolecules, coordination and organometallic 

polymers has astonishingly grown in the past 4-5 years, and applications such as semi- and 

photo-conducting and optical materials, catalysis, and nano-materials, were reported. ' The 

most remarkable feature is that the construction of such metal-ligand based materials is 

dominantly centred on M-N and M-0 coordinations.2'3 On the other hands, macromolecules 

built upon M-P and M-CN (isocyanide) bonds (placing the metal in the backbone) were 

exploited in much less extent, and only a limited number of small reviews or small sections in 

larger reviews appeared.4'5 The most recent book chapters on the topic demonstrate the 

potential for applications in photonics as described above.6 

Surprisingly, while M-M-bonded binuclear complexes and larger clusters were 

successfully anchored together by assembling P- and CN-containing ligands to form various 

oligomers and polymers,6 no A-frame-containing polymer were reported so far. An example of 

the general structure of A-frame species is depicted in Chart 1 (M = Pd, Pt; dppm is very 

common in this series); a class of polymetallic species that is important in organometallic 

chemistry.7 

This work reports the first example of an A-frame-containing organometallic polymer 

(4; Chart 1). Taking advantage of the recently discovered site selectivity in hgand binding on 

the Pt atom of the heterobimetallie ClPd(ft-dppm)2PtCl (l),8 it is possible to direct the local 

structure of the A-frame units within the polymer, confirmed by the comparison with model 

compounds (2 and 3). While evidence for a poorly soluble polymer in solution is provided, a 

thermal process associated to reactivity (without weight loss) is observed at temperature 

approaching 215 °C, where an insoluble black material is obtained, which exhibit a loss of the 

A-frame characteristics. Because of this selectivity and steric hindrance, the number of 

geometrical isomers is limited, hence giving access to easier assessment of the local structure 

about the A-frame-containing unit. 
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1,P = PPh2 2, Ar= 2-OMe-C6H4 3, Ar= 2-OMe-C6H4 4 

Chart 1 

Experimental part 

Materials. All reactions were performed in Schlenk-tube flasks under purified nitrogen. 

Compound ClPd(|i-dppm)2PtCl (1), o-anisyl isocyanide, l,2-bis-(2-isocyanophenoxy)ethane 

were prepared according to literature procedures.9"11 All solvents were dried and distilled from 

appropriate drying agents. 

[ClPd(u.-dppm)2(u.-C=N-C6H4-OCH3)PtCl] (2). o-Anisyl isocyanide (13.3 mg, 0.100 mmol), 

diluted in 2 mL of CH2CI2, was added slowly over 30 min to a solution of 1 (114 mg, 0.100 

mmol) in 3 mL of CH2CI2 while constantly stirred. After 2 hrs, the reddish solution was 

evaporated to dryness. The orange residue was washed with 5 mL of Et20 and dried in 

vacuum. Yield: 90 % (115.0 mg). IR (KBr): 1616 (w, C=N) cm"1. *H NMR (CDC13): 5 8.02-

6.52 (m, 44H, Ph), 3.54 (s, 3H, OCH3), 3.28 (m, br, 2H, PGJfeP), 2.82 (m, br, 2H, PC#2P). 
31P{lU} NMR (CDCI3): 8 12.1 (m, 4P, %t.P = 3558, VP,.P = 494). UV (MeCN) lmiai(£.) = 227 

(51850), 267 (18850), 389 nm (2700 L. mol^.cm"1). Anal. Calc. for C58H5iCl2NOP4PdPt: C 

54.67; H, 4.03; N, 1.10; Found C 54.49; H 4.42, N 1.00 

[ClPd(^-dppm)2Pt(^-C=N-C6H4-2-OCH3)(CN-C6H4-2-OCH3)]Cl (3). o-Anisyl isocyanide 

(26.6 mg, 0.200 mmol), diluted in 2 mL of CH2CI2, was added over 30 min to a stirred 

solution of 1 (114 mg, 0.100 mmol) in 3 mL of CH2CI2. After 2 hrs, the reddish solution was 

evaporated to dryness. The orange residue was washed with 5 mL of Et20 and dried in 

vacuum. Yield: 93 % (131.0 mg). IR (KBr): 2171 (s, C=N), 1621 (w, C=N) cm"1. JH NMR 

(CDCI3): 5 7.95-5.98 (m, 48H, Ph), 3.51 (s, 3H, OCH3), 3.39 (m, br, 4H, PCH2P), 3.14 (s, 3H, 
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OCHj). 3lP{lK) NMR (CDCI3): 5 16.1 (m, 2P, Pt-POi-dppm), %-? = 3208, N = 80), 18.3 (m, 

2P, Pd-P(u-dppm), 37Pt.P = 152). ^ P t ^ H } NMR (CDC13): 5-2856 (tt, %.? = 3208, 3/Pt.P = 

152). UV (MeCN): T w (e) = 224 (65800), 289 (36200), 384 (4100), 459 nm (2050 L. mol" 

^cm'1). Anal. Calcd for C66H58Cl2N202P4PdPt • CH2C12: C 53.92; H, 4.03; N 1.88; Found C 

53.69; H 4.09; N 1.84. 

([ClPd(M.-dppm)2(n-CN-C6H4-2-OCH2CH20-2-C6H4-NC)Pt]Cl)n (4). l,2-bis(2-

isocyanophenoxy)ethane (39.6 mg, 0.150 mmol), diluted in 2 mL of CH2C12, was added over 

30 min to a stirred solution of 1 (171.1 mg, 0.150 mmol) in 3 mL of CH2C12. Within a few 

minutes, an orange solid started to precipitate. The solution stirred for Id. The solid was 

collected by filtration, washed with Et20 ( 2 x 5 mL), CH2C12 (5 mL) and dried under vacuum. 

IR (KBr): 2166 (s, C=N), 1620 (w, G=N). 31P{XH} NMR (CDC13): 8 15.2 (s, Pt-P(|Li-dppm), 

Vpt.p = 3520), 17.5 (w br, Pd-P(ix-dppm)). UV (CH2C12): Xmax = 233, 393 nm. Anal. Calc. for 

(C66H56Cl2N202P4PdPt • CH2Cl2)n (1489)„: C 54.00; H, 3.93; N, 1.89; Found C 53.85; H 4.00; 

N1.80. 

Apparatus. All NMR spectra were acquired with a Bruker AC-300 spectrometer (*H 300.15 

MHz, 13C 75.48 MHz, 31P 121.50 MHz) using the solvent as chemical shift standard, except in 
31P NMR, where the chemical shifts are relative to D3PO4 85% in D20. All chemical shifts (6) 

and coupling constants are given in ppm and Hz, respectively. The IR spectra were acquired 

on a Bomem FT-IR MB series spectrometer equipped with a baseline-diffused reflectance. 

The glass transition temperature (Tg) was determined using a Perkin-Elmer 5A DSC7 

equipped with a thermal controller 5B TAC 7/DS. Calibration standards were water and 

indium. The accuracy was ± 0.1 °C and ± 0.1 % for ACp. The sample weights ranged from 5 to 

10 mg, and the scan rate was adjusted to 10 7min. XRD data were acquired on a Rigaku/USA 

Inc X-ray powder diffractometer with a copper lamp operating under a 30 mA current and a 40 

KV tension. TGA were acquired on a TGA 7 of Perkin Elmer between 50 and 950 °C at 3 °l 

min under a nitrogen atmosphere. The pictures of the X-ray powder diffraction were obtained 

at 293 K on an Enraf Nonius CAD-4 automatic diffractometer and on a Hitachi S4700 

126 



spectrometer operating at a voltage of 15kV, with a working distance (WD)12 mm, 

magnification of 500X, and an acquisition time of 300 s. 

Computer modeling. Calculations were performed using the commercially available 

Gaussian 98 software. The calculations of the space filling models were performed using the 

commercially available PC-model from Serena Software (version 7.0), which uses the MMX 

empirical model. No constraint on bond distances and angles was applied to insure that 

deviations from normal geometry are depicted. The R-N=C groups were replaced by R-C=C 

because PC Model does not model C=N+- fragments properly, resulting in strongly bent 

structures. Instead -C=C- is used, securing a more linear and realistic frame for the ligand. 

This method is qualitative. 

Results and discussion 

1. Synthesis and characterization of model compounds 2 and 3. 

2 and 3 were synthesized from the reaction between the heterobimetallic precursor ClPd(|i-

dppm)2PtCl (1) and the monodentate ligand l-isocyano-2-methoxybenzene (eq. 1): 

1, P = PPh2 Ar = 2-OMe-C6H4 

The beige (2) and yellow compounds (3) are soluble in common solvents such as CH2CI2, 

MeCN, and Me2CO. 2 exhibits a distinct absorption at 1620 cm"1 characteristic of bridging 

C=N-R ligands, while 3 shows the expected peaks at ~ 2170 and 1620 cm"1 for terminal and 

bridging coordinations. The P N M R spectra of 3 are characterized by two sets of A A ' X X ' 

resonances attributable to P-Pt and P-Pd sites. The former resonance is flanked by two Pt 

satellites (Vpt-p = 3208 Hz). The site selectivity of the substitution of the CI ligand by the CNR 

group onto the Pt metal is demonstrated unambiguously by the shift of about 4-5 ppm of the 
31P-Pt resonance going from 12.1 for 2 to 16.1 ppm for 3, respectively, upon ligand 

substitution. Moreover, the value of the ^ . p coupling found for 3 is closer to that reported for 
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O 1-3 

numerous heterodinuclear Pd-Pt complexes including a terminal isocyanide onto Pt. ' This 

selectivity was also confirmed by X-ray structure of an isostructural derivative of 3, 

[IPd(dppm)2Pt(CNR)(|i-CNR)]i (R = C6H4-2-OGH3) (5) to be reported elsewhere (a picture is 

provided in the SI).13b 

2. Synthesis and characterization of 4. Polymer 4 was synthesized in the same manner as the 

model binuclear compounds 2 and 3 but a longer reaction time (Id) was required (eq. 2): 

P f? 
C 
in 

ci-p|d f}t-ci + V ^ O - ^ - 0 Y S
 CH2C'2>-

N KJ 
P^ P '»' 

\ ^ c 

(2) 

1,P = PPh2 4 

This new orange compound is weakly soluble and precipitated readily. The IR spectra confirm 

the A-frame geometry where the two distinct absorptions for the bridging and terminal 

coordinated isocyanides are observed at the usual positions (1620 and 2166 cm"1, respectively). 

Despite the low solubility, 31P NMR spectra were accumulated and the two distinctive 

resonances at 15.2 (31P-Pt) and 17.5 ppm (31P-Pd) (close to that of the model compound 3) 

were observed. The resonances are broader than that of the model compounds displaying no 

fine structure, which suggests the presence of at least oligomers in solution. These signals 

attest the site selectivity of the isocyanide coordinations onto the Pt center, allowing one to 

address the local structure about the A-frame fragment. Similarly, the UV-vis spectrum 

exhibits the same pattern of the model compounds 2 and 3. 

In an attempt to dissolve a maximum amount of this weakly soluble material, an 

ultrasound bath was employed. Using this method, a certain quantity dissolves (the rest is 

filtered to obtain a clear solution), but upon resting, a precipitate settle at the bottom of the 

flask after several hours. The latter material can be redissolved using the same ultrasound bath.-

This process is cyclic and reproducible. To explain this phenomenon, a polymer(solid)-

polymer(solution) equilibrium is proposed; a behaviour that was largely demonstrated in the 
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14 past for the PcbCdmb^Cli binuclear complex (dmb = 1,8-diisocyano-p-menthane) and other 

d8 Pd(diphos)(isocyanide)-containing polymers (diphos = Ph2P-(CH2)m-PPh2; m = 2-6).15 

Solid state properties of 4. This material is found amorphous according to XRD data and 

exhibits a good thermal stability under Ar. The first weight loss upon heating occurs at 

temperatures exceeding 290 °C from TGA findings (Figure 1); a stability that is not often 

encountered for organometallic species. This decomposition temperature differs greatly from 

that found for the model compound 3 (also under Ar) which exhibits a weight loss of about 

7.2 % at about 180 °C corresponding to the loss of 1 mono-isocyanide ligand (SI). At 900 °C, 

the remainder is less than 30 % in both cases and correspond to the non-volatile PdPtC^. 
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Figure 1. TGA trace of polymer 4 (The TGA traces of 2 and 3 are available in the SI). 

The DSC analysis for the model compound 3 indicates the presence of an endothermic 

process in the 155-165 °C range attributable to melting, but decomposes immediately after as 

the temperature rises towards 180 °C. This decomposition temperature was also observed by 

TGA. On the other hand, 4 does not exhibit any weight loss up to 290 °C as mentioned, but 
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exhibits an exothermic process between 215 and 255 °C upon the first scan, but disappears 

upon the second scan and a weak Tg (glass transition) signal is observed at 91.3 °C, hence 

demonstrating that the nature of the material has changed. The IR spectra loose the 

characteristic bands associated to the v(CN) stretching for both the bridging and terminal 

geometry. The weak Tg exhibits a ACp of about 0.05 J/(g • degree). This value is small but is 

not unusual for organometallic isocyanide- and phosphine-containing polymers.1 The exact 

nature of this insoluble black material remains to be elucidated. 

Computer modeling. Because of the low solubility of this polymeric material and the 

amorphous nature of 4, no crystal suitable for X-ray analysis was obtained. In order to extract 

some information on the possible structure of these novel species, computer modeling was 

employed. The key feature is the basic structure of the A-frame repetitive unit. Based on the 

X-ray structure of 5 (and other related structures),8 the PdPt(dppm)2 core adopts a "boat" 

geometry where the two CFF/s and the central bridge all point in the same direction. This 

geometry is adopted in order to minimize the steric hindrance between the dppm-phenyl 

groups and the central bridging ligand. Attempts to chelate the diisocyanide ligand onto the A-

frame structure were found totally futile as important deformations due to ring stress were 

noted where several bond angles deviated from the natural ideal values. 

In the polymer, the A-frame repetitive unit can only adopt two possible conformations 

called "divergent" and "convergent" as depicted in Figure 2. Only these two forms are 

possible due to steric hindrance of the OMe groups and the dppm-phenyl groups (Figure 2). 

The "divergent" form is just slightly more stable man the "convergent" one. Such observation 

does not preclude the possibility of conversion from one form to another. The "convergent" 

form allows one to predict the possible structure of the cyclic species. 
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PdPt(dppm)2 

PdPt(dppm)2 

Figure 2. Ball and stick representation showing the possible "convergent" (A) and "divergent" 

(B) conformer of the repetitive unit in polymer 4. 
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On the other hand, the "divergent" form allows polymer formation. Two geometric 

forms can be predicted: "head-to-tail" and "head-to-head" polymer of 4 (Figure 3). These 

headings depict that in the first case the bridging ligand acts as as PdPt-bridging ligand on one 

side and a terminal donor on Pt on the other side, and the second scenario involves that the 

PdPt-bridging isocyanide is connected to the bridging one of the other unit (meaning that the 

remaining terminal fragment goes to the other terminal residue). 

"Head to tail" polymer 

"Head to head" polymer 

Figure 3. Stick representation showing two possible polymer structures of 4. 
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Luminescence properties. The model compound 2 and polymer 4 were examined in the solid 

state and in fluid solution at 77 K, experimental conditions where luminescence was observed 

(Figures 4 and 5). 
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Figure 4. Absorption (up) and excitation (blue) and emission (red) spectra (down) of the 

model compound 2 in PrCN at 77 K. The signal between 500 and 550 nm is an artefact. 
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Figure 5. Absorption (up) and excitation (blue) and emission (red) spectra (down) of the 

polymer 4 in PrCN at 77 K. The signal between 500 and 550 nm is an artefact. 

The absorption spectra exhibit a maximum at 378 and a shoulder at 440 nm for 2, whereas a 

band and a shoulder is depicted at 384 and 444 nm, respectively, for polymer 4. The similarity 

is striking, corroborating the similar A-frame environment about the metal atoms. Similarly, 

an unstructured emission is noted with maxima (ke) of 674 and 660 nm for 2 and 4 in solution 

at 77 K, whereas both exhibit a luminescence at 703 nm in the solid state. The excitation 

spectra match the lowest energy absorption spectra in the vicinity of 440 nm in both cases, but 

the intensity for the second absorption at -380 nm is not equal indicating the presence of some 

non-radiative processes for these bands. The full-width-at-half-maximum (FWHM) do not 

change very much either going from solid to solution (for 2: 2000 and 2200 cm"1 for PrCN and 
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solid; for 4: 1900 and 2200 cm"1, respectively). The emission lifetimes (xe) and quantum yields 

(3>e) are 0.38 ± 0.01 |Lis and 0.0079 (± 10 %) (against [Ru(bpy)3]
2+; 3>e = 0.38)17 for 2, and 0.18 

± 0.01 (xs and 0.0056 (± 10 %) for 4 in solution at 77 K were measured. The decrease in size 

for these photophysical parameters going from a model compound to a polymer is consistent 

with an increase in non-radiative processes associated with supplementary vibrational modes 

that provide larger molecules such as polymers, but also deactivations promoted by intra

molecular collisions. 

Conclusion 

The first A-frame-containing polymer was prepared and unambiguously characterized with the 

help of model compounds. The site selectivity at the Pt-center eases the structural 

characterization about the metal and allows further functionalization at the Pd center in a 

predictable manner. These materials are luminescent in the solid state and in solution at 77 K 

(and at 298 K in the solid state; not discussed here). A full account on the nature of the excited 

state for this new class of materials will be reported in due course. We are currently 

investigating this new class of materials in more details (influence of counter-ion, comparison 

with the homonuclear complexes ClM([X-dppm)2MCl (M = Pd, Pt) as starting material, 

functionalization of the diisocyanide ligands with soluble lateral chains, etc). 
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Figure 1: Ball and stick representation of [IPd(dppm)2Pt(CNR)(|j,-CNR)]I (R = C6H4-2-

OCH3) (5); the H-atoms and counter-ion are omitted for clarity. 

Figure 2: TGA trace of 2. 

Figure 3: TGA trace of 3. 
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Figure 1: Ball and stick representation of [Pd(dppm)2Pt(CNR)(|i-CNR)]I (R = C6H4-2-

OCH3) (5); the H-atoms and counter-ion are omitted for clarity. 
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Figure 2: TGA trace of 2 
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Figure 3: TGA trace of 3 
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2.3 Manuscript 3: 

A-Frame-Containing Organometallic Oligomers Using the Homo-and 

Heterobimetallic M(|Li-dPPm)2M'(M = Pd, Pt and M'= Pd, Pt) 

Building Blocks 

2.3.1 Preface. 

The work in this paper is result of collaboration. The idea and the research strategy 

came from Dr. Michel Knorr and Dr. Pierre D. Harvey and they also offered the supervision 

during the cours of the research. 

The synthesis of the molecules was done by Dr. Sebastien Clement at both the 

Universite de Franche-Comte et de Sherbrooke under the supervision of Drs. Laurent Guyard, 

Jerome Huisson, Michael Knorr and Pierre D. Harvey. They carried out the syntheses and 

characterization of the polymers reported in this paper. 

The X-ray structures were solved by Daniel Fortin (one structure, Universite de 

Sherbrooke) and K. Strohmann (one structure, Technische Universitat Dortmund). 

My contribution to the work was the absorption spectroscopic measurements and 

photophysical measurements including the emission and excitation spectra, emission lifetime 

and quantum yield measurements under supervision of Dr. Pierre D. Harvey. 

This work is submitted to the European Journal of Inorganic Chemistry in February 2009. 
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Heterobimetallic M(^-dppm)2M' (M = Pd, Pt and M' = Pd, Pt) Building 

Blocks. 
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Keywords. Platinum / Palladium / Polymers / A-frame / Isocyanide / Luminescence. 

The homo- and heterodinuclear fragments XM(n-dppm)2M'X (M = Pd, Pt (1); M' = Pd, Pt (2) 

and X = I, CI (3)) react with the diisocyanide ligands l,2-bis-(2-isocyano-phenoxy)ethane 

(diNC) or the more soluble l,2-bis-(2-isocyano-4-ferf-butylphenoxy)ethane (fBudiNC) in a 1:1 

ratio to provide the thermally stable polymeric materials ([XM(|i-dppm)2M'(|i-CN-C6H3(R)-2-

OCH2CH20-2-C6H3(R)-NC)]X)n (R = H or R = tBu). These A-frame-containing materials 

were characterized in solution or in the solid state by 31P NMR (Magic Angle Spinning), 

elemental analysis, MALDI-TOF, DSC, TGA, IR and Ti/NOE (31P NMR spin-lattice 

relaxation time and Nuclear Overhauser enhancement constant (NOE) measurements). IR, 

RAMAN (v(CN) bridging vs terminal) and NMR data reveal the presence of an A-frame 

structure for these new materials. Evidence of an oligomer (including at least two units, 

determined by Ti/NOE experiments) - polymer equilibrium in solution was noticed at room 

temperature. These polymers are also found luminescent (phosphorescence) at 77 K in 

solution and in the solid state exhibiting broad emission band in the 550-750 nm range. 

Introduction 

During the past years, metal-containing macromolecules, coordination and 

organometallic polymers were the subject of a growing interest. [1'2] These materials take on a 

multitude of design concepts and their applications are as varied as their structures. The choice 

of the appropriate metallic centers, ligands and substituents offers the possibilities of tuning 

chemical, optical, physical and electrical properties of the resulting materials. As a result, 

organometallic polymers containing a metal-ligand bond in the main chain have been 

extensively studied, especially, rigid-rod polymers connected by linear ^-conjugated organic 

linkers such as bisacetylide and bisisocyanide.L ' In general, the electronic structure of 

isocyanides is similar to that of CO, although isocyanides are considered to be a stronger 

o-donor and weaker %-acceptor ligands than CO. However, by varying the nature of the 

substituent R on isocyanides CNR, their G-donor / 7t-acceptor propensities can be fine tuned.[4] 

Like CO, metal containing isocyanide ligands may adopt different bonding modes: terminal, 

semi-bridging and the symmetric ^-bridging coordination (Chart l).[4b,5] Due to this 
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versatility in bonding modes with metal complexes and their ability to give rise to complexes 

with unusual properties,161 isocyanide ligands are of special interest for designing new 

photonic materials with defined properties. 
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In this context, one of us has recently investigated in detail the physico-chemical properties of 

unconjugated and conjugated dppm-spanned (dppm = Ph2PCH2PPli2) homo- and hetero-

bimetallics polymers containing functionalized disocyanide ligands (Chart 2) and 

demonstrated their potential applications in photonics.[3e'7a"b] Among the unconjugated 

materials, our groups have also recently reported the first example of an A-frame-containing 

organometallic polymer (5a) built upon the heterobimetallic fragment Pd(|0,-dppm)2Pt (Chart 

2).[7c] The site selectivity around the Pt centre and the luminescence properties of this new 

polymer appear promising for elaborating "head to tail" polymers by making judicious choices 

of mixed-donor bidentate ligands (i.e. phosphine and isocyanide). An extension of our studies 

to the homodinuclear analogs as well as the investigation of the counter-ion in this class of 

materials now appears to be required for a more comprehensive understanding of what 

parameters could lead to a selective tuning in physico-chemical properties of the resulting 

materials. Structural, physical and photophysical properties of these orange new polymers 

were investigated in detail. 
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M = Pd, Pt 

Results and Discussion 
Syntheses and characterization of the polymers. The conclusion of our previous work[7c] on 

the unconjugated A-frame-containing heterobimetallic polymer ([ClPd(fX-dppm)2Pt(|U.-CN-

C6H4-2-OCH2CH20-2-C6H4-NC)]Cl)n (5a) urged us to introduce a systematic variation of the 

nature of the metal centers, the halide ligands as well as an alkyl group (tBu) on the 

diisocyanide ligand so as to elucidate which controls the physico-chemical properties of this 

kind of materials. The introduction of a tBu group was made in order to increase the solubility 

of the resulting materials, and so to facilitate their characterization in solution. The crystal 

structure of /BudiNC,t8] which was recrystallized from hexane, is depicted in Figure 1. The 

relative orientation of the fbutyl groups suggests that steric hindrance drives the conformation 

of the uncoordinated ligand. This isolated conformer exhibits the two isocyanide donors 

pointing towards to same face (below in this figure), very likely due to crystal packing. The 

observation of polymer formation presented below will provide evidence for the presence of 

more divergent conformations of the isocyanide groups. 

C12 C13 

Figure 1. Ball and stick representation of rBudiNC with the numbering scheme; the H-atoms 

are omitted for clarity. 
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Table 1. Selected bond distances (A) and angles (°) for fBudiNC 

C(l)-N(l) 

C(2)-N(l) • 

C(ll)-0(1) 

C(12)-0(l) 

C(5)-C(6) 

C(l)-N(l)-C(2) 

C(4)-C(5)-C(6) 

C(13)-C(12)-0(l) 

1.398(3) 

1.162(4) 

1.355(3) 

1.437(3) 

1.525(4) 

177.3(3) 

111.9(2) 

108.4(2) 

C(15)-N(2) 

C(16)-N(2) 

C(12)-C(13) 

C(4)-C(5) 

C(5)-C(7) 

C(15)-N(2)-C(16) 

C(4)-C(5)-C(7) 

C(ll)-0(1)-C(12) 

1.393(3) 

1.150(4) 

1.476(4) 

1.518(4) 

1.537(4) 

178.2(3) 

108.1(2) 

117.4(2) 

The A-frame polymers were synthesized by the direct reaction of the homo- or 

heterobimetallic complexes 1-3 in a 1:1 ratio with diNC or riBudiNC (Scheme 1). 

1a M = M' = Pd, X = CI 
1bM = M' = Pd, X = l 
2a M = Pd, M' = Pt, X = Ci 
2b M = Pd, M' = Pt, X = I 
3a M = M' = Pt, X = CI 
3b M = M' = Pt, X = I 

5a R = H, X = CI 
5bR = H,X = l 
8 R = fBu, X = CI 

HETEROBIMETALLIC 

POLYMERS 

Scheme 1 
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The new orange materials 4-6 containing diNC are very sparingly soluble and readily 

precipitate. This low solubility contrasts with polymers 7-9, which exhibit diisocyanide 

ligands bearing a solubilizing group (?Bu). Evidence for the A-frame geometry in these 

polymers was demonstrated by the presence of two distinct absorptions at -1630 and 2170 cm" 
1 associated to the bridging and terminal isocyanides. The vibrational v(N=C) (4a, 1619 and 

4b, 1623 cm"1) and v(N=C) solid-state Raman scatterings (4a, 2164 and 4b 2171 cm4) also 

support this A-frame structure. Due to the low solubility, characterization of the polymers 4-6 

was performed by *H and 31P{1H} solid-state MAS-NMR or by using DMSO-d6 as the solvent 

when possible. The 31P NMR spectra of these polymers should exhibit two characteristic 

resonances attributable to the two different phosphorus sites. However in most cases, the 

resonances for these materials are broad and ill-defined making their analysis difficult. This 

observation strongly suggests that these insoluble (or weakly soluble) materials are polymers 

rather than oligomers in the solid state. 

The introduction of an alkyl side chain (fBu) on the aryl diisocyanide renders the 

polymers 7-9 a little bit more soluble allowing characterization by 1H, 13C ad 31P NMR in 

solution. The presence of the tBu group in these polymers is evident from the characteristic 
1 n 

singlet in the 1-1.5 ppm range of the H NMR spectra and the two expected C resonances in 

the 30 and 40 ppm range. The homobimetallic Pd-containing polymer 7 exhibits a multiplet 

centered at 17 ppm in 31P{1H} NMR. This latter value compares favourably to the chemical 

shift of the sharp singlet obtained for the model compound [ClPd(u.-dppm)2(|i-C=N-C6H4-4-

/Pr)PdCl] (10) used in this work for Tj/NOE experiments (see below). The A-frame structure 

for this model compound was confirmed by X-ray diffraction (Figure 3). The structure 

exhibits the typical A-frame structure where the CNR-group bridges symmetrically the two Pd 

atoms and does not occupy the axial position. Bond distances are found normal (Table 2). 
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Figure 2. Ball and stick representation of 10 with the numbering scheme; the H-atoms are 

omitted for clarity. 

Table 2. Selected bond distances (A) and angles (°) for 10 

Pd(l)-C(51) 

Pd(2)-C(51) 

C(51)-N(l) 

Pd(l)-Cl(l) 

Pd»"Pd 

Cl(l)-Pd(l)-C(51) 

P(2)-Pd(2)-C(51) 

P(3)-Pd(2)-C(51) 

P(2)-Pd(2)-P(3) 

P(l)-Pd(l)-P(4) 

Pd(l)-C(51)-Pd(2) 

C(51)-N(l)-C(52) 

P(2)-C(49)-P(l) 

2.007(14) 

1.933(16) 

1.23(2) 

. 2.435(4) . 

3.1943(17) 

178.9(4) 

85.5(5) 

86.2(5) 

169.9(2) 

173.17(16) 

108.4(9) 

133.0(15) 

Pd(l)-P(l) 

Pd(l)-P(4) 

Pd(2)-P(2) 

Pd(2)-P(3) 

C(52)-N(l) 

Cl(2)-Pd(2)-C(51) 

P(l)-Pd(l)-C(51) 

P(4)-Pd(l)-C(51) 

P(4)-Pd(l)-Cl(l) 

P(3)-Pd(2)-Cl(2) 

Pd(l)-C(51)-N(l) 

Pd(2)-C(51)-N(l) 

P(3)-C(50)-P(4) 

2.313(5) 

2.336(5) 

2.318(5) 

2.349(5) 

1.42(2) 

173.7(5) 

87.2(5) 

90.4(12) 

94.74(15) 

93.25(19) 

132.6(12) 

118.8(11) 
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Table 3. Crystal and refinement data for tBudiNC and 10. 
fBudiNC 10 

Empirical formula 

Formula weight 

Description 

Crystal size (mm) 

Temperature (K) 

Crystal system 
Space group 

a (A) 

b(A) 

c(A) 

a(°) 
P(°) 
Y(°) 
Volume (A3) 

Z 
Calcd. density (Mg/m3) 

Scan mode 

F(000) 

Absorption coeff. (mm'1)' 

0 range 

Limiting indices 

Reflections collected 

Independent reflexions 

Min./Max.transmiss. ratio 

Data /restraints/ 

Goodness-of-fit on F2 

Final R indices [I>2a(I)] 

R indices (all data) 

C24H28N2O2 

376.48 

Colorless 

0.30 x 0.30 x 0,1 

173(2) 

Triclinic 
P-l. 

12.7878(14) 

14.0209(15) 

15.1198(16) 

84.1059(19) 

66.6321(17) 

64.7552(17) 

2244(4) 

4 
1.115 

CO 

808 

0.071 

1.47 to 25.00° 

-15<h< 15 

-16 < k < 16 

-17 < 1 < 17 
28787 
7892 

0.9929 and 0.9790 

7892/0/517 

1.043 

Rl =0.0655 

wR2 = 0.1951 

Rl = 0.0896 

wR2 = 0.2097 

1 1F0 | - | Fc | | / I | F0 |; wR2 = (Z[w(F0
2-Fc

2)2]/I[F0
4])1/2; 

_ /™«,, re 2 n\ , o .j, c A/a . A _ A nonn n„A T> _ 1 i /icon t„ 

CfioHS3a2NP-lPd2 

1197.63 

Orange 

0.10x0.20x0.50 

293(2) 

Tetragonal 
P41 

21.682(4) 

21.682(4) 

14.1684(18) 

90 

90 

90 

6661(15) 

4 
1.194 

® 

2432 

6.246 

2.04 to 69.98° 

-26 < h < 0 

0 < k < 2 6 

0 < 1 < 17 
6507 

3435 

-0.764 and 0.776 

3435 / 1 / 582 

0.962 

Rl = 0.0742 

wR2 = 0.2014 

R l = 0.1552 

wR2 = 0.168 

Weight = 1 / [c2(F0
2) + (A * F R l _ Y I It? I I E I I / V I E I . . . .T>O _ fVr . . , r t : '* r? A A / ^ r c 4-^1/2. W - : ~ u * _ i / r _ A i c A , t A ^ T>\2 

where P = (max (F0
Z, 0) +2 * Fc

z)/3; A = 0.0890 and B = 11.4580 for fBudiNC, and A = 0.1060 and B = 0.000 for 
10. 
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In the case of the heterobimetallic polymer 8, the 31P NMR spectra is characterized by 

two sets of AA'XX' resonances attributable to 31P-Pt (8 = 16.4 ppm) and 3IP-Pd (8 = 18.7 

ppm). The former resonance is flanked by the two expected ' 5Pt satellites (lJpt-p = 2690 Hz). 

In comparison with the 31P NMR data of the model compound [IPd(|J,-dppm)2(|J.-C=N-C6H4-2-

OCH3)Pt(CN-C6H4-2-OCH3)]I (11) reported elsewhere (8Pt.P = 16.1, 5Pd.P = 18.3 ppm, and %. 

P = 3210 Hz), these latter values compare favourably with other A-frame complexes, hence 

illustrating that the site selectivity of the substitution of the halide ligand by the CNR group 

onto the Pt metal. This preference of the platinum site in substitution reactions was previously 

noticed by us in the reactivity of the heterobimetallic complex l a towards isocyanides, 

phosphines and hydrides.[10] 

Properties of the polymer in the solid state. The thermal stability of the materials was 

analyzed by TGA (Figure 3 and SI). 

10 T , 

0 200 400 600 800 1000 
Temperature (°C) 

Figure 3. TGA traces for the A-frame-containing polymers 4a-b, 5b, 6a-b. 

These materials exhibit good thermal stability under Ar. The first weight losses upon 

heating occur at temperatures exceeding 210°C for 6a, 230°C for 5b, 6b, 7 and 8, 250°C for 

Pd polymers, 9 and 290°C for 5a (Figure 4 and SI). The traces of the weight loss versus 

temperatures exhibit, in general, plateaus around 700-800°C (Figure 3 and SI). Based on 
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previous studies on thermal stability of coordination/organometallic polymers using the [RNC-

M2(|i-dppm)2-CNR]2+ building blocks (M = Pd, Pt),[7a] it is assumed that the loss or 

decomposition of the diisocyanide occurs at lower temperatures than the more robust MM'(fi-

dppm)2 fragments (see SI). In fact, the losses of phenyl groups (dppm) must occur to account 

for the weight losses at higher temperatures. Proposed TGA weight loss assignments for all 

these metallopolymers is presented in the SI. 

Not surprisingly, the DSC traces indicate no Tg for A-frame polymers 4r9 

between -30°C and the decomposition temperature. At decomposition temperature, an 

insoluble black material is obtained for all these metallopolymers for which the exact nature 

remains to be elucidated. The lack of Tg may be associated with limited motion of the polymer 

chain from the size of the [M2(u\-dppm)2] fragment, the relative rigidity of the chain (due to 

internal steric hindrance of the diNC and tBudiNC ligands) for the aryl diisocyanide. This 

behavior is in good agreement with the previously more "flexible" binuclear [Pd2(|i-

dppm)2]2+-containing polymers built upon dmb (dmb = 1,8-diisocyano-p-menthane) and 

diphosphine ligands and for the homodinuclear M2(|i-dppm)2 (M = Pd, Pt) containing 

diisocyanide building blocks.[7b'11] 

Properties in solution. In attempts to dissolve a maximum amount of the very weakly soluble 

materials 4-6, the use an ultrasound bath was made. The resulting suspension was filtered in 

order to obtain a clear solution. However after several hours, a precipitate formed at the 

bottom of the flask. This later can be redissolved using the same procedure. This process is 

cyclic and reproducible. In order to explain this phenomenon, a polymer(solid)-

oligomer(solution) equilibrium was strongly suspected. This behaviour was previously 

described by our group for the Pd2(dmb)2Cl2 binuclear complexes[7b] and other ds 

Pd(diphos)(isocyanide)-containing polymers (diphos = Ph2P-(CH2)m-PPh2; m = 2-6).[11] 

Interestingly, this later work[19] demonstrated clearly from X-ray crystallographic studies that 

the most common oligomer is the dimer. In an attempt to estimate the M„ values by MALDI-

TOF, inconclusive results were unfortunately obtained since only the resulting fragments 

M(u-dppm)2M' and XM(p,-dppm)2M' (X = CI, I, M= Pd, Pt and M' = Pd, Pt) were observed 
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(see SI for a typical example). This result indicates the fragility of this kind of polymers in 

MALDI-TOF conditions.1113 Consequently, the Mn values in solution were estimated by the 

Ti/NOE method, which is fully explained elsewhere.[12] Only a brief description is provided 

here. This NMR method offers the possibility of long time data acquisition in the case of 

solubility problems as this is the case here. The molecular dimension can be estimated from 

the StokeS'Einstein-Debye equation, assuming a spherical shape, if the correlation time, xc, is 

known (TC = Vr|ViSC/kT; T)ViSC = solvent viscosity; k = Boltzmann constant; T = temperature). In 

order to measure xc, one must know the spin-lattice relaxation time related to dipole-dipole 

interactions, TiDD, which is given by equation 1: 

l/T1
DD = Z(h272p72H/47r4r6pH)Tc (1) 

in the extreme narrowing limit,[13] where h is the Planck constant, y is the gyromagnetic ratio 

for the interacting nuclei (31P and 1H in this case),[14] and r is the distance between the probe 

(here at 121.4 MHz 31P) and the nearest interacting nuclei (here !H). The TiDD data (here at 

300 MHz XH) can be extracted from experimental Ti and NOE measurements (nuclear 

Overhauser effect),[14b] according to equation 2: 

1/T!DD =V(TWTi) (2) 

where r| = the fractional NOE constant, r|max = the maximum r\ value in the extreme narrowing 

limit (here Timax = Ja-/ 2jv), and Ti is the experimental spin-lattice relaxation time. Examples 

of Ti recovery traces for the model compound 10 and polymer 11 are presented in the SI. The 

strategy is to compare the hydrodynamic volume of a known compound (ideally characterized 

from crystallography) to that of the unknown ones. One parameter that must be taken into 

account is that the standard molecule must be closely related to the sample molecule. In this 

work, the probe nuclei are the 31P atoms because of their strong signal. By combining 

equations 1 and 2 to the Stokes-Einstein-Debye equation, one obtains: 
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T^sam) r|PH(sam) V(sta) £ l/r6
PH(sta) 

6 -Tj(sta) ripH(sta) V(sam) E 1/r pnCsam) (3) 

where "sam" and "sta" stand for sample and standard, respectively. This equation requires the 

knowledge of the interatomic distances between the 31P probe nucleus and the surrounding lH 

nuclei. Due to the structural similarity between the bimetallics polymers 4-6 and polymers 7-9, 

it is assumed that no significant difference would be obtained for the Ti/NOE experiment for 

these metallopolymers containing diNC or fBudiNC. Consequently, just one polymer in every 

series (diNC, polymer 5a and rBudiNC, polymer 7) was investigated. The model compounds 

[ClPd(u,-dppm)2(|ii-C=N-C6H4-4-rPr)PdCl] (10) for which the bridging isocyanide bears an 

alkyl group (/Pr) and [ClPd(MppmM^-C=N-C6H4-2-OCH3)Pt(CN-C6H4-2-OCH3)]Cl (11) 

described elsewhere,[9] which exhibit very close structural similarity with 5a were respectively 

chosen as standard molecules for the metallopolymers 7 and 5a. The largest magnetic 

interactions between the P and H atoms in model compound 11 are the P* "H2C and 

P'"H(ortho-Ph) well within the dppni ligand. These interactions exhibit the shortest distances 

based on average values extracted from X-ray structure[5] and computer modeling (Chart 3). 

For compound 10, the same situation occurs and the distances presented in Chart 3 are the 

same. 

P o^p 
2.46A 
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Because the chemical environment about the P atom is about the same between the sample and 

the standard 11 (and 10), the T| constants are about the same as well. So, both terms [Z 

l/r6pH(sam)] / [E l/r6pH(sta)] and T|pH(sam)/ T|pH(sta) become about unity and the 

V(sta)/V(sam) ratio is conveniently the direct ratio Ti(sam)/Ti(sta). Since V(sam) is not 

known from crystallography, one can use computer modeling. By computing the gas phase 

volumes of the standard and sample as a monomer, the oligomer size n(number of repetitive 

units), is calculated according to : 

n = [V(sam)exp/V(sta)eXp] • [V(sta)caid.AA(sam)caid]. (4) 

The Ti data for 5a (standard for polymer 11) and 11, and for 10 (standard for polymer 

7) and 7 are placed in Table 4. All experiments were performed in CD2Q2, a non-coordinating 

solvent, to avoid the breakdown of the polymer due to a solvent donor molecule. 

Table 4. Ti, V(for 1 unit) and calculated n for 5a, 7,10 and 11. 

compound or polymer Ti (s) gas phase V for 1 unit (A3) n (±10%) 

I T "~ L07 1311 ' -1.9 

5a (standard for 11) 1.99 1319 

7 1.56 1493 -1.5 

10 (standard for 7) 2.93 1226 

The Ti values for polymer 11 and standard 5a are 1.07 and 1.99 s, respectively, which 

indicate that [V(sam)exp / V(sta)exp] is 1.9. With V(sta)Caid/V(sam)caici (1319/1311 (for 1 unit) 

from PC-Model computation), n is 1.9 x 1.00 = 1.9 (i.e. about 2). All in all, metallopolymer 5a 

can only be a small oligomer (i.e. most likely dimer), and not much larger in solution which is 

completely consistent with the observed solubility. 

For metallopolymer 7 and model compound 10, the same analysis lead to the 

conclusion that n is about 1.5 (due to a large uncertainty of the method), which is ambiguous. 

We conclude that n must be equal to 2. 
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The equilibrium oligomer (including monomer) solution / polymer solid state was well 

established before, notably for the Pd2-bonded species Pd2(dmb)2Cl2 (Scheme 2).[7b] 

N N 
\\\ w c c 

Cl-Rd PcJ-GI 
/ \ 
c c 
/// \\\ 
N N 

solution (ring stress) solid state 

Scheme 2 

In this work, a similar situation may be occurring where internal steric hindrance drives 

the ring-opening polymerization. This hindrance is easily suspected when examining simple 

qualitative computer modeling (PC-model) of such a dimer where some inner phenyl groups 

may be in close contact as well as of the rBu groups interacting with neighbouring phenyls and 

halides (Figure 4). 

position of R 
(R = HortBu) 

/» 

MM'(dppm), ' ( j 

r i * s 

0 w t. 

TB—fv ' O position of R 
7* C V v " / ' " (R = HortBu) 

I N : ; 
/• MM (dppmL 

Figure 4. Qualitative computer modeling illustrating the possible close contacts, notably 

Ph'Th and tBu'"Ph and fBu'"X in the dimer in solution. 
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Electronic spectra and Photophysics. 

(a) Absorption Spectra. The absorption spectra of these polymers exhibit two low energy 

bands in the 350-450 nm range (Table 5). Reliable extinction coefficients for these later bands 

could not be obtained owing to the limited solubility of our polymers in the solvent. 

Table 5. Absorption peak maxima for polymers 4-6 

polymers A,max (nm) 

4a" ~ ~ 293,386,450 , 

4b 303,351,428 

5a 299,376,446 

5b 303,374,440 

6a . ' 280,360,444 

6b 298,364,464 

The band position and band-shape observed for these materials compare very favourably with 

other d8-d8 A-frame systems based on iridium, palladium and platinum metal centers strikingly 

corroborating the A-frame environment about the metal atoms.[7c'9'15^ A detailed investigation 

of the corresponding model compounds using DFT and TDDFT indicates that the lowest 

energy band in the 420-465 nm range is a M/XLCT (metal/halide-to-isocyanide-charge-

transfert).[9] 

(b) Luminescence properties of tBudiNC. For assignment purposes, the uncoordinated ligand 

fBudiNC was investigated (in the solid state). It exhibits a maximum emission band at 400 nm 

and the excitation spectrum reveals a maximum at 330 nm (see SI). The small Stoke shift 

between these two bands suggests that this emission is fluorescence, most likely arising from 

%%* excited state. This assessment is important because the presence of such emissions in the 

A-frame-containing species is easily addressable. However, lower energy emissions from this 

ligand were not observed. Perhaps this would be possible in the presence of heavy metals 

(heavy metal effect).[16] 
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(c) Luminescence and photophysical properties of the A-frame species. None of the 

investigated polymers listed in Table 6 are luminescent neither in solution nor in the solid state 

at room temperature except for 4b, which is weakly luminescent at 298K in the solid state. 

This property may be associated with an energy wasting process of photoinduced M2-(|i-

isocyanide) bond scission or ligand dissociation in the excited states. However, the compounds 

become luminescent at 77 K in PrCN (Table 6, Figure 5) and in the solid state (Table 3, see 

SI), most likely because the photodissociation processes are dramatically slowed down in rigid 

media at low temperature. 

Table 6. Photophysical data for polymers 4-9 at 77 K 

4a 

4b 

5a 

5b 

6a 

6b 

8 

9 

A,em (nm) 

680 

705 

660 

730 

615 

630 

705 

615 

PrCN 

Te OlS) 

0.20±0.01 

0.19+0.01 

0.18+0.01 

0.78±0.01 

1.78+0.01 

2.12±0.09 

2.87+0.06 

5.56±0.09 

<|>e 

0.0048 

0.0028 

0.0056 

0.0048 

0.003 

0.002 

0.004 

0.004 

Solid 

A,em (nm) 

725 

740 

705 

735 

635 

715 

735 

640 

Unstructured emission bands are observed in the 550-750 nm range with excitation 

spectra superimposing well the absorption ones indicating that the absorbing and emitting 

species are the same (Figure 5). Some slight imperfections are noted in this comparison 

because competitive upper-excited state non-radiative may be taking place (see 5a) but the 

position of the band maxima remain relatively the same. These latter values are in good 

agreement with those obtained by us for other homo- and heterobimetallic complexes 

containing a bridging isoycanide.[9] The large Stokes shifts (> 10000 cm"1) and lifetimes in the 

order of the |Lis scale suggest that the luminescence is a phosphorescence. 
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Figure 5. Absorption (green), emission (red) and excitation spectra (blue) at 77 K in PrCN of 

polymers 4-6 containing diNC. A,exc = 450 nm 

The maxima wavelength of these dinuclear complex-containing materials in solution or in the 

solid state are in the order CI < I, indicating that the nature of the excited states is slightly 

influenced by the nature of the halide consistent with the M/XLCT assignment.[17] 
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Figure 6. Absorption (green), emission (red) and excitation spectra (blue) at 77 K in PrCN of 

polymers 8 and 9 containing f-BudiNC. Xexc = 450 nm 

The key features of these emissions are as follows. The emission lifetime and quantum yield 

data for Pd-containing materials are shorter than those of the Pt analogues (by about 1 order of 

magnitude, Table 2). These differences in photophysical data may be assigned to a greater 

lability of the M-L bond in the Pd polymers in comparison with the platinum one in the 

excited state promoting non-radiative deactivation pathway. In comparison with the 

heterobimetallic model compounds [ClPd(|a-dppm)2(u,-C=N-C6H4-2-OCH3)Pt(CN-C6H4-2-

OCH3)]Cl (7a) (xe = 3.06 us, 3>e = 0.0079) and [ClPd(|i-dppm)2(u.-C=N-C6H4-2-OCH3)Pt(CN-

C6H4-2-OCH3)]I (7b) (xe = 12.7 us, <£e = 0.0043), shorter values were obtained for the 

heterobimetallic complex-containing polymers 5a and 5b. The other polymer materials also 

exhibit the same features: short lifetimes (0.18 < xe < 0.78 |is) and low phosphorescence 

quantum yields (0.002 < (|)e < 0.005). This decrease in size for the photophysical parameters is 

consistent with an increase in non-radiative processes associated with supplementary 

vibrational modes in polymers, but also deactivations promoted by intra-molecular collisions. 

During the course of this study, we noticed a weak emission at 550 nm about (see Figure 5 as 

an example). In this respect, compound 4b was investigated at different wavelengths of 

excitation (Figure 7). The excitation at 330 nm (where the ligand absorbs) leads to the 

observation of two bands in the 350-600 nm window. These are easily assigned to the 
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fluorescence and the phosphorescence of the ligand. The assignment of the second emission at 

535 nm is based upon the temperature dependence experiment (Figure 7). 

><1.0 
'35 
5 0.8 

•+—• 

c 
-0O.6 
<D 
N 

To 0.4 
E 
O0.2 
z 

n n 

_ 1 

1 

\ • ^ > 

\ A?h 
1 * ; v: 

:< K-
if \ 

\ * 1 *. 

1 *•<' 
\ •• 

K- 1 

— exc. at 330 nm 
— emi. at 298 K 
••••emi. at 77 K 

^ i 

^ \; ::fl'.''rr.i;; 

\ \ .••'' ' ' ' : ' i l ' • 

1 1 1 

250 300 350 400 450 500 550 600 

•1.21 —emi. at 298 K 
••••emi. at 77 K 

500 550 600 650 700 750 800 
Wavelength (nm) 

Fig. 7. Up: Excitation spectrum (at A,emi = 390 and 556 nm) of polymer 4b in the solid state at 

298 K (—) and emission spectra the same polymer (A,exc = 330 nm) at 298 (—) and 77 K (•••). 

Down: Solid state emission spectra of polymer 4b (A,eXc = 450 nm) at 298 (—) and 77 K (•••). 

This band is observable at both temperatures, 298 and 77 K, but is more intense at 77 K. The 

presence of the phosphorescence of the ligand is attributed to the heavy atom effect as 

anticipated. When exciting at 450 nm, in the lowest energy band of the compound, the 

luminescence of the A-frame chromophore is easily depicted allowing an intensity comparison 

of the two bands (phosphorescence of the ligand, and emission centered on the A-frame core). 

The fact that the fluorescence and phosphorescence of the ligand are still observable in the 
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polymer 4b indicates that inefficient energy transfer (i.e. slow) from the ligand to the A-frame 

unit occurs. This conclusion indicates that the isocyanide bridge, here linking the aryl group to 

the inorganic A-frame residue, is a modest electronic communicator, and falls perfectly in line 

with the conclusion recently reported for other similar systems using [2.2]paracyclophane as 

luminescent fragment.[18] 

Conclusion 

A series of new d8-d8 dinuclear A-frame polymers built upon M(|H-dppm)2M' (M = Pd, Pt and 

M' = Pd, Pt) building blocks were prepared and unambiguously characterized. The site 

selectivity at the Pt-center for the heterobimetallic polymers was probed and allows further 

functionalization at the Pd center to build "head-to-tail" polymers by making judicious choices 

of mixed-donor bidentate ligands. For these polymers in solution, a polyrrier(solid)-

oligomer(solution) equilibrium is suggested where the dominant species in solution is the 

dimer. These materials are luminescent in the solid state and in solution at 77 K. The 

functionalization of the diisocyanide ligands (introduction of more solubilising side chains, 

N-protonation or alkylation) to tune the chemical, physical and photophysical properties of 

this new class of materials are in progress. 

Experimental section 

Materials. All reactions were performed in Schlenk-tube flasks under purified nitrogen. 

Compound ClPd(|X-dppm)2PdCl (la), IPd(|i-dppm)2PdI (lb), ClPd(u-dppm)2PtCl (2a), 

IPd(|Li-dppm)2PtI (2b), IPt(|i,-dppm)2PtI (3b), l,2-bis-(2-isocyanophenoxy)ethane (diNC), 

l,2-bis-(2-isocyano-4-tert-butyrphenoxy)ethane (fBudiNC), l-isocyano-4-isopropylbenzene, 

([ClPddJ.-dppm)2Pt((X-CN-C6H4-2-OCH2CH20-2-C6H4-NC)]Cl)n (5a) were prepared according 

to literature procedures.[19"21'7c] All solvents were dried and distilled from appropriate drying 

agents. 

General procedure for the syntheses of polymers 4-6 containing diNC. diNC (0.150 mmol), 

diluted in 2 mL of CH2CI2, was added over 30 min to a stirred solution of the homo- or 

heterobimetallic precursor (0.150 mmol) in 3 mL of CH2CI2. Within a few minutes, an orange 
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solid began to precipitate. The solution was stirred for Id. The solid was collected by filtration, 

washed with Et20 (2x5 mL), CH2CI2 (5 mL) and dried under vacuum. 

([CIPd(^-dppm)2Pd(n-CN-C6H4-2-OCH2CH20-2-C6H4-NC)]Cl)n 4a. Yield: 92 % (182 mg). 

IR (KBr): 2170 (m) (vCN), 1630 (VC=N) cm"1. *H MAS NMR: 8 10-6.65 (m, 48 H, Ph), 3.90 (m, 

4H, PCtf2P), 3.19 (m, 4 H, OCH2) ppm. 31P MAS NMR: 8 24.0 (m, 2P), 14.1 (m, 2 P) ppm. 

(C66H56Cl2N202P4Pd2)n: C 60.20; H, 4,29; N, 2.13; Found C 59.94; H 4.33; N 2.18. 

([IPd(|i-dppm)2Pd(^-CN-C6H4-2-OCH2CH20-2-C6H4-NC)]I)I1 4b. Yield: 89 % (200 mg). 

IR (KBr): 2177 (s) (vCN), 1634 (vc=N) cm"1. JH MAS NMR: 8 10-6.93 (m, 48 H, Ph), 2.97 (m, 

8 H, OCH2 + FCH2P) ppm. 31P MAS NMR: 8 29.2 (m, 4P) ppm. Anal. Calc. for 

(C66H56l2N202P4Pd2)n :-C 52.86; H, 3.76; N, 1.87; Found C 52.68; H 3.65; N 1.80. 

([IPd(n-dppm)2Pt(n-CN-C6H4-2-OCH2CH20-2-C6H4-NC)]I)n 5b. Yield: 87 % (207 mg). 

IR (CH2C12): 2173 (s) (VCN), 1625 (vc=N) cm"1. XH MAS NMR: 8 10-7.07 (m, 48 H, Ph), 3.00 

(m, 8 H, OCH2 + PC#2P) ppm. 31P MAS NMR: 8 22.6 (m, 4P) ppm. Anal. Calc. for 

(C66H56l2N202P4PdPt)n: C 49.91; H, 3.55; N, 1.76; Found C 49.59; H 3.40; N 1.62. 

([ClPt(u,-dppm)2Pt(|i-CN-C6H4-2-OCH2CH20-2-C6H4-NC)]Cl)„ 6a. Yield: 93 % (208 mg). 

IR (KBr): 2170 (m) (vCN), 1630 (vc=N) cm"1. XH MAS NMR: 8 10.1-7.14 (m, 48 H, Ph), 3.66 

(m, 8 H, PC#2P + OCH2) ppm. 31P MAS NMR: 11.9 (m, 4P) ppm. (C66H56Cl2N202P4Pt2)n: C 

53.06; H, 3.78; N, 1.87; Found C 53.58; H 3.67; N 1.74. 

([IPt([i-dppm)2Pt(u,-CN-C6H4-2-OCH2CH20-2-C6H4-NC)]I)n 6b. Yield: 89 % (224 mg). IR 

(KBr): 2163 (s) (vCN), 1632 (VC=N) cm"1. JH NMR(DMSO-d6): 8.32-6.67 (m, 48 H, Ph), 3.27 

(m, 8 H, PC#2P + OCH2) ppm. 31P{1H} NMR(DMSO-d6): 24.6 (m, 4P, 17Pr.P= 3010 Hz) ppm. 

Anal. Calc. for (C66H56l2N202P4Pt2)„: C 47.27; H, 3.37; N, 1.67; Found C 47.03; H 3.09; N 

1.78. 

General procedure for the syntheses of polymers 7-9 containing £BudiNC. tBudiNC 

(0.150 mmol), diluted in 2 mL of CH2C12, was added over 30 min to a stirred solution of the 

homo- or heterobimetallic precursor (0.150 mmol) in 3 mL of CH2C12. The solution was 

stirred for another day. The solvent was removed by rotary evaporator in vacuum. The residue 

was dissolved in a minimum amount of CH2C12 and diethyl ether was slowly added. A 

164 



precipitate was formed and the solid was filtered, washed with Et20 ( 2 x 5 mL) and dried 

under vacuum. 

([ClPd(|A-dppm)2Pd(M--CN-C6H3aBu)-2-OCH2CH20-2-C6H3(«u)-NC)]Cl)n 7. Yield: 91 % 

(195 mg). IR (KBr): 2153 (m) (vCN), 1629 (VC=N) cm-1. JH NMR(CD2C12): 8.38-6.72 (m, 46 H, 

Ph), 5.35 (s, br., 4 H, OCH2), 3.49 (m, 4H, PC#2P), 1-19 (m, 18 H, CH3) ppm. ^ H } 

NMR(CD2C12): 16.7 (m, 2P,), 17.3 (m, 2P) ppm. 13C{LH) NMR(CD2C12): 166.4 (NG), 150-

128 (Ph), 68.2 (OCH2), 39.1, 32.7 (C(CHj)3) ppm. Anal. Calc. for (C74H72Cl2N202P4Pd2)n: C 

62.20; H, 5.08; N, 1.96; Found C 61.89; H 5.28; N 1.78. 

([ClPd(ji-dppm)2Pt(|Li-CN-C6H3(«u)-2-OCH2CH20-2-C6H3(fBu)-NC)]CI)„ 8. Yield: 89 % 

(203 mg). IR (KBr): 2164 (m) (vCN), 1625 (VC=N) cm"1.), !H NMR(CD2C12): 8.46-6.82 (m, 46 

H, Ph), 5.33 (s, br., 4H, OCH2), 3.47 (m, 4 H, PGH2P), 1.29 (s, br., 18 H, C(C#3)3) ppm. 
3lP{lH} NMR(CD2C12): 16.4 (m, 2 P, Pt-P(n-dppm), 1Jpt-T = 2690 Hz), 18.7 (m, 2 P, Pd-P(u-

dppm)) ppm. ^Cj^H} NMR(CD2C12): 166.7 (NC), 150-128 (Ph), 68.9 (OCH2), 38.4, 32.7 

(C(CH3)3) ppm. Anal. Calc. for (C74H72Cl2N202P4PtPd)n: C 58.56; H 4.78; N, 1.85; Found G 

58.78; H 4.98; N 1.95. 

([ClPt(n-dppm)2Pt(^-CN-C6H3(ffiu)-2-OCH2CH20-2-C6H3aBu)-NC)]Cl)„ 9. Yield: 92 % 

(222 mg). IR (KBr): 2167 (m) (vCN), 1624 (vc=N) cm"1. XH NMR(CD2C12): 8.24-6.82 (m, 46 H, 

Ph), 5.43 (s, br., 4H, OCH2), 3.52 (m, 4 H, PC#2P), 1.10 (s, br., 18 H, C(C#3)3) ppm. ^ P j ^ } 

NMR(CD2C12): 0.3 (m, 4P, 17Pt.P= 2550 Hz) ppm. l3C{lK} NMR(CD2C12): 166.6 (NC), 150-

128 (Ph), 69.2 (OCH2), 39.1, 32.7 (C(CH5)3) ppm. Anal. Calc. for (C74H72Cl2N202P4Pt2)n: C 

55.33; H, 4.52; N, 1.74; Found C 55.36; H 4.32; N 1.88. 

([ClPd(n-dppm)2(|i-CN-C6H4-iPr)PdCI] 10. l-isocyano-4-isopropylbenzene (0.100 mmol), 

diluted in 1 mL of CH2C12, was added over 30 min to a stirred solution of la (0.100 mmol) in 

3 mL of CH2CI2. The solution was stirred overnight. The solvent was removed by rotary 

evaporator in vacuum. The residue was dissolved in a minimum amount of CH2C12 and hexane 

was slowly added. A precipitate was formed and the solid was filtered, washed with Et20 (2 x 

5 mL) and dried under vacuum. Slow evaporation of 10 in CH2C12 furnished orange needles. 

Yield: 92 % (110 mg). IR (KBr): 1633 (vc=N) cm"1. !H NMR (CD2C12): 5 8.15-6.82 (m, 44H, 

Ph), 3.83 (m, br, 4H, PCH2P, 3JPt.P= 60.2), 2.31 (h, 1H, C#(CH3)2, 3 J H -H= 7.4), 1.38 (d, 6H, 
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CH(Cff3)2., V H - H =
 7-4) PPm- 3 1 p { l H l NMR(CD2C12): 17.8 (s, 4P) ppm. Anal. Calc. for 

C6oH55Cl2NP4Pd2 (1198): C 60.17; H, 4.63; N, 1.17; Found C 60.06; H 4.49; N 1.04. 

Apparatus. TR spectra have been recorded on a Nicolet Nexus 470 spectrometer. All NMR 

spectra in liquid were acquired with a Bruker Avance 300 (*H 300.13 MHz, 13C 75.48 MHz 

and 31P 121.49 MHz) using the solvent as the chemical shift standard, except for 31P NMR, 

where the chemical shifts are relative to H3PO4 85% in D2O. All MAS NMR experiments 

were performed at the National Ultrahigh-field NMR Facility for Solids (Ottawa, Canada) on a 

Bruker Avance II NMR spectrometer operating at 21.1 T. A double-resonance 3.2 mm Bruker 

probe with magic angle spinning, MAS, was used to acquire *H and 13C MAS NMR spectra. 
lH and 13C NMR chemical shifts were referenced to neat TMS using adamantane as a 

secondary chemical shift reference. *H MAS NMR spectra were recorded at a resonance 

frequency of 900.2 MHz. Samples were spun at a spinning speed of 20 kHz in 3.2 mm o.d. 

ZrC>2 rotors. A single pulse sequence with background suppression was used in *H NMR 

experiments with the r.f. pulse length of 2.5 mks (7i/2 pulse) and a 10 s relaxation delay 

between pulses, which was found sufficient for a complete relaxation. Total 64 scans were 

accumulated in each *H NMR experiment. 13C CP/MAS NMR spectra were recorded at a 

resonance frequency of 226.4 MHz under 15 kHz MAS. The CP contact time in all 

experiments was 1 ms, and a 5 s relaxation delay between pulses. From 2k to 10k scans were 

accumulated in 13C CP/MAS NMR experiments, depending on the amount of sample available. 

SPINAL-64 proton decoupling was employed during spectra acquisition. 31P CP/MAS NMR 

spectra were acquired using a double-resonance 2.5 mm MAS Bruker probe at a resonance 

frequency of 364.4 MHz under 20 kHz MAS. The CP contact time in all experiments was 3 

ms with a delay between acquisitions of 20 seconds. SPINAL-64 proton decoupling was used 

during spectra acquisition. From 256 to 2048 scans were collected depending on the amount of 

sample available. 31P NMR chemical shifts were referenced to 85% H3PO4 using solid 

(NH4)H2P04 (ADP) as a secondary chemical shift reference. The same ADP sample was used 

to setup 31P CP/MAS conditions. All the chemical shifts and coupling constants are reported in 

ppm and Hz, respectively. The glass transition temperature (Tg) was determined using a 
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Perkin-Elmer 5A DSC7 equipped with a thermal controller 5B TAC 7/DS. Calibration 

standards were water and indium. The accuracy was ±0.1 °C and + 0.1 % for ACp. The 

sample weights ranged from 5 to 10 mg, and the scan rate was adjusted to 10 7min. TGA were 

acquired on a TGA 7 of Perkin Elmer between 50 and 950 °C at 3 7 min under a nitrogen 

atmosphere. UV-Vis spectra were recorded on a Varian Cary 50 spectrophotometer. Emission 

and excitation spectra were obtained by using a double monochromator Fluorolog 2 

instrument from Spex. Fluorescence lifetimes were measured on a Timemaster model TM-

3/2003 apparatus from PTI. The source was a nitrogen laser equipped with a high-resolution 

dye laser (fwhm ~ 1500 ps), and the fluorescence lifetimes were obtained from deconvolution 

and distribution lifetime analysis. Quantum yields were measured against [Ru(bpy)3J(Cl)2 

(4>e = 0.376 + 0.036) in PrCN.[22] 

Spin-Lattice Relaxation Times (T{) and Nuclear Overhauser Enhancement (NOE). The 

Zi's were measured by inversion recovery pulse technique. The measurements were performed 

on a Bruker AC-F 300 NMR spectrometer operating at 121.50 MHz for 31P. The temperature 

was 293 K, and the sampling was done over a 20 000 Hz sweep width using 8192 data points 

to describe the FID. The solutions were saturated in all cases to improve the signal to-jioise 

ratio. The uncertainties are (0.05 s) based on multiple measurements (at least 3). The NOE 

constants were measured using the inverse-gated method. On the basis of the reproducibility 

of the measurements, the accuracy of the method is estimated to be 10%. The internal standard 

(PBrs) was inside a sealed capillary tube to avoid contact with the samples. 

X-ray crystallography. Single crystals of rBudiNC were obtained by recrystallization in 

hexane and were coated with perfluoroalkyl ether oil (ABCR), mounted using a glass fiber and 

frozen in the cold nitrogen stream of the goniometer. The data were collected on a Stoe IPDS 

diffractometer. The data were reduced (Integrate in IPDS) and corrected for absorption 

(FACEIT in IPDS). The structure was solved by direct methods and refined by full-matrix 

least squares on F2 (SHELXTL). Single crystals of 10 were grown by slow evaporation of a 

solution of 10 in CH2Q2 at 298 K. Data were collected on an Enraf-Nonius CAD-4 automatic 
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diffraetometer using co scans. The DIFRAC[23] program was used for centering, indexing, and 

data collection. Two standard reflections were measured every 200 reflections, no intensity 

decay was observed during data collection. The data were corrected for absorption by 

empirical methods based on psi scans and reduced with the NRCVAX[24] programs. They were 

solved using SHELXS-90[25a] and refined by full-matrix least squares on F2 with SHELXL-

97.[25b] The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

placed at idealized calculated geometric position and refined isotropically using a riding model. 

The absolute structure was determined by anomalous dispersion effect.[ ] Crystal and 

refinement data for fBudiNC and 10 are presented in Table 3. CCDC 711704 and 718276 

contain the supplementary data for tBudiNC and 10. These data can be obtained free of 

charge from the Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 
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Organometallic Polymers 

The MM'(dppm)2X2 react with 1,2-bis-
(2-isocyano-phenoxy)ethanes (diNC) in a 
1:1 molar ratio to give the corresponding 
polymers (([MM' (dppm)2X] (diNC))'X)„. 
The latter materials were characterized by 
T b spin-lattice relaxation times, and 
NOE, nuclear Overhauser enhancement 
constants to extract the oligomer sizes in 
solution. The polymers are luminescent 
in solution at 77 K. Strong luminescence 
bands are detected in the 600-800 nm 
range with lifetimes 0.2 < xe < 5.6 (is. 
These emissions are assigned to metal/ 
halide-to-ligand charge transfers.. 
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Figure S2. MALDI-TOF spectra for A-frame heterobimetallic polymer 6a as a typical 

example. 
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Figure S3. Ti recovery curve for the model compound 10. 
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Figure S4. Ti recovery curve for the Pck polymer 7. 
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Figure S5. Absorption (green), emission (red) and excitation spectra (blue) in the solid state 

for 4a. 
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Figure S6. Absorption (green), emission (red) and excitation spectra (blue) in the solid state 

for 4b. 
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Figure S7. Absorption (green), emission (red) and excitation spectra (blue) in the solid state 

for 5b. 
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Figure S8. Absorption (green), emission (red) and excitation spectra (blue) in the solid state 

for 6a. 
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Figure S10. Emission (blue) and excitation spectra (red) in the solid state for ligand tBudiNC. 
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CHAPTER 3 

Photoinduced through-bond and through-space energy and electron 

transfers in organic and organometallic polyads and polymers 

This chapter discusses the exited state interactions in polyads such as dyads, triads, and 

polymers. Photo-induced energy and electron transfer processes are among the non-radiative 

processes deactivating efficiently the excited states in molecules and materials. In this chapter, 

the investigations include several dyad, triad, and polyad systems designed to investigate the 

photo-induced singlet-singlet and triplet-triplet energy transfers. For some of the investigated 

systems, the photo-induced electron transfer was also observed in the deactivation of the 

excited state. 

Several donor-spacer-acceptor systems were also investigated where both the through-space 

and through-bond energy transfer was addressed and fully investigated, and the rates for 

energy transfers were quantified. The chapter is built upon papers that have been either 

published or submitted for publication. 

The first paper in this chapter focuses on one system of cofacial bis(eft'o-porphyrins) rigidly 

held by a carbazoyl spacer. This system was designed to study the through-space singlet-

singlet and triplet-triplet energy transfers. The donor and acceptor moieties in this system were 

the Pd(II)- and Zn(n)-porphyrin, respectively. The choice of the Pd(II) porphyrin is aimed at 

promoting the population of the triplet state as the result of an increased intersystem crossing 

rates by virtue of the heavy atom effect (as explained in the introduction chapter). This gives a 

good opportunity to study both the singlet-singlet and triplet-triplet energy transfers. The 

rigidity of the carbazole spacer allows achieving slipped dimer geometry for the two 

bismacro-cycles with a Cmeso-Cmeso interchromophoric distance of ~ 5.8A. The transition 

moments are perfectly parallel in this arrangement which is expected to maximize the singlet-

singlet energy transfer via the Forster mechanism. The specific carbazole spacer exhibits an H 
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atom of the N-H bond placed exactly between the two Cmeso-Cmeso atoms which allow us to 

study the effect of the presence of this atom on the rate of energy transfer. This can be done by 

comparing the data with the structurally related dibenzofurane. The photophysical study 

involved the measurements of the emission lifetimes and quantum yields as well as the 

transient absorption spectra. Indeed, the data showed a significant role for the H atom (of the 

N-H function) where an observable decrease of the rate of energy transfers is observed. This 

observed decrease points out to the reduced communication between the two chromophores 

due to the presence of this H atom. 

The second paper in this chapter reports other dyads where there is no covalent bond between 

the donor and the acceptor. Instead, electrostatic and host-guest interactions between the donor 

and acceptor molecules secure the assembly. This study investigated the host-guest 

interactions between two unsaturated cyclic [M3(dppm)3(CO)]2+ clusters (M = Pt, Pd; dppm = 

Ph2PCH2PPli2; as PFV salt) and the carboxylate anion RCO2 (R = tetra-phenylporphyrin 

zinc(II), ZnTPP; para-phenyltritolylporphyrin zinc(II), ZnTTPP; para-phenyltritolylporphyrin 

palladium(II), PdTTPP). The binding constants between the cationic clusters and the anionic 

porphyrin carboxylates were estimated spectroscopically and was found to be larger than 

corresponding benzoate anion itself. The observed increase in the binding constants is 

consistent with the high electronic density of the porphyrin molecule, which is in turn 

expected to induce a high electronic density on the carboxylate centere rendering 

the electrostatic interactions stronger than the benzoate analogue. The formed cluster-
9-4-

(donor) ••• 'C^C-CeELHacceptor) dyads was investigated to examine the through-space energy 

transfer. In these systems, it is shown that the [M3(dppm)3(CO)]2+ clusters act as triplet energy 

donors, with respect to the ZnTPPC02, ZnTTPPC02" and PdTTPPC02" pigments, which play 

the role of the acceptors. For the [Pt3(dppm)3(CO)]2+— metalloporphyrin dyads, the rates for 

triplet energy transfer were found to be in the range of 104 s"1. These extracted rates are in the 

slow range in comparison with the rates measured for other porphyrin derivatives, which in 

fact is consistent with the through- space interactions. This is also consistent with the fact that 

the orbital overlap is weak between the donor and the acceptor; an essential requirement in 

this double electron exchange mechanism. For the [Pd3(dppm)3(CO)]2+— metalloporphyrin 
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assemblies, a quenching of the fluorescence and phosphorescence emission lifetimes of the 

porphyrin chromophore is noted. This observation suggests the presence of a photoinduced 

electron transfer from the metalloporphyrin to the cluster. 

The third paper reports through-bond energy transfer in two dyads formed upon the reaction 

between the d9-d9 ClM(|i-dppm)2MCl2 complexes, 1 (M = Pt) and 2 (M = Pd) and PCP-NC 

ligand (3, PCP = [2.2]paracyclophane). The investigated systems are luminescent Pt2-bonded 

d9-d9 [ClPt(M-dppm)2Pt(CN-PCP)]Cl (4) and d8-d8 A-frame [ClPd(|i-dppm)2(|i-C=N-

PCP)PdCl] (5) isocyanide complexes. In these systems, two different isocyanide bonding 

modes are examined where the terminal mode is present in the d9-d9 complex (4) while the 
o o 

bridging mode is found in the d -d A-frame complex (5). Complex 4 exhibits two emission 

bands in PrCN at 77 K located at 651 and 480 nm. The first emission (651nm) is assigned to 

the radiative relaxation of the lowest energy triplet ligand-to-metal-charge-transfer (3LMCT*) 

state while the latter emission at 480 nm corresponds to the intraligand (IL) rat* 

phosphorescence of the CN-PCP unit. For the d8-d8 A-frame complex 5, the emission 

spectrum exhibits bands at 360 and 480nm in PrCN at 77 K that are assigned to intraligand 

(IL) %%*. The lowest energy excited state in the A-frame fragment is found to be optically 

silent. All in all, the presence of these upper energy luminescences indicates that these 

intraligand PCP (IL) 7071* excited state are not totally quenched, and that energy transfers are 

not efficient despite the presence of the -C=N- bridge. This observation clearly indicates a 

weak or modest electronic communication between the two chromophores (d -d and d -d 

complex with the PCP unit) through the bridging isocyanide ligand. 

In order to compare the electronic communication properties of the -C=N- bridge, systems 

containing the conjugated ethynyl fragment -C=C- are also investigated. Indeed, an 

investigation on systems where a through-bond energy transfer (-C=C-) is operative is 

presented in the fourth paper. The paper contains a photophysical study of the (-Cz-C=C-PtL2-

C=C-Cz-X-)n along with their model compounds (Ph-PtL'2-C=C-Cz)2X where Cz = 3,3'-

carbazole, X = nothing, Cz or F (2,2'-fluorene), L = PBu3 and L' = PEt3. The incorporation of 
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the metallic fragment -C=C-PtL2-C^C- promotes the population of the triplet state again 

providing the opportunity to investigate the photoindueed energy and electronic transport 

across the polymer backbone. In fact, researches devoted to (donor-acceptor)-containing 

organometallic polymers are scarce in the literature. The investigated systems exhibit both 

singlet and triplet energy transfers from the Cz chromophore to the F moiety in the backbone 

of a conjugated organometallic polymer. The study involved a complete photophysical study 

including the emission, time-resolved spectra, emission lifetimes, quantum yields, and 

transient absorption spectra. The donor and acceptor for both the electron and energy transfers 

are the Cz-C=C-PtI_2-C=C-Cz and F (2,2'-fluorene), respectively. A notable quenching of 

triplet excited state emission of the Cz chromophore in the dyads, triads, and polyads in 

comparison with the model compounds is observed as well as a total quenching of the Cz 

fluorescence in the F-containing materials. This observation indicates more than one process 

is involved in deactivating the Si state of Cz. These include an intramolecular singlet electron 

transfer to the F residue and intersystem crossing. The singlet electron transfer competes with 

the intersystem crossing rate constant (10n-1012 s"1 for heavy atom-containing aromatics), 

without being significantly larger (since phosphorescence is observed). The transient spectra 

exhibit only signals associated to Ti—*Tn, i.e. no charge separated state was observed in the ns 

time scale meaning that back electron transfers occur well within the laser pulse duration of 13 

ns. In other words, the back dark transfer is also very fast (109 s"1). This observation is 

pointing out that the triplet energy transfer must occur since these Cz and F Ti species are 

observed. 

In the fifth article in this chapter, innovative hybrid materials are designed utilizing 

electrostatic interactions between positively charged organometallic polymers such as 

(([Ag(dmb)2]BF4)n and ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n) and negatively charged 

polymers of the type (-Cz-C6H4-)n and (-Cz-)n, where Cz is a 2,7-linked carbazole unit 

substituted by (CIL^SOsNa or (CH^SOsNa pendant groups at the TV-position. In this way, 

the design of 1:1 [polycationic: polyanionic] materials is achieved. This arrangement allows a 

mutual effect on each other which opens the door to the modification of properties, including 
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the optical and luminescence characteristics. Indeed, the photophysical study of these hybrid 

materials provided evidences for external heavy atom effect and triplet energy transfers. One 

evidence for the mutual interactions present in the ([Ag(dmb)2]+)n-containing hybrid materials 

are observed in the relative increases of the polycarbazole phosphorescence intensities 

indicating interchain contacts across the materials. Moreover, a large decrease in emission 

lifetimes for the ([Ag(dmb)2]+)n chain in comparison with the simple ([Ag(dmb)2]Y)n 

polymers (Y = BF4'). This observation suggests a triplet energy transfer where the energy is 

transferred from the Ti state of ([Ag(dmb)2]+)n to the Ti state of the polycarbazole. The former 

state can also be fed by the Si state of the polycarbazole. Knowing that through-space triplet 

energy occurs between the organic and organometaTiic polymer chains, and since it is a 

process that occurs in the triplet states according to the Dexter mechanism via double electron 

exchange involving orbital proximities, this means the electrostatic interactions must be strong. 

Moreover, if two electrons can be exchanged, then a single electron transfer should also occur 

for polymers with favorable redox properties. 

Furthermore, an important observation about the emission decay traces is that non-exponential 

traces were recorded. This non-exponential behavior indicates the anticipated excitonic 

process, i.e. excitation energy derealization. This exciton migration is expected to be faster 

than the intersystem crossing (associated with the external heavy atom effect) and inter-

polymer chain energy transfer rate constants, so that the dominant exciton signature in the 

non-exponential decay traces hides these two slower processes. 

The singlet and triplet energy transfers were also investigated in well-defined porphyrin 

polyads (dyads and triads) rigidly held by a conjugated organometallic fragment (platinum 

acetlylide: -C6H4-C=C-PtL2-C=C-C6H4-). In these systems, both the spacer and the 

metalloporphyrins have their own luminescence which allows us to monitor the change in the 

photophysical properties as a function of the structural changes. The Pt-containing spacer acts 

as the energy donor for porphyrin macrocycle (for both Zn and Pd porphyrin). Similarly, the 

Pd(II) porphyrin acts as the donor (when excited in the Q-region) whereas the Zn(II) porphyrin 

is the acceptor. More specifically, the excitation in the Q region of the Pd(P) chromophores 
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leads to both Si and Tx energy transfers to the Zn(P) units (i.e. Pd(P)*—»Zn(P)). This was 

supported by the observed decrease in the fluorescence and phosphorescence lifetimes of the 

Pd porphyrin chromopore in the dyads and triads in comparison with those where no energy 

transfer occurs. The comparison of the rate constants for energy transfer with related systems 

that does not have a Pt-atom in the chain points out the fact that energy transfer is slower for 

Pt-containing spacer. Excitation in the absorption band of the spacer resulted in another energy 

transfer taking place from the higher triplet state of the spacer to the lower-laying triplet state 

of the metalloporphyrin (spacer* '—• M(P); M = Zn, Pd). The rates for triplet energy transfer 

across this dyad (104 s"1) were found to be faster than that for Ti Pd(P)*—>Zn(P) transfers. This 

observation points out that the slower rates measured in the latter systems (Pd(P)*—»Zn(P)) is 

again mainly due to the Pt atom rather than the single bond located on meso-C atom. Keeping 

the excitation within the spacer absorption band, the transient absorption spectra of the Zn(P)-

containing compounds revealed the presence of the radical cation Zn(P)+ by comparison with 

the literature. Because both species Zn(P)* (Ti) and Zn(P)+ (very likely arising from a fast 

photo-induced electron transfer from the upper Si state) are observed simultaneously at the 

early stage of the transient absorption spectra indicates that the event occurs well within the 

excitation pulse (<13 ns). The rate for back electron transfer exhibits a slight dependence upon 

the number of frans-C6H4C=CPtL2-C=CC6H4 units in the oligomer, suggesting the presence of 

an exciton process. 

All in all, this chapter deals with the two mechanisms of the energy transfer, i.e. through-

space and through-bond. Several polyads were studied with different types of geometrical 

arrangements including the linear and face-to-face. Moreover, different types of bonding 

interactions were investigated including covalent, coordination and electrostatic, in the 

backbone of the polyads and polymers. All these systems have been investigated to fully 

address the different factors affecting the energy transfers in order to compare the through-

space and through-bond mechanisms. Indeed, the investigated systems exhibit slower rates for 

energy transfer associated with the through-space processes. Moreover, the rates for through-

bond energy transfer in spacer containing a metal aton, here Pt, were also smaller than that for 

the totally organic counter parts. The papers contained in this chapter are represented below. 
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3.1 Manuscript 1 : 

Through-space Singlet-Singlet and Triplet-Triplet Energy Transfers in 

Cofacial Bisporphyrins Held by the Carbazoyl Spacer 

3.1.1 Preface 

This paper came of collaboration. The idea and the outline of the work strategy came from Dr. 

Pierre D. Harvey and Dr. Roger Guilard. They also supervised the research during the work 

for this paper. The work in this paper can be divided into two parts: the synthesis and 

characterization of the studied molecules and the other part included the photophysical studies. 

The synthesis and characterization part has been carried out at the Universite of Bourgogne 

and was carried out by Maya El Ojaimi under supervision of Dr. Claude P. Gros, Dr. Jean-

Michel Barbe and Dr. Roger Guilard. 

The second part of the work was carried on at the University de Sherbrooke under supervision 

of Dr. Pierre D. Harvey. This part involves measurements of the absorption, emission, 

quantum yield, lifetime and the rates for energy transfer in 2MeTHF at 77 K and 298K. This 

part of the work was my responsibility under the supervision of Dr. Pierre D. Harvey. I have 

also participated in writing the paper by writing the experimental par of the photophysical 

measurements. I contributed also in the data analysis and discussion of the photophysical part 

under supervision of Dr. Pierre D. Harvey. Furthermore, I helped in editing and prepare the 

figures of the photophysical section of the paper. 

This work can be found in Journal of Porphyrins and Phthalocyanine. C.P. GROS, S.M. ALY, 

M. ELOJAJMI, J.-M. BARBE, F. BRISACH, A.S. ABD-EL-AZIZ, R. GUILARD, and P.D. 

HARVEY, J. Porphyrins Phthalocyanines, 11, 244 (2007). 
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3.1.2 Through-space Singlet-Singlet and Triplet-Triplet Energy Transfers in 

Cofacial Bisporphyrins Held by the Carbazoyl Spacer 

Claude P. Gros,a Shawkat Mohammed Aly,b Maya El Ojairni,3 Jean-Michel Barbe,a Frederic 

Brisach,b Alaa S. Abd-El-Aziz,c* Roger Guilard,a* and Pierre D. Harveyb* 
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Abstract: The through-space singlet-singlet and triplet-triplet energy transfers in cofacial 

bis(erio-porphyrins) rigidly held by the carbazoyl spacer was investigated. The studies on 

singlet-singlet transfers, which operates via a Forster mechanism, were performed using the 

zinc porphyrin and free base chromophores as energy donor and acceptor, respectively, while 

the investigation on triplet-triplet processes was performed using the palladium porphyrin, and 

the zinc porphyrin and free base chromophores as donor and acceptors, respectively. The rate 

for singlet-singlet transfer (kET(singlet)) is unexpectedly slower than that reported for other 

similar rigidly held bisporphyrins such as H2(DPO)Zn (DPO = 4,6-bis[5-(2,8,13,17-tetraethyl-

3,7,12,18-tetramethylporphyrinyl)]dibenzofuran) and H2(DPS)Zn (DPS = 4,6-bis[5-

(2,8,13,17-tetraethyl-3,7,12,18-tetramethyl porphyrinyl)]- dibenzothiophene)). This slower 

rate is interpreted by the presence of the H-atom exactly located between the two meso-

earbons in the dyads. The rates for triplet-triplet transfer are also slow but not too different 

from that recently reported for H2(DPX)Pd (DPX = 4,5-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-

tetramethylporphyrinyl)]-9,9-dimethylxanthene) and H2(DPB)Pd (DPB = l,8-bis[5-(2,8,13,17-

tetraethyl-3,7,12,18-tetramethylporphyrinyl)]-biphenylene) at 77 K. In such cases, the slow 

rate is interpreted by a through-space energy transfer pathway which operates according to a 

(small range) Dexter mechanism (since the Forster mechanism is inoperative for triplet-triplet 

processes). The kET(triplet) increases at 298K which is tentatively interpreted by favorable 

excited state distortions in the triplet state and fluxion processes which ease intramolecular 

transfers for these dyads in fluid solution in comparison with former glassy matrices. 

Keywords : bisporphyrins carbazole, singlet-singlet energy transfer, triplet-triplet 

energy transfer, Dexter, Forster, fluorescence, phosphorescence, flash photolysis, 

transient spectroscopy.N 
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Introduction 

Since the elucidation of light-harvesting device structures in the purple bacteria [1-7], the 

mechanism of the crucial antenna processes that sustains life in these organisms has been 

better described. The rate of energy transfer as well as the excitonic processes were found 

particularly fast, approaching almost perfect efficiency for the overall harvesting process [8,9]. 

The key feature in these biomolecular solar panels is the ring formed by the 18 

bacteriochlorophylls in the light harvesting LH2 device placed in a series of "slipped dimers" 

somewhat like J-aggregates. This structure was recently modeled by Takahashi and Kobuke 

using zinc-porphyrin residues functionalized with histine ligands [10]. The inter-chlorophyll 

metal-to-metal separation in this LH2 ring is about 8 A. However, the closest distance between 

the 7r-carbons is shorter suggesting that energy transport is more efficient at these locations. 

In this respect, our research groups conducted a series of experiments on the role of the 

spacer on the rate of through-space singlet-singlet energy transfer in rigidly held bisporphyrin 

systems placed face-to-face with Cmeso-CmeSo varying from 3.8 to 6.3 A [11]. The measured 

rates from the change in fluorescence lifetimes between Zn-porphyrin/free porphyrin donor-

acceptor dyads and the corresponding homobimetallic donor-donor bismacrocycles increased 

as the distance Cmeso-Cmeso decreased. Importantly, this work also estimated the critical 

distance where the switch in dominant mechanism in singlet-singlet energy transfer, Forster 

(electric field interactions) [12,13] vs Dexter (double electron transfer) [14], occurred (-5-6 A) 

[11]. This distance was also confirmed for the triplet-triplet transfers where only one 

mechanism operates (Dexter) [15]. Light harvesting devices in nature are multiple and 

chlorophylls exist in different chemical versions (substituents), environment and relative 

orientation despite similarities in chromophore-chromophore distances, responding to different 

biophysical and biochemical needs such as wavelength availability and amount of light [16]. 

Recently, the role of the relative orientation of the chromophores on the rate was also 

investigated and one of the conclusion is more the cofacial macrocycles are slipped, slower the 

rate is [17]. The unexpected result came when a group of atoms (from a mesityl substituent as 

shown in Scheme 1) turned out to be placed in between the two chromophores exactly at the 

shortest C "C distance because of the presence of hydrophobic interactions and absence of (3-
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alkyl groups allowing the turning of one side towards the other along the C-C single bond. In 

this case, the energy transfer rate is sensitively slower in comparison with other related 

systems instead of faster despite theory. 

Scheme 1 

Because of the undesired flexibility in these above bismacrocycles, we decided to 

investigate more rigid systems, allowing addressing the structure more reliably, and simpler 

where only one atom is located between the two chromophores (i.e. the simplest; H). We now 

wish to report the synthesis (Scheme 2), characterization as well as the spectroscopic and 

photophysics properties (including singlet-singlet and triplet-triplet energy transfer) of a new 

series of cofacial bisporphyrins linked by the rigid spacer carbazoyl which presents an N-H 

group exactly between the Cmeso-Cmeso atoms (Scheme 3). 

EXPERIMENTAL 

Chemicals and Reagents 

Silica gel (Merck; 70-120 mm) was used for column chromatography. Analytical thin layer 

chromatography was performed using Merck 60 F254 silica gel (precoated sheets, 0.2 mm 

thick). Reactions were monitored by thin-layer chromatography and UV-visible spectroscopy. 

Preparative chromatography was carried out on silica plates (Merck). 
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Ethyl 3-ethyl-4-methyl-7//-pyrrole-2-carboxylate [18,19] and 5,5'-diformyl-3,3'-diethyl-

4,4'-dimethyl-2,2'-dipyrrylmethane [20] have been synthesized as already described. 

[(S^-bisCtert-buty^-l^-^w-CS^'-Cethyloxycarbony^^^'-diethyl-S^'-dimethyl^^'-

dipyrrylmethyl)]carbazole (la). A mixture of 1.20 g of 3,6-di-te7t-butylcarbazole (3.57 

mmol) and 2.80 g of ethyl 3-ethyl-4-methyl-/#-pyrrole-2-carboxylate (15.4 rnmol) was 

dissolved in 35 ml of hot ethanol. Concentrated hydrochloric acid (4 ml) was then added and 

the solution was stirred under reflux for 5 hours. The mixture was cooled to room temperature 

and the resulting solid was filtered and washed by cold methanol, then dried to give the title 

product la (3.41 g, 3.33 mmol, 93%). JH NMR (CDCI3): 6. 8.67 (br s, 4H, NH), 7.98 (s, 2H, 

ArH), 7.32 (large s, 1H, NH), 5.54 (s, 2H, ArH), 4.18 (q, 8H, -CH2-CH3), 2.76-2.67 (m, 8H, -

CH2-CR3), 1.73 (s, 12H, CH3), 1.33 (s, 18H, CH3), 1.25 (t, 12H, -CR2-CH3), 1.09 (t, 12H, -

CH2-CH3). MS (MALDI-TOF): m/z = 1023.97 [M]+", 1024.34 Calcd. for CevHgiNgOg. 

[3,6-Bis(^rf-butyl)-l,8-bis[(4,4'-diethyl-3,3'-dimethyl-2,2'-dipyrryl)methyl]]carbazole 

(lb). A suspension of 3.41 g of la (3.33 mmol) in diethylene glycol (120 ml) containing 

NaOH (12.0 g) was heated at 100 °C under N2 for 1 h 30 min and then at 190 °C for another 1 

h 30 min after which the solution was allowed to cool to room temperature. The mixture was 

poured into ice water (2 000 ml) and the resulting solid was filtered, washed with water and 

then dried to give compound lb (2.40 g, 3.26 mmol, 98%). XH NMR (CDCI3): S. 7.89 (s, 2H, 

ArH), 7.12 (s, 4H), 7.05 (large s, 1H, NH), 6.23 (s, 4H), 5.47 (s, 2H, ArH), 3.64 (s, 2H, CH), 

2.34-2.46 (m, 8H, -CH2-CH3), 1.67 (s, 12H, CH3), 1.31 (s, 18H, CH3), 1.06 (t, 12H, -CH2-

CH3). MS (MALDI-TOF): m/z = 735.95 [M]+ ' , 735.52 Calcd. for C5oH65N5. 

[3,6-Bis(fcrt-butyl)-l,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-

tetramethylporphyrinyl)]]carbazoIe ELt(DPNH) (1). To a solution of (3,6-di-te?t-butyl)-

2,2'-&w-(4,4'-diethyl-3,3'-dimethyldipyrromethan-5-yl)carbazole lb (2.50 g, 3.4 mmol) and 

5,5'-diformyl-3,3'-diethyl-4,4'-dimethyl-2,2'-dipyrrylmethane (2.14 g, 7.47 mmol) in 

methanol (1.30 1) was added 30 ml of a solution of para-toluene sulfonic acid (PTSA, 13.5 g) 

in methanol during 18 h. The dark red solution was stirred at room temperature under Ar for 

48 h. O-chloranil (3.45 g) was added, and the solution was stirred in air for 1 h. The mixture 
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was taken to dryness and redissolved in 250 ml of dichloromethane. A saturated methanolic 

solution of Zn(OAc)2#2H20 (10 ml) was added and the mixture was refluxed for 1 h. The 

organic phase was separated and washed 3 times with water (500 ml), then dried over MgSC>4. 

The zinc derivative was isolated by column chromatography on silica gel (CH2CI2). 

Demetallation by 6M HC1 afforded the free base bisporphyrin which was further purified by 

chromatography (silica gel, CEkC^/MeOH 100/0 to 95/5 in volume). Purple microcrystals of 

bisporphyrin were obtained in 21.0 % yield (m = 879 mg, 0.71 mmol). 'H NMR (CDCI3): 

£9.57 (s, 4H, meso), 9.45 (s, 2H, meso), 8.79 (s, 2H), 7.84 (s, 2H), 7.18 (s, 1H, NH), 3.67 (m, 

16H, -CH2-CH3), 3.34 (s, 12H), 2.15 (s, 12H), 1.62 (s, 18H), 1.51 (t, 12H), 1.45 (t, 12H), -

3.79 (br, s, 4H). MS (MALDI-TOF): m/z = 1231.45 [M]+*, 1231.79 Calcd. for C84H97N9. HR-

MS (MALDI-TOF): m/z = 1231.7856 [M]+*, 1231.7867 Calcd. for Q4H97N9. 

Synthesis of monozinc bisporphyrin H2(DPNH)Zn (2) and dizinc bisporphyrin 

(DPNH)Zn2 (3). Under argon, 200 mg (0.162 mmol) of the free base bisporphyrin ILXDPNH) 

was dissolved in degassed CH2CI2 (250 mL) and stirred under reflux. A solution of 28.5 mg of 

Zn(OAc)2-2H20 (0.8 eq.) in MeOH (10 mL) was then added over a period of 6 h, and the 

reaction was monitored by UV-vis and TLC (disappearance of the free base bisporphyrin). 

After the solution was dried, the residue, dissolved in CH2CI2, was purified by 

chromatography (Silica, CFbCL/Heptane as eluent; 50/50 first then 100/0). The first band was 

collected as (DPNH)Zn2, and the second one was collected as H2(DPNH)Zn. After the solvent 

was removed under vacuum, purification by preparative chromatography (Silica gel, CH2CI2 

as eluent) afforded purple crystals of H2(DPNH)Zn (2) (34% yield, 55.1 mmol, 71.2 mg) and 

(DPNH)Zn2 (3) (18% yield, 29.2 mmol, 39.5 mg). MS (MALDI-TOF) for H2(DPNH)Zn: m/z 

= 1294.11 [M]+*, 1293.70 Calcd. for C84H95N9Zn. HR-MS (MALDI-TOF) for H2(DPNH)Zn: 

m/z = 1293.7067 [M]+*, 1293.7002 Calcd. for C84H95N9Zn. MS (MALDI-TOF) for 

(DPNH)Zn2: m/z = 1355.61 [M]+ \ 1355.22 Calcd. for C84H93N9Zn2. HR-MS (MALDI-TOF) 

for (DPNH)Zn2: m/z = 1355.6119 [M]+", 1355.6137 Calcd. for C84H93N9Zn2. 

Synthesis of bispalladium bisporphyrin (DPNH)Pd2 (5). Under an Ar atmosphere, 200 

mg of H4(DPNH) (0.162 mmol) and 100 mg of PdCl2 (0.57 mmol) were dissolved in 30 ml of 
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deareted benzonitrile. The mixture was refluxed for 2 hours and the solvent evaporated under 

vacuum. The residue was dissolved in 50 ml of CH2CI2 and washed thoroughly with water. 

The solvent was evaporated and the crude product was purified on a silica column (10x2 cm) 

eluted first with CHaCk-Heptane (70/30 voL) then CH2CI2, to give a purple powder in 60% 

yield (0.097 mmol, 139 mg, yield = 60 %). MS (MALDI/TOF): 1439.45 [M] + \ 1439.56 

Calcd. for Cg^NgPd^ HR-MS (MALDI/TOF): 1439.5709 [M]+*, 1439.5624 Calcd. for 

C84H93N9Pd2. 

Synthesis of monopalladium bisporphyrin H2(DPNH)Pd (4). The monozinc bisporphyrin 

(1 equiv, 0.05 mmol) was added to a benzonitrile (20 mL) solution of PdCl2 (1.5 equiv). The 

mixture was stirred under reflux for 1.5 h. The solution was taken to dryness. CH2CI2 was then 

added and the solution was vigorously stirred for 5 min and filtered through a pad of silica 

(CH2Cl2/heptane 1:1). The first purple band was collected as the bispalladium compound and 

elution was performed with CEbCVMeOH (increase of MeOH) in order to collect the 

monopalladium bisporphyrin. The solvent was removed under vacuum. Purification by 

preparative chromatography (Silica gel, CH2CI2 as eluent) afforded the pure monopalladium 

derivative H2(DPNH)Pd as a purple solid in 51% yield (0.0255 mmol, 34.1 mg). MS 

(MALDI-TOF): m/z = 1336.18 [M]+#, 1335.67 Calcd. for CgANgPd. HR-MS (MALDI-

TOF): m/z = 1335.6789 [M]+*, 1335.6745 Calcd. for Cg^sNgPd. 

Synthesis of palladium-zinc bisporphyrin (DPNH)ZnPd (6). A saturated solution of 

Zn(OAc)2-2H20 in methanol (2 mL) was added to a dichloromethane (10 mL) and 

triethylamine (1 mL) solution of monopalladium bisporphyrin (53.4 mg, 0.04 mmol). The 

mixture was stirred under reflux and the reaction was monitored by UV-VIS spectroscopy and 

TLC. Heating was stopped when the starting monopalladium porphyrin was no longer present 

in the reaction mixture according to TLC (-10 min). The solvent was removed under vacuum. 

The solid was dissolved in CH1CI2 and purified by chromatography (silica, CH2Cl2/heptane, 

1:1). Purification by preparative chromatography (Silica gel, CH2CI2 as eluent) afforded the 

pure palladium-zinc derivative (DPNH)ZnPd as a purple solid in 34% yield (0.0136 mmol, 

19.0 mg). MS (MALDI-TOF): m/z = 1397.82 [M]+\ 1397.59 Calcd. for C g ^ W d Z n . HR-
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MS (MALDI-TOF): m/z = 1397.5821 [M]+*, 1397.5880 Calcd. for Cg^NgPclZn. 

Instruments 

*H NMR spectra were recorded on a Bruker DRX-500 A VANCE transform spectrometer at 

the "Centre de Spectrometrie Moleculaire de l'Universite de Bourgogne"; chemical shifts are 

expressed in ppm relative to chloroform (7.26 ppm). UV-visible spectra were recorded on a 

Varian Cary 1 spectrophotometer at Dijon and a Hewlett-Packard diode array model 8452A at 

Sherbrooke. Mass spectra were obtained on a Bruker ProFLEX ITl spectrometer in the 

MALDI / TOF mode using dithranol as a matrix. Accurate mass measurements (HR-MS) were 

carried out on a Bruker Daltonics Ultraflex II instrument in MALDI / TOF reflectron mode 

using dithranol as a matrix. Emission and excitation spectra were obtained using a double 

monochromator Fluorolog 2 instrument from Spex. Fluorescence lifetimes were measured on 

a Timemaster Model TM-3/2003 apparatus from PTI. Some phosphorescence lifetime 

measurements were also performed on a PTI LS-100 using a lu.s tungsten-flash lamp. The 

source was nitrogen laser with high-resolution dye laser (FWHM ~ 1.5 ns) and the 

fluorescence lifetimes were obtained from high quality decays and deconvolution or 

distribution lifetimes analysis. The uncertainties were about ±10-40 ps based on multiple 

measurements. The flash photolysis spectra and the transient lifetimes for the Pd-containing 

bismacrocyles were measured with Luzchem spectrometer using the 355 nm line of a YAG 

laser from Continuum (Serulite), and the 355 nm line from OPO module pump by the same 

laser (FWHM = 13 ns). 

Theoretical Computations 

Calculations using the Density Functional Theory (DFT) approximation were performed 

using the commercially available Gaussian 03 software [21]. The hybrid B3LYP exchange -

correlation function has been considered due to the high accuracy of the ensued results [22-

24], with the 3-21G* as the basis set [25-27]. All computations were performed without 

symmetry constraint. The ?-butyl groups were not used in the computations to save time. 

These have little consequence on the investigations. 
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Quantum yields 

All samples were prepared under inert atmosphere (in a glove box, Po2< 20 ppm) by 

dissolution of the different compounds in 2-MeTHF using 1 cm3 quartz cells with septum (298 

K). Three different measurements (i.e. different solutions) have been performed for each 

phbtophysical data (quantum yields and lifetimes). The sample concentrations were chosen to 

correspond to an absorbance of 0.05. Each absorbance value was measured five times for 

better accuracy in the measurements of the quantum yields. Reference for quantum yield was 

H2(TPP) (0 = 0.11) [11,28]. 

RESULTS AND DISCUSSION 

Synthesis 

The required 1,8-diformylcarbazole was prepared in high overall yield from carbazole via a 

previously reported pathway (Scheme 2) [29,30]. f-Bu-groups were first introduced into the 

carbazole moiety through reaction of carbazole with f-BuCl under modified Friedel-Crafts 

conditions using AICI3 catalyst in dichloromethane solution. The resulting di-J-Bu-carbazole 

was converted to the dibromo derivative by bromination with bromine, which was then 

converted to the 1,8-diformylcarbazole using carbon dioxide as the N-protection group during 

the initial lithiation reaction. The standard three-branch strategy [20,31-35] was then 

employed for the construction of bisporphyrin carbazole (Scheme 2). Reaction of substituted-

1,8-diformylcarbazole with 2-(ethyloxycarbonyl)-3-ethyl-4-methylpyrrole and subsequent 

hydrolysis and decarboxylation affords the oc-free bis-dipyrromethane (>91% yields over two 

steps). Further condensation of the a-free bisdipyrromethane with 3,3'-diethyl-5,5'-diformyl-

4,4'-dimethyl-2,2'-dipyrrylmethane in the presence of PTSA followed by o-chloranil 

oxidation gives H4(DPNH) in 21% yield after workup and purification. 
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Scheme 2 

Homobimetallic complexes (see Scheme 3) of H4(DPNH) (1), e.g. (DPNH)Zn2 (3) and 

(DPNH)Pd2 (5) are readily produced by reaction with metal salts. For example, treatment of 

H4(DPNH) (1) with PdCl2 in benzonitrile affords the corresponding binuclear palladium(II) 

complex (DPNH)Pd2 (5) in good yield (60%). In the case of the monopalladium derivative 

H2(DPNH)Pd (4), zinc is used as a protecting group for one of the two macrocycles and is 

removed by the H+ ions generated during the reaction. 
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Free-base Zinc derivatives 

f-Bu 

f-Bu 

1:H4(DPNH) 

f-Bu 

f-Bu 

2: M = 2H; H2(DPNH)Zn 
3: M = Zn; (DPNH)Zn2 

Palladium derivatives Other examples 

f-Bu 

f-Bu 

M = 2H 
M = Pd 
M=.2n 

H2<DPNH)Pd 
(DPNH)Pd2 

(DPNH)ZnPd 

7; X = - Y = 0, M = M'= 2H; H4{DPO) 
8: X = -, Y = O, M = 2H, M'= Zn;H2(DPO)Zn 
9: X = -, Y = S, M = 2H, M"= Zn; H2(DPS)Zn 
10: X = C, Y = C, M = 2H, M'= Zn; H2(DPA)Zn 
11: X = CMe2, Y = O, M = 2H, M'= Zn; H2(DPX)Zn 
12: X = -, Y = -, M = 2H, M'= Zn; H2(DPB)Zn 
13: X = CMe2,Y = O, M =.2H, M'= P'd; H2(DPX)Pd 
14: X = -,Y = S, M = 2H, M'= Pd; H2(DPS)Pd 
15: x = -, Y = -, M = 2H, M'= Pd; H2{DPB)Pd 

Scheme 3 

Geometry optimization 

In the absence of X-ray data for the investigated bismacrocycles, some useful informations 

are extracted from geometry optimizations (DFT/B3LYP/3-21G*) in an attempt to correlate 
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the singlet-singlet and triplet-triplet energy transfer rates with geometric parameters. The 

computational results are qualitative since the solvent-solute interactions are not taken into 

account notably for possible host-guest behavior. Such interactions are hard to anticipate. For 

comparison purposes, the geometry of "gas phase" (DPO)Zn2 has been optimized as well 

(Figure in the Supporting Information), and exhibits the expected symmetric V-shaped 

structure. The slight differences with the available X-ray structure for the corresponding free 

base H4(DPO) (7) [20] are the orientation of some ethyl groups and a small inward deviation 

from perfect planarity of the porphyrin macrocycles (presumably due to stacking effect). 

These have minor consequences in this study. The computed CmeSo-CmeSO distance for this "gas 
o , o 

phase" model is 5.70 A, which is longer than that obtained by crystallography (5.53 A). 

Despite this difference, this 5.70 A value is used as comparison with compounds 1-5 

(assuming it is almost invariable upon metalation). 

The optimized geometry of 1 (without the f-butyl substituents) is shown in Figure 1 and 

exhibits the same V-shape structure as for H4(DPO) (7). The computed Cmeso-Cmeso distance in 

1 is 5.80 A, indicating an increase, but this value is still a closely related model compound 

H4(DPO) (7). Based on this comparison, the spectroscopic and photophysical properties of 1 

are anticipated to be very similar with this DPO-containing system (7). 

Figure 1. Geometry optimization of (1) 
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Absorption data 

Table 1 summarizes the absorption properties of the zinc- and palladium-containing 

bisporphyrin complexes. Figures 2 and 3 show the comparison between the measured spectra 

of the donor-acceptor bisporphyrin series with the 1:1 spectral algebric sum of the 

corresponding monoporphyrins. From this comparison, it is clear that the recorded spectra 

superimpose well the algebric sum, which suggests that the interporphyrin interactions are 

rather weak. Another indication on this weak interporphyrin interaction can be concluded from 

Figure 4 where the spectrum of the bispalladium bisporphyrin also superimposes well with 

that of double of the monopalladium porphyrin. 
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300 350 400 450 500 550 600 650 700 750 800 

Wavelength (nm) 

Figure 2. Comparison of the UV-visible spectra of the monopalladium bisporphyrins (red) 

H2(DPNH)Pd and the sum of H2(P) and (P)Pd monoporphyrin analogs (blue). 

300 350 400 450 500 550 600 

Wavelength (nm) 

650 700 750 800 

Figure 3. Comparison of the UV-visible spectra of the free-base (black), monopalladium (red) 

and bispalladium (blue) bisporphyrins, H4(DPNH), H2(DPNH)Pd and (DPNH)Pd2 

respectively. 
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300 350 400 450 500 550 600 650 700 750 800 

Wavelength (nm) 

Figure 4. Comparison of the UV-visible spectra of bispalladium (blue) bisporphyrins 

(DPNH)Pd2 with 2xmonopalladium porphyrin (red). 

Fluorescence and phosphorescence 

The spectroscopic and photophysical data for all the studied compounds are summarized in 

Table 2 and the emission spectra measured in 2-MeTHF at 298K and 77 K, are shown in 

Figures 5 and 6. The measured excitation spectra superimpose with the absorption spectra 

which confirms the identity of the fluorescence. For the five studied compounds at 77 K a 

moderately weak but clearly structured luminescence is observed (Figure 6) where the 0-0 

fluorescence peaks are depicted in the 540-590 nm range. For (DPNH)Pd2 (5), the first 0-0 

fluorescence peak is observed at 548 nm, which can be attributed to the fluorescence of the Pd 

chromophore. This band appeared at the same position for the (DPNH)ZnPd dyad (6) and the 

lifetime measured at this band for both compounds is very low and does not change very much 

as well. These results are consistent with the presence of weak interporphyrin interactions 

discussed above. 

A much stronger and structured emission band is observed in the 650-800 nm range for the 

Pd-containing materials. These bands appear at approximately 660 nm for both (DPNH)Pda 

(5) and (DPNH)ZnPd (6), and at 689 nm for H2(DPNH)Pd (4). These emissions are long-

lived (us) and are readily assigned to phosphorescence. 
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Figure 5. Fluorescence spectra of (DPNH)Pd2, H2(DPNH)Pd, (DPNH)ZnPd, H2(DPNH)Zn, 

and (DPNH)Zn2 in 2-MeTHF at 298K. 
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Figure 6. Fluorescence spectra of (DPNH)Pd2, H2(DPNH)Pd, (DPNH)ZnPd, H2(DPNH)Zn, 

and (DPNH)Zn2 in 2-MeTHF at 77 K. 
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300 

50 51 52 53 54 55 56 57 

Time (ns) 

Figure 7. Typical example of a fluorescence decay exhibiting a short-lived species, here 

H2(DPNH)Pd in 2-MeTHF at 77 K, showing the short component due to the Pd-containing 

chromophore and the longer one associated with the free base plotted against the lamp profile. 

Transient spectroscopy 

Figure 8 shows the transient spectra recorded in 2-MeTHF at 298K. These spectra show 

bleaching of the Soret bands and transient bands at 410, 420, and 430 nm, respectively, 

for compounds (DPNH)Pd2 (5), H2(DPNH)Pd (4), and (DPNH)ZnPd (6). The Q-bands for 

these compounds are also bleached (see weak negative peaks at -550 nm) and transient bands 

in the 600-800 nm range are also detected. The measured transient lifetimes (discussed below; 

Table 3) are also in good agreement with the phosphorescence lifetimes at both 77 K and 

298K indicating that these lifetimes are not arising from charge separated states (i.e. electron 

transfer) but rather from triplet-triplet absorption. 
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Table 3. Transient triplet-triplet absorption lifetimes. 

kET(s-') Compound T(US) 

298K 77 K 298K 77 K 

(DPNH)Pd2 (5) 

(DPNH)ZnPd (6) 

H2(DPNH)Pd (4) 

184 

97 

55 

1870 

1440 

1370 

4830 

12800 

160 

200 

o 
d 

(DPNH)Pd2 

(DPNH)ZnPd 
H2(DPNH)Pd 

Wavelength(nm) 

Figure 8. Transient spectra for (DPNH)Pd2, H2(DPNH)Pd, and (DPNH)ZnPd in 2-MeTHF at 

298K. 

Emission lifetimes and energy transfer 

The photophysical data are analyzed according to an energy transfer process as described in 

the Scheme 4. 
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hv(exc) 

f-Bu 

t-Bu 

Scheme 4 

The kEx values are calculated using the equation: 

hv'(emi) 

KET — 

V "e t 

where t° is the emission lifetime (from fluorescence or phosphorescence) of closely related 

bismacrocycles where no energy transfer occurs and te is the emission lifetime of the donor 

in the dyad. This methodology is more accurate than measuring the quantum yield since the 

exact absorbance of the overlapping absorption band of the donor in the dyad is very difficult 

to estimate accurately. In addition, the very small fluorescence quantum yield of the donor is 

also very difficult to measure accurately. The emission lifetimes and the energy transfer rates 

are summarized in Tables 4-6. 

The TF data for the Pd-containing species are in the 100-140 ps range, consistent with the 

rather weak intensity of the fluorescence band (heavy atom effect) and compare well with 

other related Pd-containing mono- and cofacial bisporphyrin systems [32]. Within the 

uncertainty of the method (± 10-40 ps based multiple measurements), the ip data do not 

change indicating that kET is not accurately accessible. However, the rates appear somewhat 

small if any. 
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Table 5. Comparison of the fluorescence lifetimes and singlet-singlet energy transfer rate 

constants for the bismacrocycles. 

Compound 

H2(DPNH)Zn (2) 

H2(DPO)Zn (8) 

H2(DPS)Zn (9) 

H2(DPA)Zn (10) 

H2(DPX)Zn (11) 

H2(DPB)Zn (12) 

^mescr^-'meso 

-5.8 

5.53 

6.33 

4.94 

4.32 

3.80 

Tp(ns) 

298K 

0.97 

0.18 

0.19 

0.14 

0.10 

0.05 

77 K 

1.29 

0.16 

0.19 

0.13 

0.09 

0.06 

kET^S"1) 

298K 

0.235 

5.0 

4.7 

6.4 

9.8 

20.8 

77 K 

0.162 

5.9 

4.6 

7.2 

10.9 

15.4 

Reference 

tw 

tw = this work 

Table 6. Comparison of the phosphorescence lifetimes and triplet-triplet energy transfer rate 

constants for the bismacrocycles. 

Compound 

(DPNH)Pd2 

(DPNH)ZnPd 

H2(DPNH)Pd 

H2(DPX)Pd 

H2(DPS)Pd 

H2(DPB)Pd 

(5) 

(6) 

(4) 

(13) 

(14) 

(15) 

TF.(us) 
298K 

210 

93.4 

55.5 

568 

98 

368 

77 K 

2020 

1420 

1365 

1440 

1920 

1690 

kET(s 

298K 

5940 

13300 

' ) • 

77 K 

208 

237 

247 

0 

133 

Reference 

tw 

tw 

tw 

15 

15 

15 

tw = this work 
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On the other hand, kET for H2(DPNH)Zn (2) was successfully measured and these are 0.23 

and 0.16 (ns1) at 298K and 77 K, respectively (Table 5). Based on computer modeling 

discussed above (i.e. Cmeso-Cmeso), the predicted rate is in fact -5-6 (ns)"1 (-5-6 x lOY1) 

similar to H2(DPO)Zn (Table 5). This surprising decrease in kET is not unprecedented in 

cofacial bismacrocycles. Indeed, as discussed in the introduction, in a recent work on zinc 

porphyrin /corrole free base (spacer = DPO) [17] a similar situation was noted (see Scheme 

5). 

Scheme 5 

Indeed, the zinc porphyrin and the corrole free base are the energy donor and acceptor in 

this case, respectively. The absence of alkyl groups at the P-position allowed a rotation of the 

corrole using about the C-Cmeso single bond. In this conformation, a decrease in the closest 

cofacial C-C distances is clearly noticed from modeling predicting an accelerated rate for 

through-space energy transfer. Experimentally, this was not the case at both temperatures (77 

K and 298K). An examination of the resulting conformation showed the presence of a methyl 

group from the meso-mesityl substituent (necessary in the synthesis) and indeed the slower 

rate was attributed to the presence of the methyl group in between the two chromophores. In 

this work, a similar situation is noticed where the H-atom (of the N-H function) is placed 

exactly between the Cmeso-Cmeso (Figure 1). An examination of the HOMO and LUMO of 

(DPNH)Zn2 (3) (Figure 8), as an example, shows an atomic contribution at the Cmeso position 

of the HOMO, reinforcing the argument. 
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Figure 9. HOMO (upper) and LUMO (lower) representation for compound 3 (as an example). 
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In the light of the perturbation of the H-atom electric field on the kET(singlet), the triplet-

triplet energy transfer was also examined for the Pd-containing bismacrocycles (Tables 3 and 

4). At 77 K, slow rates of ~ 2 x 102 s"1 are measured using both time-resolved 

phosphorescence and transient absorption spectroscopy for both (DPNH)ZnPd (6) and 

H2(DPNH)Pd (4), where the former value is slower than the second (Table 6). These 77 K 

values agree with that reported for the corresponding H2(DPB)Zn (12) and H2(DPX)Pd (13) 

[15]. This resemblance means that the presence of the N-H group does not affect the triplet-

triplet ICET- The reason for this may stem from the nature of the mechanism by which ET 

operates. In the singlet state, previous studies "showed that at CmeSo-Cmeso > 6-5 A, the Forster 

mechanism (electronic field interactions) is dominant (over the Dexter mechanism) [11]. On 

the other hand in the triplet state, the Forster mechanism does not operate at all. Only the 

Dexter mechanism is operative (double electron transfer) in the triplet states, so the presence 

of an electric field associated to the H-atom does not perturb the process. 

At 298K (Table 6), an increase in kgT is also observed (from both lifetime measurements 

from phosphorescence decay and transient absorption). Although these rates are faster than 

that at 77 K, these are still relatively slow. The increase may take its origin from a possible 

slipping motion (fluxion process) and a favorable ring deformation in the triplet state (excited 

state distortion) that operates better in fluid solution in comparison with frozen media [36]. 

The excited state distortion in the triplet state was recently addressed by Nocera et al. [36] and 

DFT computations showed important deviation of the porphyrin macrocycle from planarity. 

It is also interesting to note that phosphorescence is detected in (DPNH)Zn2 (xp = 4.01 + 

0.04 (is) at 77 K and such emission is not detected in H2(DPNH)Zn (2), indicating quenching. 

The position of the triplet state for the porphyrin free base was recently detected at ~ 793 nm 

[15], placing this energy level lower than that for the corresponding zinc porphyrins. In such a 

case, it is also anticipated that such quenching is due to triplet-triplet energy transfer but the 

total absence of phosphorescence prevent measurement of emission lifetime. 

Finally, one can tentatively explain the slower kET(triplet) values for (DPNH)ZnPd (6) in 

comparison with H2(DPNH)Pd (4) mentioned earlier from a difference in triplet-triplet energy 

gap. In 6, this gap is ~ 1000 cm"1 (15200- 14200 cm"1 from the 0-0 peak observed in the 

phosphorescence spectra) and is ~ 1600 cm"1 (15200- 12600 cm"1; 12600 cm"1 is from ~ 793 
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nm value previously observed in other systems) [15]. The kEi(triplet) value is faster for a large 

gap, which may be consistent with a decrease in back energy transfer processes. 

CONCLUSION 

A novel rigid spacer was employed to modulate the photophysical properties of 

bismacrocycle dyads, notably for both singlet-singlet and triplet-triplet energy transfers. 

Although the triplet-triplet transfer rates at 77 K compare well to other rigid spacers 

previously reported, the singlet-singlet rates are found slower, bringing more examples for 

slower rates when atoms or groups are located between the donor and acceptor. 
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Figure S 1. Geometry optimization of (DPO)Zri2. 
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3.2 Manuscript 2: 

Triplet Energy Transfers in Electrostatic Host-Guest Assemblies of 

Unsaturated Organometallic Cluster Cations and Carboxylate-Containing 

Porphyrin Pigments 

3.2.1 Preface 

This paper is the result of collaboration with Roger Guilard's laboratory. Dr. Pierre D. Harvey 

came up with the idea and offered the supervision during the work in this research. 

The work can be divided into three parts. The first part is the syntheses and characterization of 

the porphyrin free acids. The second part is the synthesis and characterization of the sodium 

salts of the porphyrin carboxylates and the synthesis of the Pd3- and Pt3-clusters. Finally, the 

third part involved the spectroscopic and photophysical studies of the host-guest systems in 

2MeTHF at 77 K and 298K. 

The first part involved the synthesis of the studied porphyrin free acids and this part was 

carried on by Charfedinne Ayed under supervion of Dr. Christine Stern and Dr. Roger 

Guilard. 

The second and third parts include the synthesis and characterization of the sodium salts of the 

porphyrin carboxylates, the synthesis of the Pd3- and Pt3-clusters and the spectroscopic and 

photophysical studies of the host-guest systems in 2MeTHF at 77 K and 298K. These last two 

were solely my responsibilty and were carried on under the supervision of Dr. Pierre D. 

Harvey at the Universite de Sherbrooke. I would like to aknwoledge the help of Jean-Philipe 

Morin-Tremblay in suggesting the procedure for the synthesis and characterization of the 
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sodium salts of the porphyrin carboxylates. Furthermore, under the supervision and guidance 

of Dr. Harvey, I have written the paper. 

This work can be found in Inorganic Chemistry. S.M. ALY, C. AYED, C. STERN, R. 

GUILAD, A. S. ABD-EL-AZIZ, and P.D. HARVEY, Inorg. Chem., 47, 9930 (2008). 
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3.2.2 Triplet Energy Transfers in Electrostatic Host-Guest Assemblies of 

Unsaturated Organometallic Cluster Cations and Carboxylate-Containing 

Porphyrin Pigments 
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Roger Guilard,b* Alaa S. Abd-El-Aziz,c and Pierre D. Harveya* 
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ABSTRACT. The unsaturated cyclic [M3(dppm)3(CO)]/+ clusters (M = Pt, Pd; dppm = 

Pl^PCE^PPl^; as PF6- salt) exhibit a cavity formed by the 6 dppm-phenyl groups placed like a 

picket fence above the unsaturated triangular M3 dicationic center. Electrostatic interactions of 

the M3+ units inside this cavity with the carboxylate anion RCO2" (R = tetraphenylporphyrin 

zinc(II), ZnTPP; /?ara-phenyltritolylporphyrin zinc(II), ZnTTPP; para-phenyltritolylporphyrin 

palladium(il), PdTTPP), form dyads for through-space triplet energy transfers. The binding 

constants are in the order of 20000 M"1 in all 6 cases (298 K). The energy diagram built upon 

absorption and emission spectra at 298 and 77 K places the [Pt3(dppm)3(CO)]2+ and 

[Pd3(dppm)3(CO)] as triplet energy donors, respectively, with respect to the ZnTPPCCV, 

ZnTTPPCCV and PdTTPPCCV pigments which act as acceptors. Evidence for energy transfer 

is provided by the transient absorption spectra at 298 K where triplet-triplet absorption bands 

of the metalloporphyrin chromophores are depicted at all time (at 298 K) with total absence of 

charge separated state in the ns-us time scale. Rates for energy transfer (ranging in the 104 s"1 

time scale) are extracted from the emission lifetimes of the [Pt3(dppm)3(CO)]2+ donor in the 

free chromophore and the host-guest assemblies. The emission intensity of the 

[Pd3(dppm)3(CO)]2+ is too weak to measure its spectra and emission lifetime in the presence of 

the strongly luminescent metalloporphyrin-containing materials. For the 

[Pd3(dppm)3(CO)]2+-metalloporphyrin dyads, evidence for fluorescence and phosphorescence 

lifetime quenching of the porphyrin chromophore at 298 K, is provided. These quenching 

exhibiting rates of 104 (triplet) and l'O8 s"1 (singlet) are attributed to a photoinduced electron 

transfer from the metalloporphyrin to the cluster ought to the low reduction potential. 
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Introduction 

Through-space singlet energy transfers (ET(Si)) and energy derealization and 

migration (exciton) across the photosynthetic antennas of photosynthetic bacteria, algea and 

plants are the two basic non-radiative processes that secure a good constant excitation of the 

special pair in the reaction centre (RC).1,2 Recently, we investigated both the singlet ET(Si) 

and triplet energy transfers (ET(TO) in cofacial bisporphyrin dyads (Chart 1) where the donor 

and acceptor macrocycles are held together by a rigid spacer (except for DPOx, which is 

flexible). The rigidity of the spacers allows the bis-macrocycles to adopt a slipped dimer 

geometry keeping the transition moment perfectly parallel. Hence, these cofacial species can 

mimic the photophysical behaviour of one pair of bacteriochlorophylls a located inside the 9 

apoproteins of the light harvesting device II (LH II) of the photosynthetic membrane in the 

purple photosynthetic bacteria.1 

1 — ' ^ ^ t-Bl* 

DPB DPX DPA DPO DPS DPNH DPOx 

Chart 1 

Whereas ET(Si) operates via both Forster (most encountered) and Dexter 

mechanisms, 9 ET(Ti) usually proceeds via a Dexter's. The latter involves a double electron 

exchange (LUMO(donor) —* LUMO(acceptor) and HOMO(acceptor) —• HOMO(donor)), 

which requires close proximity of the donor and acceptor for better orbital overlap. One of the 

consequences is that the rate for ET(Tj), kET(Ti), is slower than the ET(Si). This was 

demonstrated in a recent literature survey where both kEr(Si) and kET(Ti) were compared. ° 

This paper also showed the relative low number of data available for kET(Ti). 
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One of the questions that now arises, to what extent through-space ET(Ti) can still 

operate in electrostatically held dyads in the triplet state since there are no other examples.10 

The separation between an energy donor and acceptor may be variable from one system to 

another, and so much is still to learn such as the effect of the separation vs the rate for energy 

transfer, particularly when the triplet state energy transfer is known to operate only via a 

double electron exchange mechanism (i.e. no Forster process). In line with the above 

comments, we now wish to report a study on through-space ET(Ti) operating in 

cluster(donor) —"02C-C6H4-(acceptor) dyads across electrostastic bridges composed of 

unsaturated organometallic clusters of the type M3(dppm)3(CO)2+ (M = Pt, Pd; donor) and 

metallo(H)tetraaryl-porphyrin carboxylates (acceptor) (Chart 2 and Figure 1). These clusters 

were chosen because of their structurally well-defined electrostatic ion pair adducts (the ligand 

enters the cavity with a 90° angle with respect to the M3 plane due to steric reasons; Figure 1), 

and their luminescence properties using these signals as probe for triplet energy transfer (see 

text below and references indicated). 

ONa* 

(I) ZnTPPC02Na 

Ph2P PPh2 

Ph 2 P-r M M r - P P h , 

C 

M3(dppm)3(CO)2+ 
(M = Pt, Pd) 

2+ 

(II) ZnTTPPC02Na 
(III) PdTTPPC02Na 

PdTPP 

Chart 2 
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[M}(cfppm)3(CO)]2+ M(<mp)-C02 

Figure 1. Top: Space filling model of the [M3(dppm)3(CO)]2+ (M = Pd, Pt) showing the cavity 

above the unsaturated face of the M3 center. The variable size of the cavity depends on the 

relative conformation of the dppm ligand. Bottom: Investigated photophysical processes 

occurring when the [M3(dppm)3(CO)]2+energy donor is anchored with one of the acceptors 

shown in Chart 2. 

Experimental 

Materials. The [M3(dppm)3(CO)]2+ clusters (as PF6~ salts) were prepared according to 

literature procedures.11 The sodium benzoate was available in our laboratory as (BDH) grade. 

The 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrinatozinc (II), 5-(4-carboxyphenyl)-

10,15,20-tritolyporphyrinpalladium(II) and -zinc(II) as well as tetra-phenylporphyrin-

palladium(II) (PdTPP) were synthesized according to literature.12 
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The carboxylate salts (ZnTPPC02Na (I), ZnTTPPC02Na (II), and PdTTPPC02Na 

(III); Chart 2). These materials were obtained by neutralization of the above corresponding 4-

carboxyphenyl porphyrin acids. The porphyrin-containing carboxylic acid (0.1 g) was reacted 

with large excess (3 g) of sodium carbonate in acetone for 48 hrs. The reaction mixture was 

poured into distilled water to dissolve the excess Na2C03. The resulting sodium salts were 

filtered and washed with slightly alkaline solution (aqueous Na2C03,pH~8). The removal of 

the carboxylic proton was confirmed by *H NMR. I. !H NMR (DMSO-de, ppm): S 7.79-7.81 

(m, 9 H, phenyl-Hm,p), 8.05 (d, 2H, COO", COO'-phenyl-H™, J = 7.93 Hz), 8.18 (d, 6H, 

phenyl-H0, J = 7.50 Hz),, 8.23 (d, 2H, COO", COO"-phenyl-Hm, / =. 7.79 Hz), 8.76 (m, 8H, J3-

pyrrole H). II. JH NMR (DMSO-d6, ppm): 5 2.67 (s, 9H, tolyl-CH3), 7.62 (d, 6H, phenyl-Hm, 

/ = 7.94 Hz), 8.08 (d, 2H, COO", COO-phenyl-Ho, / = 7.93 Hz), 8.20(d, 2H, COO", COO-

phenyl-Hm, J = 7.80 Hz), 8.10 (d, 6H, phenyl-H0, / = 7.91 Hz), 8.80 (m, 8H, ̂ -pyrrole H). III. 

*H NMR (DMSO-dg, ppm): 5 2.66 (s, 9H, tolyl-CH3), 7.62 (d, 6H, phenyl-Hm, / = 7.94 Hz), 

8.06 (d, 2H, COO", COO"-phenyl-H0, / = 7.93 Hz), 8.34 (d, 2H, COO", COO"-phenyl-Hm, J = 

7.93 Hz), 8.48 (d, 6H, phenyl-H0, / = 8.00 Hz), 8.78 (m, 8H, ̂ -pyrrole H). 

Spectroscopic measurements. The spectroscopic and photophysical measurements were 

carried out in 2MeTHF, which was distilled over calcium hydride under argon. For the 

[Pd3(dppm)3(CO)]2+ cluster, the absorption measurements associated with the binding constant 

evaluation were carried out in methanol as it was reported to give the largest difference in Xmax 

between the free cluster and host-guest assembly. 13 

Methodology. The binding constants (Kn) were measured according to methodology outlined 

in reference 13. The typical method used to measure the binding constant was as follow. Two 

different solutions (A and B) were prepared in methanol or 2MeTHF. Solution A contained 

the "free cavity" cluster as PF6" salt ([Pd3(dppm)3(CO)]2+ = 6.70 x 10"5 M, [Pt3(dppm)3(CO)]2+ 

= 5.85 x 10"5M). Solution B was prepared by mixing of the cluster with an exactly the same 

concentration used in solution A with an exactly equal concentration of the porphyrin 

carboxylate salt in order to achieve a 1:1 host-guest assembly. The spectroscopic changes 
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induced by solution A as the result of additions of constant volume (0.1 mL) of solution B, 

was monitored by measuring the absorption spectra after each addition. The competitive 

binding constants (Kn) were measured by plotting -1/AA vs l/[substrate] (Benesi-Hildebrand), 

where A A is the absorbance change upon the increase in substrate concentration. The substrate 

concentration was corrected based on the change of the total volume at each addition and these 

adjusted values were used for the plots. The ratios intercept/slope in this, plot gives Kn. As 

counter checks, the Kn values were also evaluated by using the Scatchard and Scott plots 

AA/[substrate] vs -AA, Kn = -slope (Scatchard); -[substrate]/AA vs [substrate], Kn = 

slope/intercept (Scott)) and are all found to be the same within the experimental uncertainties 

± 10%. The uncertainties are based on multiple measurements. 

Instruments. UV-visible spectra were recorded on a Varian Cary 300 spectrophotometer. The 

emission spectra were obtained using a double monochromator Fluorolog 2 instrument from 

Spex. The emission lifetimes were measured on a TimeMaster Model TM-3/2003 apparatus 

from PTI. The source was nitrogen laser with high-resolution dye laser (FWHM ~ 1400 ps) 

and the fluorescence lifetimes were obtained from deconvolution or distribution lifetimes 

analysis. The uncertainties were about 50-100 ps. The phosphorescence lifetimes were 

performed on a PTI LS-100 using a 1 [is tungsten-flash lamp (FWHM ~ 1 [is). The flash 

photolysis spectra and the transient lifetimes were measured with a Luzchem spectrometer 

using the 355 nm line of a YAG laser from Continuum (Serulite), and the 530 nm line'from 

OPO module pump by the same laser (FWHM =13 ns). 

Quantum yields. Measurements were performed in 2MeTHF at 77 K. Three different 

measurements (i.e. different solutions) were prepared for each photophysical datum (quantum 

yields and lifetimes). The sample and standard concentrations were adjusted to obtain an 

absorbance of 0.05 or less. This absorbance was adjusted to be the same as much as possible 

for the standard and the sample for a measurement. Each absorbance value was measured ten 

times for better accuracy in the measurements of the quantum yields. The reference used for 

quantum yield was TPP(Pd) (<£ = 0.14).14 
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Results and Discussion 

Absorption data. The frontier MOs of the M3(dppm)3C02+ clusters (M = Pd, Pt) (C3v 

point group) consist of an HOMO (aO that is mostly composed of M d orbitals with some pZ) 

and some C=0 n and a characters forming a weakly Pd-Pd bonding in the M3 plane and Pd-C 

antibonding.15,16 The HOMO-1 consists of degenerate orbitals (e), which are almost entirely 

composed of in-plane M d and p orbitals and are formally M-M bonding. The LUMO (a2) is 

composed of M in-plane d orbitals (dxy, dx2_y2) with some minor px and py contributions and 

some P p components (py, px), forming M-M and M-P antibonding (er*) MO. The two lowest 

energy electronic transitions are the symmetry forbidden ai —* a2, and the allowed and 

polarized in M3 plane e —*• &2 transitions. The latter leads to an intense band, for both M = Pd 
1 o 1 1 

and Pt. The lowest energy excited state were assigned to ' [ fa) fa)]*, which are analogue to 

the typical dado* ones for the dinuclear M-M bonded systems.17 

The [Pd3(dppm)3(CO)]2+ cluster in methanol,15b'18 exhibits a structureless absorption 

band at ~ 494 nm, (i.e. e —*• &2) at 298 K. In the presence of electron-donor guests, these anions 

coordinatively add to the unsaturated sites of the [Pd3(dppm)3(CO)]2+ cluster inside the cavity 

(a picture showing the cavity formed by the dppm-phenyl groups is given in Figure 1). This 

host-guest process is accompanied by spectroscopic changes in the UV-vis spectra with 

obvious isosbestic points.18 The binding constant, Kn, of a substrate inside the cavity is 

related to the charge, electron donating ability, size and hydrophobic properties of the 

substrates, which is consistent with the bifunctional recognition properties of the cluster cavity 
1 o 

(cationic metal center and hydrophobic pocket). The Â ax of absorption of this intense lowest 

energy band (e —> fy) of the [Pd3(dppm)3(CO)]2+ cluster (as PFV salt) blue-shifts from 494 to 

about 466 nm (the exact position depends on the substrate), in absence and presence of a guest 

molecule, respectively.15 

The spectroscopic changes in the absorption spectra upon the successive additions of 

three carboxylate-containing porphyrin solutions at constant concentration (I-III, Chart 1) to a 

[Pd3(dppm)3(CO)](PF6)2 solution (6.70 x 10"5 M) in methanol at 298 K is now presented. The 

presence of isosbectic points in the evolution of the UV-vis spectra indicating a 1:1 
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equilibrium between the free cluster (empty cavity) and host-guest assemblies are depicted 

(eq.l). 

methanol 

[Pd3(dppm)3(CO)]2++ substrate ^ "-^ [Pd3(dppm)3(CO)]2+---substrate (1) 

(where substrate = I, II, III). The spectroscopic changes accompanying the successive 

addition of ZnTPPC02Na (I) to a solution of [Pd3(dppm)3(C0)](PF6)2is shown in Figure 2 as 

an example. The addition of ZnTPPCOaNa (I), while keeping the concentration of 

[Pd3(dppm)3(CO)]2+ constant, induces a decrease of the absorption at Xmax of 492 nm (free 

cavity) while an increase of a new band at Xmax of 460 nm (filled cavity). 

400 450 500 550 600 650 700 

Wavelength(nm) 

Figure 2. UV-visible spectra for the addition of ZnTPPCC^Na (I) into a methanol solution of 

[Pd3(dppm)3(CO)]2+. [[Pd3(dppm)3(CO)]2+] = 6.70 x 10'5 M, curve a; (I) curve b = 0.42 x 10"5 

M; curves c-m obtained with successive additions of 0.67 x 10"5 M of (I). (The arrows indicate 

the direction of absorption change with the addition of guests). 

The formation of 1:1 host-guest complex (here I [Pd3(dppm)3(CO)]2+) was further 

demonstrated by examining the Benesi-Hildebrand, Scatchard and Scott plots.16'19 These plots 

exhibit straight lines with concentrations of guests constants varying from 0.42 to 2.84 x 10"5 

231 



M (SI). The extracted Kn values (Table 1) using the three methods, are almost the same, 

which is consistent with the 1:1 complex formation. 

Table 1. Kii values for M i l with [Pd3(dppm)3(CO)]2+ in MeOH at 298 Ka 

substrate 

ZnTPPC02" (I) 

ZnTTPPC02" (II) 

PdTTPPC02" (III) 

K n 

Benesi-Hildebrand 

22500 

18900 

20100 

(M"1) 

Scott 

19300 

17100 

18500 

Scatchard 

19000 

20300 

20200 
a The uncertainties are + 10 % based on multiple measurements. 

Very similar results are obtained for ZnTTPPCOf and PdTTPPC02~ with 

[Pd3(dppm)3(CO)r (SI). The same Kn constants are also found for all three complexes 

(I--[Pd3(dppm)3(CO)]2+, II--[Pd3(dppm)3(CO)]2+, III [Pd3(dppm)3(CO)]2+), which is 

consistent with the nature of the electrostatic interactions being the same (Pd3 •••• 

02C-R) as well as the steric hindrance for all three cases. 

The observed Kn values are higher (~ by factor of 2) than that reported for the 

sodium benzoate--[Pd3(dppm)3(CO)]2+ complex (10000 M"1).13 We tentatively explain this 

difference by a contribution of the high electron density of porphyrin inducing a high electron 

density at carboxylate center. This increase would result in stronger interactions with divalent 

cluster cation and hence increasing the binding constants. This hypothesis is based on our 

previous studies on various RC02 substrates where R varied (Me, Ph,...).13 

The [Pt3(dppm)3(CO)]2+ cluster behaves similarly. The addition of solutions 

containing the porphyrin anions into the cluster-containing solution resulted in the formation 

of a 1:1 complex as evidenced by the spectral changes, isosbestic points and data analysis. 

Indeed, spectroscopic changes in the UV-visible spectra of a [Pt3(dppm)3(CO)]2+ solution 

upon the addition of ZnTPPC02Na (I) are noticed (Figure 3). Despite the strong overlap 

between the a2 —* e band of the cluster and the Soret absorption of the porphyrin chromophore, 

monitoring is possible. The decrease of the shoulder absorption located at 445 nm (free 

232 



[Pt3(dppm)3(CO)]~+) was monitored (Figure 2), and hence extracting the binding constant. The 

band associated to the host-guest complex, which is expected to be blue-shifted in comparison 

with the free cluster, is hidden under the strong Soret band of the porphyrin (TPP) 

chromophore at ~420 nm. 

3 

2.5 

2 

1 

0.5 

0 

200 300 400 500 600 

Wavelength (nm) 

Figure 3. UV-visible spectra for the addition of ZnTPPC02Na (I) into a 2MeTHF solution of 

[Pt3(dppm)3(CO)]2+. [[Pt3(dppm)3(CO)]2+] = 5.85 x 10~5 M, curve a; (I) curve b = 0.79 x 10"5 

M; curves c-1 obtained with successive additions of 0.67 x 10"5 M of (I). (The arrows indicate 

the direction of absorption change with the addition of guests). 

The Kn values for the ZnTPPC02" (I) [Pt3(dppm)3(CO)]2+ pair was also extracted 

from the Benesi-Hildebrand, Scatchard and Scott plots (Table 2). Again, the plots (SI) exhibit 

straight lines consistent with the formation of a 1:1 complex formation.16'19 Moreover, the 

binding constants were also almost the same in all three methods. 
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Table 2. Kn values for I-III with [Pt3(dppm)3(CO)]2+ in 2MeTHF at 298 Ka 

substrate 

ZnTPPC02" (I) 

ZnTTPPCCV (II) 

PdTTPPCCV (III) 

Kn 

Benesi-Hildebrand 

21900 

19600 

17100 

(M-1) 

Scott 

25500 

20500 

18300 

Scatchard 

19900 

19300 

18400 

The uncertainties are + 10 % based on multiple measurements. 

The Kn values for all three cases of metalloporphyrin-containing substrates are very 

similar to those obtained for the [Pd3(dppm)3(CO)]2t pairs. All in all, the close similarity in 

Kn values reinforced that the interactions are driven by electrostatic interactions. 

In order to secure this conclusion, control experiments were performed. Sodium 

benzoate and PdTPP (Chart 2) were placed in the presence of [Pt3(dppm)3(CO)]2+. The 

spectrum recorded for sodium benzoate-[Pt3(dppm)3(CO)]2+ system (see Figures SI. 12 to SI. 

15) exhibit isosbestic points as expected consistent with the formation of a host-guest 

complex.18 The spectral changes are difficult to observe, where a shift of only ~ 2 nm is 

observed between the free [Pt3(dppm)3(CO)]2+ (Kma = 417 nm) and the host-guest complex 

( X ^ = 415 nm) (see Figures SI. 12 and SI. 13). The calculated Kn value (10100 M"1) using 

the same methodologies (Benesi-Hildebrand, Scatchard and Scott) agrees with the value 

reported for the case of sodium benzoate- [Pd3(dppm)3(CO)]2+, 10000 M"1.13 Moreover, the 

addition of PdTPP to [Pt3(dppm)3(CO)]2+ and [Pd3(dppm)3(CO)]2+ solutions did not lead to 

spectral changes (i.e. blue-shift of the a2 —> e band), except for linear mathematical additions 

of the intensity of the added component, nor to the formation of any isosbestic points (see 

Figures SI. 14 and SI. 15). Examination of the spectroscopic changes in both cases of the 

sodium benzoate and PdTPP, clearly demonstrates that the spectral changes observed in the 

absorption spectra of [Pt3(dppm)3(CO)]2+ and [Pd3(dppm)3(CO)]2+ are due to the interactions 

between the negatively charged carboxylate anion and the positive charge of the cluster. The 

size of the Kn data ( — 20000 M"1) indicates that the interactions are strong, but reversible.19 
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Photophysical measurements 

Previous work from our group illustrated that the host-guest interactions are still 

present in the excited states of the [M3(dppm)3(CO)]2+ clusters (M = Pd, Pt).15'20 Interestingly, 

the cluster cavity in the excited state is still hydrophobic but exhibits a larger size. Indeed, the 

cavity size in the ground state has a diameter of about 3 to 4 A, whereas in the excited state the 

antibonding nature of the LUMO makes the M-M and M-P bond distances longer than that of 

the ground state, which will result in increased cavity sizes. The hydrophobic nature and 

increased cavity size for the excited state would intuitively achieve better substrate-cluster 

interactions. 

The clusters exhibit emission bands at 755 nm and 655 nm for M = Pd and M = Pt, 

respectively, at 77 K (Figure 4) but are optically silent at 298 K. The photophysical 

measurements on the 1:1 host-guest complexes described above between ZnTPPCC^Na (I), 

ZnTTPPC02Na (II), and PdTTPPC02Na (III) and the [M3(dppm)3(CO)]2+ clusters, (M = Pd, 

Pt) were carried out in 2MeTHF both at 77 and 298 K, since I, II and III are emissive in both 

conditions. 

550 600 650 700 750 800 850 

Wavelength (nm) 

Figure 4. Emission of a) [Pt3(dppm)3(CO)]2+ alone (as PF6" salt), A^ = 450 nm; b) 

PdTTPPC02Na (III), X« = 515 nm; and c) [Pd3(dppm)3(CO)]2+ (as PF6" salt), A^ = 450 nm in 

2MeTHF at 77 K. The emission intensities were adjusted to fit in the frame. The emission 

band for [Pd3(dppm)3(CO)]2+ is in fact very weak (by at least 2 orders of magnitudes). 

Smoothing was applied in this case. 
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The 0-0 phosphorescence peak for PdTTPPC02Na (III) in 2MeTHF (for example) is 

observed at 690 nm at 77 K, whereas the 0-0 peaks for ZnTPPC02Na (I) and ZnTTPPC02Na 

(II) are found at 780 nm (see Figures SI. 16 and SI. 17). The exact position of the 0-0 peak of 

the clusters is not known, one can approximate their position by determining the position 

where the emission starts appearing on the high energy side (-600 and -700 nm for 

[Pt3(dppm)3(CO)]2+ and [Pd3(dppm)3(CO)]2+, respectively; Figure 4). The energy gap between 

these two latter values (2380 cm"1) appears reasonable in comparison with the energy gap 

measured at the maximum of the absorption bands of the two clusters (445 and 495 nm, 

respectively; 2270 cm"1). Using these values, an energy diagram can be constructed (Scheme 

1) and allow to predict that both clusters and the metalloporphyrins should act as energy 

donors and acceptors, respectively. 

[Pt3(dppm)3(CO)]2+ [Pd3(dppm)3(CO)]2+ PdTTPPC02~ ZnTPPC02" 

Scheme 1 

The only uncertainty is the relationship between the triplet state of [Pd3(dppm)3(CO)] + 

and PdTTPPCChNa (III) (Figure 4). Experimental evidence provided below demonstrates that 

the cluster is also donor in this pair. Moreover, in the presence of acetate and benzoate, the 

emission maxima of the [Pd3(dppm)3(CO)]2+ blue-shifts (modestly) by about 260 cm"1 (SI), 

whereas the emission band for [Pt3(dppm)3(CO)]2+ remains little affected in the presence of 
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the same substrates. All in all, the predicted role of the clusters as energy donor remains, as 

well as the uncertainty between [Pd3(dppm)3(CO)]2+ and PdTTPPC02Na (III). 

Host-guest interactions with [Pt3(dppm)3(CO)f+ (luminescence spectra). A typical 

experiment where the emission spectra of the cluster, the metalloporphyrin unit and the 1:1 

host-guest assembly are compared, is shown in Figure 4. The other two anionic 

metalloporphyrins ZnTPPC02Na (I), ZnTTPPC02Na (II), behave the same way and the 

corresponding experiments are provided in the SI. No significant spectroscopic changes were 

observed for the emission bands of the free metalloporphyrin carboxylate anions compared to 

the 1:1 assembly with [Pt3(dppm)3(CO)]2+. In all cases (Figure 5 (top) and Figures SI 16 and 

SI 17), both the free base porphyrin and the 1:1 assembly showed weak band at ~ 605 nm 

assigned to a 7tit* fluorescence of the metalloporphyrin chromophore. The signal is expectedly 

weak because of heavy atom effect induced by the Pd metal. Long-lived and intense emission 

bands are observed in the range of 650-850 nm and are assigned to be the % % * 

phosphorescence of the metalloporphyrin chromophore.14'21 

No spectroscopic changes in band shape and intensity (keeping the concentrations the 

same) is observed for the metalloporphyrin emission in the 1:1 complexes. On the other hand, 

the 650 nm emission intensity of [Pt3(dppm)3(CO)]2+ is largely decreased in the 1:1 mixture 

where a weak shoulder at ~650 nm (i.e. emission of the [Pt3(dppm)3(CO)]2+ cluster) is barely 

noticeable. The two other complexes (with I and II) are provided in the SI (see Figures SI 16 

and SI 17). The corresponding spectra recorded at 298 K exhibit a similar behavior and the 

spectra are also given in the SI (see Figures SI 18-SI 20). The excitation spectra of the 

PdTTPPC02Na (III)---[Pt3(dppm)3(C0)]2+ at 77 K in 2MeTHF monitored at 820 nm where 

the cluster emission is no longer apparent but the phosphorescence of the metalloporphyrin is 

still observable exhibit all the absorption features belonging to both chromophores (Figure 5 , 

bottom). This result indicates that the observation of metallophosphorescence arises from both 

the macrocycle itself and the cluster meaning mat triplet energy transfer from the cluster to the 

metalloporphyrin takes place. The two other [Pt3(dppm)3(CO)]2+-containing assemblies (I and 

II) exhibit the same behavior (see Figures SI. 31 and SI. 32). 
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lPdTTPPC02-[Pt3(dppm)3CO]2* 
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Wavelength(nm) 

800 850 

.30 
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20 
x 
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PdTTPPCO"2 •••• [Pt3(dppm)3CO]2+ 

1:1 assembly 
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—excitation at 820 nm 

450 500 

Wavelength (nm) 
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2+ 

600 

Figure 5. Top: Emission spectra of a) [Pt3(dppm)3(CO)], b) PdTTPPC02Na (III), c) 1:1 
i 2+ 

PdTTPPC02Na (III)----[Pt3(dppm)3(CO)r+ in 2MeTHF at 77 K excited at 450 nm. 
i 2+ 

[PdTTPPC02] = [[Pt3(dppm)3(CO)]"+] = 6 x 10"3 M in all cases. Bottom: Comparison of the 

absorption (black) and excitation (red) spectra of the PdTTPPC02" 

assembly at 77 K in 2MeTHF, monitored at 820 nm. 

[Pt3(dppm)3(CO)] 2+ 

The time-resolved spectra in the (is time scale for the 1:1 PdTTPPCCV / 

[Pt3(dppm)3(CO)]2+mixture (Figure 6), exhibit emissions from both the cluster and the 

porphyrin chromophore. Both emissions are readily observed but the 650 nm band (due to the 

cluster emission) relaxes more quickly than that for the porphyrin macrocycle. In comparison 
9-1-

with the free [Pt3(dppm)3(CO)] , the cluster emission in the host-guest assembly decays faster, 
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whereas the metalloporphyrin chromophore exhibits the same rates of decay. These 

observations support the presence of a triplet energy transfer from the [Pt3(dppm)3(CO)]2+ to 

the PdTTPPCCV unit in the assembly. 

1.5 

1.2 
t 
,0, 

«" 0.9 
b 

|.0.6 
'in 
5 
10.3 

0 

550 600 650 700 750 300 850 

Wavelength (nm) 

Figure 6. Time-resolved emission spectra for 1:1 PdTTPPC02(IH)- • [Pt3(dppm)3(C0)]2+ 

assembly in 2MeTHF at 77 K excited at 450 nm. [PdTTPPC02 ] = [[Pt3(dppm)3(CO)]2+] = 6 x 

10 "5 M. Time windows: 5- 50, 10- 50, 20-50, and 30-50 us for a, b, c, and d, respectively. 

The two other assemblies (with I and II) behave the same way (see Figures SI 21 and SI 22) 

where the 650 nm (cluster emission) decreases faster than of the 700 and 800 nm 

phosphorescence signals of the two other metalloporphyrins. 

Transient absorption. The recorded transient absorption spectra of PdTTPPC02Na (i.e. triplet-

triplet absorption) and 1:1 PdTTPPC02Na (III) / [Pt3(dppm)3(CO)]2+ mixture in 2MeTHF at 

298 K (Figure 7) exhibit a broad signal centered at ~ 500 nm. The two signals are essentially 

the same but the transient absorption undergoes some blue-shift (~ 5 nm) resembling the 

effect of the host-guest behavior on the absorption spectra. The blue-shift is most likely due to 

host-guest interactions. 

239 

4:1PdTTPPC02-[Pt3(dppm)^CO] 2+ 



Wavelength (nm) 

Figure 7. Transient absorption spectra of a) PdTTPPC02Na (III), and b) 1:1 PdTTPPCCV 

• •••[Pt3(dppm)3(CO)]2+. [PdTTPPC02] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K. (Spectra measured at different delay times and ^ = 355 nm). 

This 500 nm band for the uncomplexed porphyrin is due to triplet-triplet absorption. Because 

the band shape is the same in the assembly and in the free metalloporphyrin, the signal is 

confidently assigned to triplet-triplet absorption as well. 

The reported triplet-triplet absorption for Zn-tetraphenylporphyrin (ZnTPP) exhibits 

transient bands at 470 nm and for PdTPP at 450 nm, agreeing with the assignment.21 On the 

other hand, a very broad transient absorption band in the 600-1100 nm region are reported for 

the corresponding radical cation.21 However, due to the very large signal generally seen for the 

radical cation, it would not be reasonable to totally preclude its existence. However, because 

the fluorescence and phosphorescence lifetimes for three metalloporphyrin remain the same in 

the uncomplexed species and in the assemblies (see below), no quenching by electron transfer 

of these species occurs. The recorded spectra given in Figure 7 compare favorably to those 

previously reported for metalloporphyrins while showing clear differences with the reported 

spectra of the porphyrin radical cation. All in all, this means that there is no or a very slow 

electron transfer process occurring (knowing that the charge separated state would generate 

species absorbing at a different place and with a different band shape). Scheme 2 shows the 

energy diagram for the [Pt3(dppm)3(CO)]2+ PdTTPPCCV assembly (as an example) 

describing the energy transfer. The transient absorption data are available in Table 3. 
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[Pt3(dppm)3(CO)]2+ PdTTPPC02" 

Scheme 2 

Table 3. Transient (triplet-triplet) absorption lifetimes of the metalloporphyrin species in the 

free molecules and 1:1 host-guest assemblies of [Pt3(dppm)3 (CO)]2+ •••"O2CR assemblies 

measured in 2MeTHF at 298 K in presence and absence of O2. 

Substrate x (fxs) 

Substrate alone 1:1 

[Pt3(dppm)3(CO)]2+-•-substrate 

Without In presence Without In presence 

0 2 of 02(air) 0 2 of 0 2 (air) 

ZnTPPC02" (I) 145~ 5 148 6 

ZnTTPPC02" (II) 137 4 141 5 

PdTTPPCOz" (III) 220 2 227 3 
a The uncertainties are + 7 % based on multiple measurements 

The transient absorption was measured in presence and absence of 0 2 and the obtained spectra 

are given in the supporting information (Figure SI 23-27). The transient lifetime was measured 

in absence and presence of 0 2 and the obtained lifetime are listed in Table 3. The observed 

decrease in the lifetime clearly supporting the interpretation of the obtained signal to the 

transient porphyrin triplet state. 
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No triplet-triplet absorption spectra was observed for the [Pt3(dppm)3(CO)]2+ alone, 

presumably because its triplet lifetime was too short at 298 K (i.e. < 13ns). 

Emission lifetime and energy transfers. The change in emission lifetimes of the 

[Pt3(dppm)3(CO)]2+ cluster upon the additions of porphyrin substrate as well as that of the free 

metalloporphyrins and their corresponding 1:1 assemblies with [Pt3(dppm)3(CO)]2+ are listed 

in Tables 4 and 5. 

i 2+ Table 4. Emission lifetimes of [Pt3(dppm)3(CO)]z+ and its 1:1 assemblies in 2MeTHF at 77 K 

(Xem = 640 nm). 

Xe(US) 

[Pt3(dppm)3CO] 
2+a 

2+ 
[Pt3(dppm)3(CO)] 

[Pt3(dppm)3(CO)]2+ 

[Pt3(dppm)3(CO)]2+ 

[Pt3(dppm)3(CO)] 2+ 

PhC02"(Na+ salt) 

ZnTPPC02" 

ZnTTPPC02" 

PdTTPPC02" 

12.63 ± p.07 

12.40 ± 0.05 

9.57 + 0.04 

10.30 + 0.03 

11.80 + 0.08 

kEtCs'1) 

no transfer 

2.4 x 104 

2.1 x 104 

0.6 x 104 

The Op for this compound was found to be 0.073 + 10 % 
b All the emission decay traces are monoexponential. 
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The emission lifetimes for [Pt3(dppm)3(CO)]2+ and [Pt3(dppm)3(CO)]2+--""02CPh assembly in 

2MeTHF at 77 K are practically identical (Table 4) consistent with the absence of triplet 

energy transfer. On the other hand, the emission lifetimes of the [Pt3(dppm)3(CO)]2+- I, II 

and ••••III assemblies are shorter than that for the cluster alone indicating obvious interactions 

from the Pt3 center to the metalloporphyrin chromophore. The decrease in emission lifetime is 

due to triplet energy transfer and the kET values are extracted from equation 2: 10 

f 
It — 

1 1 
>* 

K*e 'e J 
(2) 

where, T° is the emission lifetime for the free donor (i.e. [Pt3(dppm)3(CO)]2+) where no energy 

transfer takes place and ze is the emission lifetime of the donor in the dyad (the 1:1 

assemblies). The kET values are in the 104 s"1 range (Table 4) which can be described to be on 

the slow side in comparison with other assemblies of polyporphyrines.10 This is consistent 

with the through-space process where orbital overlaps are more difficult. The comparison 

with other cofacial systems, where through-space triplet energy transfer also take place,7'8 is 

made in Scheme 3. 
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M = Zn;R = H;kET = 2.4x104s"1 

M = Zn;R = Me;kET = 2.1x10V1 

M = Pd; R = Me; kET = 0.6 x 104s"1 

M = Pt;kET = 2.2x10V1 M = Pt; kET = 0.8 x 10V1 

Scheme 3 

The electrostatic assemblies reported here exhibit ICET about one order of magnitude 

larger than the cofacial systems. The average Pd"'0 distance between the related assemblies 

[Pd3(dppm)3(CO]2+ "02CCF3 is -2.7A.13 Assuming that this distance is transferable to 

the assemblies studied here (since the Pd and Pt atoms exhibit about the same covalent and 

van der Waals radii), the anticipated donor-acceptor separations in these dyads are shorter than 

that found for Cmeso- • -Cmeso of the diphenylene (3.80 A) and the xanthene spacer systems (4.32 

A),6 and so they predict slower rates (as observed).10 The comparison is crude since the 

[Pt3(dppm)3(CO)]2+"--"02CR assemblies are not cofacial but the observed rates are still 

considered logical with the amplitude of the donor-acceptor separations. The through-bond 

process is generally found faster than the through-space one.10 Scheme 3 shows a related 
o 

example containing a cofacial dyad held by a Rh-Sn single bond (~2.6 A). The observed rates 

10V1<kET<2.2x108s' 
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range between 106 to 2.2 x 108 s"1,7 much faster than the other operating via a through-space 

mechanism. The rates in the cluster assemblies make sense. 

Interactions with [Pd3(dppm)3(CO)f+ (luminescence spectra). [Pd3(dppm)3(CO)]2+ is 

predicted to be a triplet energy donor with respect to both ZnTPPCOaNa, I, and 

ZnTTPPC02Na, II (Scheme l). In the [Pd3(dppm)3(CO)]2+• • • PdTTPPC02Na case, this is 

uncertain from the Figure 4 only. Evidence that this cluster also act as a triplet energy donor is 

provided below. 

The emission spectra of PdTTPPCOaNa (as an example) and its corresponding 1:1 

assembly with [Pd3(dppm)3(CO)]2+ in 2MeTHF at 77 K are shown in Figure 8. The other two 

anionic porphyrins (ZnTPPC02Na, I; ZnTTPPCC^Na, II) behave the same way and are placed 

in the SI (see Figures SI 24 and SI 25). Both the uncomplexed metalloporphyrin and the 1:1 

aggregates show the expected band at ~605 nm, associated with a weak %%* fluorescence for 

PdTTPPCOi" chromophore, and a long-lived porphyrin-localized %%* phosphorescence in the 

650-850 nm range.1 ' No significant changes are observed in the emissions band shape of the 

free porphyrin chromophore compared to the 1:1 assembly, except that we find that the 

emission intensity is lower in the assembly. 

One major difference is however noted for three possible assemblies with the 

[Pd3(dppm)3(CO)]2+ cluster. The excitation spectra does superpose the absorption ones 
9-4-' 

perfectly, particularly for the band due to the [Pd3(dppm)3(CO)] cluster which appears to be 

almost totally absent from the excitation spectra. We used two different emission wavelengths 

at 650 and 820 nm. These wavelengths were selected because they are situated on the high and 

low energy sides of the [Pd3(dppm)3(CO)] cluster emission, respectively, and within the 

fluorescence and phosphorescence bands of the metalloporphyrins and for comparison 

purposes. Because the phosphorescence intensity of the Zn-containing chromophores is weak, 

the measurements of the excitation spectra monitored at 820 nm lead to lesser quality spectra 

even using multiscans. Nonetheless, the absence (or the weakness) of the excitation signal 

associated to the cluster component indicates that excitation in the cluster band does not 

contributes efficiently to the metalloporphyrin emission in the dyad complexes. Hence this 

result demonstrates the absence of efficient triplet energy transfers. A demonstration that 

247 



energy transfer is still operating, the [Pd3(dppm)3(CO)] • • PdTTPPCCV assembly was 

investigated using 685 nm as monitoring wavelength where the phosphorescence is very 

intense (but not the cluster), hence improving the quality of the signal. Indeed, two weak 

features between 450 and 500 nm attributable to the cluster are observed (Figure 8) in the 

excitation spectra of this assembly. Again the intensity is weak meaning that the transfer is not 

efficient but is clearly present (Scheme 4). So, the [Pd3(dppm)3(CO)]2+ cluster and the 

PdTTPPCCV act as a triplet energy donor and acceptor, respectively. Based on this conclusion, 

one can also reasonably state that triplet energy transfer in the two other [Pd3(dppm)3(CO)] 

cluster assemblies must also occur (Scheme 4). 

2+ 

i 2 + [Pd3(dppm)3(CO)r ZnTPPC02 

Scheme 4 
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8. 
o 

5 0 

rb—1:1 
" PdTTPPCOj [Pd3(dppm)3COP* 

a-PdTTPPCC^Na 

650 700 750 
Wavelength (nm) 

800 850 

PdTTPPCO£....[Pd3(dppm)3CO]2+ 

1:1 assembly 

excitation at 685 nm 

abs 

SOO 
Wavelength (nm) 

550 600 

Figure 8. Top: Phosphorescence spectra of a) PdTTPPC02Na (III), b) 1:1 PdTTPPC02" 

(III)---- [Pd3(dppm)3(CO)]2+ in 2MeTHF at 77 K excited at 515 nm. At this wavelength, both 

the cluster and the porphyrin chromophores are excited (see Figure 1). [PdTTPPC02~] = 

[[Pd3(dppm)3(CO)]2+] = 2 x 10 "5 M. Insert: identical but this is the fluorescence. The spectra 

.are adjusted so that their intensity would match. There is no evidence for [Pd3(dppm)3(CO)]2+ 

emission as it is weak in comparison with the metalloporphyrin. Bottom: Comparison of the 

absorption (black) and excitation (red) spectra of the PdTTPPC02"-•••[Pd3(dppm)3(CO)]2+ 

assembly at 77 K in 2MeTHF, monitored at 685 nm. 

The emission spectra at 298 K behave the same way as those at 77 K and are placed in 

the SI (see Figures SI 26-SI 28). The emission band located at ~ 750 nm for the 

[Pd3(dppm)3(CO)]*" cluster is not observed because of its relative very weak intensity. In an 

attempt to discriminate this band from the assembly, time-resolved spectra for the 

PdTTPPCCh • • • [Pd3(dppm)3(CO)]2+ assembly were studied (Figure 9). Despite several 
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attempts, the search was unfruitful suggesting that emission is far too weak and short-lived to 

be found in comparison with the much stronger phosphorescence signal of the 

metalloporphyrin chromophores, or is totally quenched. 

a . 3 

o 

x - 2 r 

I. 

1:1 PdTTPPCOi...[Pd3(dppm)3CO]2+ 

a— 5-50JAS 

b— 10-50HS 

650 700 750 

Wavelength (nm) 

800 850 

2+ Figure 9. Time-resolved emission spectra of the 1:1 PdTTPPC02~---[Pd3(dppm)3(CO)] 

assembly in 2MeTHF at 77 K excited at 450 nm. [PdTTPPC021 = [[Pt3(dppm)3(CO)]2+] = 6 x 

10 "5 M. Time windows: 5-50, 10-50, 20-50, and 30-50 \is for a, b, c, and d, respectively. 

The Xp values of the metalloporphyrin chromophores at 77 K remain, at first glance, little 

affected in the [Pd3(dppm)3(CO)]2+- -C^CR assemblies (Table 6) but in absolute value (i.e. 

excluding the uncertainties), a small decrease is noted, meaning quenching. Similarly, the 

phosphorescence lifetimes decrease by a factor of 2 to 3 in the host-guest assemblies 

2+ contrasting with the [Pt3(dppm)3(CO)] •••"02CR systems (Mil) 
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A comparison of the data in Table 5 and Table 6 shows clearly the trend. If we consider 

these changes in Xp values as a quenching process of the.metalloporphyrin chromophore by the 

cluster, then quenching rates (ICQ) extracted the same way as equation 2 (kET is replaced by kq) 

are found to be in the order of lC^-lO2 s"1 for all three cases. These values are clearly slow. An 

element for the assignment for this slow quenching, which is absent in the Pt3-containing 

cluster assemblies, is found in the 298 K data. Indeed, the TP values of PdTTPPC02" in 

2MeTHF at 298 K going from the uncomplexed compound PdTTPPCOf to the electrostatic 

dyad [Pd3(dppm)3(CO)]2+- -02CPdTTPP also decreases but the kQ is in the order of 0.70 x 

104 s"1, which is slow but faster than that measured at 77 K. This key information (i.e. kQ faster 

at 298 K with respect to ICQ at 77 K) allows one to suspect that an electron transfer process 

going from the metalloporphyrin center to the [Pd3(dppm)3(CO)]2+ cluster takes place. 
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Transient absorption. The transient spectra of the metalloporphyrins exhibit the same 

transient triplet-triplet absorption band (see PdTTPPC02Na (III) and its 1:1 host-guest 

complex with [Pd3(dppm)3(CO)]2+ in 2MeTHF at 298 K in Figure 10) meaning that despite 

quenching some residual species are still present. The corresponding transient spectra for 

ZnTPPC02Na (I) and ZnTTPPC02Na (II) in presence and absence of 0 2 are available in the 

SI (see Figure SI 33-37). The triplet-triplet spectra for the studied porphyrins and their 1:1 

host-guest assemblies with [Pd3(dppm)s(CO)]2+ are almost the same and superpose that 

reported for the other porphyrins and that presented in Figure 7 for the 

[Pt3(dppm)3(CO)]2+---I, •••II, and •••III assemblies. The presence of this triplet-triplet 

absorption band does not preclude electron transfer. This transfer can simply turn out to be 

slow. However, the intensity of this band is quenched as well as the ZnTPPC02Na (I) system 

(SI), which make no sense in an energy transfer model as suggested in Scheme 1. Because 

ZnTPPC02 (I) and ZnTTPPCCV (II) are not phosphorescent at 298 K (Table 6), the triplet 

state lifetimes are measured from the transient spectra (Table 7). 

-0.02 

0.025 V 

0.015 

0.005 h 

-0.0054wl 

Wavelength (nm) 

(b)PdTTPPC05--[Pd3(dppm)3COp 
1:1 

—1.6-8H8 
—11-21MS 
— 24-42 H» 
—45 - 815ns 

Figure 10. Transient absorption spectra of a) PdTTPPC02Na (III), andb) 1:1 PdTTPPC02 • ••• 

[Pd3(dppm)3(CO)]2+, [PdTTPPCCV] = [[Pd3(dppm)3(CO)]2+] = 2 x 10 "5 M, in 2MeTHF at 

298K. (Spectra measured at a different delay time and lcX = 355 nm) (x = an artifact signal). 
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Table 7. Transient (triplet-triplet) absorption lifetimes for 1:1 host-guest assemblies of 

[Pd3(dppm)3(CO)]2+-""02CR assemblies measured in 2MeTHF at 298 K in presence and 

absence of 02 . 

TTiCfis) 

Substrate 1:1 koCs"1) 

substrate alone [Pd3(dppm)3(CO)]2+-• • substrate 

Without In presence Without In presence of 

0 2 of 02.(aif) 0 2 02(air) 

ZnTPPC02" (I) 145" 5 ~~ 67 3 0.80 x 104 

ZnTTPPC02" (II) 137 4 55 3 1.09 x 104 

PdTTPPC02(III) 220 2 93 2 0.62 x 104 

a the uncertainties are + 5 % based on multiple measurements 

The kQ values determined from the emission and transient lifetimes for the PdTTPPC02" 

• •••[Pd3(dppm)3(CO)]2+ assembly are the same (considering the uncertainties), and overall 

these kQ values for the three assemblies range from 0.6 x 104 to 1.1 x 104 s'1. Knowing that 

electron transfers are slow at low temperatures because of the large solvent re-organization 

energy and faster at warmer temperatures for the same reason, we propose that a slow photo-

induced electron transfer from the metalloporphyrins to the clusters occurs. Indeed, the 

[Pd3(dppm)3(CO)]2+ cluster in THF is easily reduced at 0.40 V vs SCE.22 On the other hand, 

zinc(porphyrins) in various solvents are oxidized with potentials of E0/+1 > +0.6 V vs SCE).23 

Based on Figure 2, the 0-0 peak of the Q absorption band would be around 590 nm (i.e. 17200 

cm'1; -2.1 eV). So the driving force for photo-induced electron transfer would be at least < 1.5 

V vs SCE ^(metalloporphyrin)* —• (metallo-porphyrin)4"), which is large enough to reduce 

[Pd3(dppm)3(CO)]2+. As for the reported energy transfer, the rate for electron transfer is 

expected to be slow due to the through-space process. Indeed, by taking the 298 K XF data in 

Table 6, rates in the order 6 x 108 to 9 x 108 s"1 are calculated using the equation 2, where kET 

is replaced by kQ. These values lies on the slow side for electron transfers but are right in the 

range for supramolecular assemblies.1 The question is why we do not see any evidence for 
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charge separated state in the transient absorption spectra. By examining the reported spectra in 

reference 21, again the transient spectra spread over 600 to 1100 nm. With the narrower 

triplet-triplet absorption peak, it is possible that this feature is buried under the former. No 

electrochemical data for the corresponding [Pt3(dppm)3(CO)]2+ are reported so far. Based on 

the lack of quenching of the reported metalloporphyrins, it is reasonably anticipated that the 

reduction potential may be higher than that of the [Pd3(dppm)3(GO)]2+ cation. 

Final comments 

This work reports triplet energy transfers in [M3(dppm)3(CO)]2+-containing assemblies 

held via strong electrostatic interactions, here between an unsaturated organometallic cluster 

cation and carboxylate functionalized metalloporphyrins. The rates of transfers are in the 104 

s"1 for [Pt3(dppm)3(CO)]2+. For [Pd3(dppm)3(CO)]2+, no rate could be measured due to the very 

weak intensity of its emission. Knowing that triplet energy transfer operates according to a 

double electron transfer mechanism (Dexter mechanism), then a single photo-induced electron 
9-4-

transfer should be also possible. In this same sense, the [Pd3(dppm)3(CO)] cluster exhibits 

two 1-electron low-potential reduction processes ([Pd3(dppm)3(CO)]2+ + le" ' ±? 

[Pd3(dppm)3(eO)]+ and [Pd3(dppm)3(CO)]+ + le" i ; [Pd3(dppm)3(CO)]0),22 and the reported 

data in this work strongly suggested this was indeed the case. Future work in this area is in 

progress. 
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Supporting Information. UV-visible spectra for the electrostatic interactions of both 

ZnTTPPC02~ and PdTTPPC02" with [M3(dppm)3(CO)]2+, (M = Pd and Pt), and the 

corresponding plots used for the Kn calculations (Benesi-Hildebrand, Scatchard and Scott). 

The emission of the 1:1. assemblies of ZnTPPC02" and ZnTTPPC02" with [M3(dppm)3(CO)]2+, 
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(M = Pd and Pt) in 2MeTHF at 77 K, as well as the emission spectra for all the three 1:1 

assemblies for ZnTPPC02 •••, ZnTTPPC02 •••, and PdTTPPC02"--- [M3(dppm)3(CO)]2+ (M = 

Pd and Pt) in 2MeTHF studied at 298 K. The time-resolved spectra of the 1:1 ZnTPPC02 ••• 

and ZnTTPPC02^--[Pt3(dppm)3(CO)]2+assemblies. The triplet-triplet absorption spectra for 

the 1:1 ZnTPPC02\..[Pt3(dppm)3(CO)]2+, and ...[Pd3(dppm)3(CO)]2+assemblies, corrected 

emission spectra of the Pd3(dppm)3(CO)2+ in 2MeTHF at 77 K in the absence and in the 

presence of acetate and benzoate, and comparison of the absorption and excitation spectra of 

all of the assemblies at 77 K in 2MeTHF. 
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Synopsis 

[M3(cfppm)3(CO)]2+ M(T<FP)-C02 

The unsaturated [M3(dppm)3(CO)2+] clusters (M = Pt, Pd) act as triplet energy donors towards 

tetraphenylporphyrin zinc(II) carboxylate, para-phenyltritolylporphyrin zinc(II) and -

palladium(II) carboxylate in electrostatic assemblies at 298 and 77 K in 2MeTHF. Driven by 

M3
2+—-O2C interactions inside the cavity of the clusters, the binding constants measured at 

298 K by UV-visible spectroscopy are similar and are in the order of 20000 M l . For 

[Pt3(dppm)3(CO)2+], the rates of triplet energy transfer measured from the change in emission 

lifetime from the free cluster to the 1:1 associated cluster, are in the (0.6-2.4) x 104 s"1. 
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Figure SI. 1. Benesi-Hildebrand [a], Scatchard [b], and Scott plots [c] for the 1:1 formation of 

the Pd3(dppm)3(CO)] 2+ ZnTPPC02 assembly. 
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Figure SI. 2. UV-visible spectra for the addition of ZnTTPPC02Na (II) into a methanol 

solution of [Pd3(dppm)3(CO)]2+. [[Pd3(dppm)3(CO)]2+] = 6.70 x 10"5 M, curve a; (II) curve b = 

0.39 x 10"5 M; curves c-1 obtained with successive additions of 0.63 x 10"5 M of (II). (The 

arrows indicate the direction of absorption change with the addition of the guests). 
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Figure SI. 3. Benesi-Hildebrand [a], Scatchard [b], and Scott plots [c] for the 1:1 formation of 

the [Pd3(dppm)3(CO)] 2+ ZnTTPPCCV assembly. 
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Figure SI. 4. UV-visible spectra for the addition of PdTTPPC02Na (III) into a methanol 

solution of [Pd3(dppm)3(CO)]2+. [Pd3(dppm)3(CO)]2+ = 6.70 x 10"5 M, curve a; (III) curve b = 

0.38 x 10"5 M; curves c-m obtained with successive addition of 0.60 xlO"5 M of (III). (The 

arrows indicate the direction of absorption change with change of the concentration). 
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Figure SI. 5. Benesi-Hildebrand [a], Scatchard [b], and Scott plots [c] for the 1:1 formation of 

the Pd3(dppm)3(CO)]2+ PdTTPPC02" assembly. 
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Figure SI. 7. UV-visible spectra for the addition of ZnTTPPC02Na (II) into a 2MeTHF 

solution of [Pt3(dppm)3(CO)]2+. [Pt3(dppm)3(CO)]2+ = 5.85 x 10"5 M, curve a; (II) curve b = 

0.42 x 10"5 M; curves c-m obtained with successive additions of 0.77 x 10"5 M of (II). (The 

arrows indicate the direction of absorption change with change of the concentration). 
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Figure SI. 9. UV-visible spectra for the addition of PdTTPPC02Na (III) into a 2MeTHF 
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Figure SI. 13. UV-visible spectra for the addition of PdTPP into a 2MeTHF solution of 

[Pt3(dppm)3(CO)]2+. [[Pt3(dppm)3(CO)]2+] = 7 x 10"5 M; [PdTPP] = 0.0, 0.3, 0.6, 0.9, 1.2, and 

1.5 x 10"5 M; for a, b, c, d, e, and f, respectively. 
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Figure SI. 14. UV-visible spectra for the addition of PdTPP into a 2MeTHF solution of 

[Pd3(dppm)3(CO)]2+. [[Pd3(dppm)3(CO)]2+] = 5 x 10"5 M; [PdTPP] = 0.0, 0.4, 0.8, 1.2, 1.6, and 

2.0 x 10'5 M; for a, b, c, d, e, and f, respectively. 
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Figure SI. 23. Transient absorption spectra of a) ZnTTPPC02Na (II), and b) 1:1 ZnTTPPC02 

•••[Pt3(dppm)3(CO)]2+, [ZnTTPPC02] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF ai 

298 K. (Spectra measured at different delay time and XeX = 355 nm). 
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Figure SI. 24. Transient absorption spectra of a) ZnTPPC02Na (I), and b) 1:1 ZnTPPC02 

• ••[Pt3(dppm)3(CO)]2+, [ZnTPPCCV] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K in presence of O2. (Spectra measured at different delay time and A,ex = 355 nm). 
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Figure SI. 25. Transient absorption spectra of a) ZnTTPPC02Na (II), and b) 1:1 ZnTTPPC02" 

• •[Pt3(dppm)3(CO)]2+, [ZnTTPPCCV] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K in presence of O2. (Spectra measured at different delay time and Xex = 355 nm). 
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Figure SI. 26. Transient absorption spectra of a) PdTTPPC02Na (HI), and b) 1:1 

PdTTPPC02 •••[Pt3(dppm)3(CO)]2+, [PdTTPPC02] = [[Pt3(dppm)3(CO)]2+] = 6 x 10 5 M, in 

2MeTHF at 298 K in presence of O2. (Spectra measured at different delay time and XeX = 355 

nm). 
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Figure SI. 27. Emission spectra of a) ZnTPPC02Na (I), b) 1:1 ZnTPPC02--

[Pd3(dppm)3(CO)]2+ in 2MeTHF at 77 K excited at 515 nm. At this wavelength, both the 

clus-ter and the porphyrin chromophores are excited. [ZnTPPCCV] = [[Pd3(dppm)3(CO)]2+] = 2 

x l0" 5 M. 
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Figure SI. 28. Emission spectra of a) ZnTTPPC02Na (II), b) 1:1 ZnTTPPC02 - • • • 

[Pd3(dppm)3(CO)]2+ in 2MeTHF at 77 K excited at 515 nm. At this wavelength, both the 

cluster and the porphyrin chromophores are excited. [ZnTTPPC02] = [[Pd3(dppm)3(CO)]2+] = 

2 x l 0 " 5 M . 

287 



1.2 
-ST 
Q. 
^ 1 I-

(O 

b 
*T).8 r 

g).6 • 
0) 

.4 h 

o 
§)-2 h 
8 

0 
550 600 

a—ZnTPPC02Na 

b —1:1 

ZnTPPCO^- •[Pd3(dppm)3COp+ 

650 700 

Wavelength (nm) 

750 800 

Figure SI. 29. Emission spectra of a) ZnTPPC02Na (I), b) 1:1 ZnTPPC02 

,2+ 
••••[Pd3(dppm)3(CO)]z+ in 2MeTHF at 298 K excited at 515 nm. [ZnTPPC02] = 

[[Pd3(dppm)3CO]2+] = 2x 10 5 M. 
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Figure SI. 30. Emission spectra of a) ZnTTPPC02Na (II), b) 1:1 ZnTTPPC02" 

[Pd3(dppm)3CO]2+ in 2MeTHF at 298 K excited at 515 nm. [ZnTTPPC02Na] 

[[Pd3(dppm)3CO]2+] = 2 x 10 "5 M. 
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Figure SI. 31. Emission spectra of a) PdTTPPC02Na(ni), b) 1:1 PdTTPPG02 

i 2+ [Pd3(dppm)3(CO)r in 2MeTHF at 298 K excited at 520 nm. [PdTTPPC02] = 

[[Pd3(dppm)3(CQ)]2+] = 2 x 10 "5 M. 
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Figure SI. 32. Transient absorption spectra of a) ZnTPPC02Na (I), and b) 1:1 ZnTPPC02" 

• ••[Pd3(dppm)3(CO)]2+, [ZnTPPC02] = [[Pt3(dppm)3(CO)]2+] = 6.x 10 "5 M, in 2MeTHF at 

298 K. (Spectra measured at different delay time and XeX = 355 nm). 
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Figure SI. 33. Transient absorption spectra of a) ZnTTPPC02Na (II), and b) 1:1 ZnTTPPC02 

•••[Pd3(dppm)3(CO)]2+, [ZnTPPC021 = [[Pt3(dppm)3(CO)]2+] = 6 x 10 "5 M, in 2MeTHF at 

298 K. (Spectra measured at different delay time and XgX = 355 nm). 
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Figure SI. 34. Transient absorption spectra of 1:1 ZnTPPC02"--[Pd3(dppm)3(CO)]2+, 

[ZnTPPC02 ] = [[Pd3(dppm)3(CO)]2+] = 2 x 10 '5 M, in 2MeTHF at 298 K in presence of 02 . 

(Spectra measured at different delay time and Xex = 355 nm). 
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Figure SI. 35. Transient absorption spectra of 1:1 ZnTTPPC02~--4Pd3(dppm)3(CO)], 

[ZnTTPPCCV] = [[Pd3(dppm)3(CO)]2+] = 2 x 10 "5 M, in 2M 

(Spectra measured at different delay time and XeX = 355 nm). 

[ZnTTPPCCV] = [[Pd3(dppm)3(CO)]2+] = 2 x 10 "5 M, in 2MeTHF at 298 K in presence of 02 . 
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Figure SI. 36. Transient absorption spectra of 1:1 PdTTPPC02 • ••[Pd3(dppm)3(CO)] , 

[PdTTPPC02] = [[Pd3(dppm)3(CO)]2+] = 2 x 10 "5 M, in 2MeTHF at 298 K in presence of 02 . 

(Spectra measured at different delay time and X£X = 355 nm). 
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ZnTPPC02- • • -[Pt3(dppm)3(CO)]z+ assembly at 77 K in 2MeTHF, monitored at 820 nm. 
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Figure SI. 39. Comparison of the absorption (black) and excitation (red) spectra of the 

ZnTTPPC02 • • ••[Pt3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 820 nm. 
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Figure SI. 40. Comparison of the absorption (black) and excitation (red) spectra of the 

ZnTPPCCV- • ••[Pd3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 820 nm. 
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Figure SI. 41. Comparison of the absorption (black) and excitation (red) spectra of the 

,2+ 
ZnTTPPC02"--"[Pd3(dppm)3(CO)]z+ assembly at 77 K in 2MeTHF, monitored at 820 nm. 
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Figure SI. 42. Comparison of the absorption (black) and excitation (red) spectra of the 

i 2+ 
PdTTPPC02 • • .-[Pd3(dppm)3(CO)]z+ assembly at 77 K in 2MeTHF, monitored at 820 nm. 
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Figure SI. 43. Comparison of the absorption (black) and excitation (red) spectra of the 

i2+ ZnTPPC02 • • ••[Pd3(dppm)3(CO)]z+ assembly at 77 K in 2MeTHF, monitored at 650 nm. 
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Figure SI. 44. Comparison of the absorption (black) and excitation (red) spectra of the 

ZnTTPPCCV-• ••[Pd3(dppm)3(CO)]2+ assembly at 77 K in 2MeTHF, monitored at 650 nm. 
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3.3 Manuscript 3: 

Organometallic and Conjugated Organic Polymers Held Together by 

Strong Electrostatic Interactions to Form Luminescent Hybrid Materials 

3.3.1 Preface 

This paper is a compilation of efforts from numerous people. The idea and strategy for the 

project were established by Dr. Pierre D. Harvey and Dr. Mario Leclerc. They are also 

thanked for guiding all of us through the various processes of this research. The project was 

divided into three major parts; the synthesis and characterization of the cationic polymers, the 

synthesis and characterization of the anionic polymers and the synthesis and characterization 

of the hybrid materials, and the characterization of the photophysical properties of the various 

molecules and materials. 

The first section focuses on the synthesis of the anionic carbazole polymers and was carried 

out by Emilie Gingras, under the supervision of Dr. Mario Leclerc from the Universite de 

Laval. She did all the characterization of these compounds as well as the X-ray diffraction 

patterns of all the required compounds. 

The second section, the synthesis of the cationic polymers and hybrid materials were carried 

out by Diana Bellow, under the supervision of Dr. Pierre D. Harvey. She also did all the 

necessary characterization of these compounds. 

The third section involved the spectroscopic and photophysical study of the polymers, and this 

part was solely my responsibility, under supervision of Dr. Pierre D. Harvey. All of the 

emission and excitation spectra as well as the time-resolved and emission lifetimes and 

construction of the corresponding figures and data analysis was carried by me. I contributed 

also in the data analysis and discussion of the photophysical part under supervision of Dr. 
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Pierre D. Harvey. Moreover, my contribution included writing the experimental part and 

constructing the figures for the photophysical part as well. 

This work can be found in Inorganic Chemistry. D. BELLOWS, E. GINGRAS, S. M. ALY, A. 

S. ABD-EL-AZIZ, M. LECLERC, and P.D. HARVEY, Inorg. Chem., 47, 11720 (2008). 
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Abstract. The organometallic polymers ([Ag(dmb)2]BF4)n (dmb = 1,8-diisocyano-p-menthane) 

and ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n (dppm = (Ph2P)2CH2, CNC6Me4NC = 1,4-

diisocyano-tetramethyibenzene) were reacted with the conjugated organic polymers of the 

type (-Cz-C6H4-)n and (-Cz-)n, where Cz is a 2,7-linked carbazole unit substituted by 

(CF^SOsNa or (CF^SOsNa pendant groups at the TV-position, to form polycation/polyanion 

hybrid materials. These rather insoluble and amorphous (XRD) materials were characterized 

by *H and 13C NMR MAS (magic angle spinning), solid state IR and Raman spectroscopy as 

well as chemical analyses. The hybrids exhibit fluorescence and phosphorescence arising from 

the polycarbazole units where evidence for heavy atom effect is provided (Na < Ag < Pt) from 

the relative enhanced phosphorescence intensity, as well as triplet-triplet energy transfers from 

the ([Ag(dmb)2]+)n to the polycarbazole and from the polycarbazole to the 

([Pt2(dppm)2(CNC6Me4NC)]2+)n unit. Evidence for energy transfer in these polymeric 

materials is provided from time-resolved emission spectroscopy where the emission band 

associated with the ([Ag(dmb)2]+)„ is found to be quenched where both the relative intensity 

and emission lifetime exhibit a large decrease (|is to ns timescale). 
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Introduction 

Polycarbazoles have shown numerous applications particularly in the area of 

photovoltaic cells1 and polymer light emitting diodes (PLED)2 because of the possibility of 

light emission and good hole transport ability.3 One of the common features in these studies is 

that the polycarbazoles were invariably under the form of neutral polymers. However, the 

possibility of combining two polymers together adding their mutual effects on each other 

opens the door to the modification of properties, including the optical and luminescence 

characteristics. For example, one material may emit in the blue region while the second may 

be luminescent in the red region of the visible spectrum leading to a combined materials 

capable of emitting an overall white color, potentially useful for indoor and outdoor lighting. 

Another example is if one polymer exhibits a high degree of self-ID-organisation, hence 

forming highly crystalline materials, then the second polymer would also have a tendency to 

align with the other providing a mixed-polymer material with a high degree of alignment. In 

such a case, the rate for charge and hole transport in the material should be more efficient. One 

way to combine polymers in a controlled manner such as securing a 1:1 ratio and proximity of 

the two polymers of the two components, electrostatic interactions may be utilized as 

illustrated in Scheme 1. Strong electrostatic interactions should provide binding of a 

polycation with a polyanion allowing other interactions such as heavy atom effect and excited 

state energy transfer to operate efficiently.4 Heavy atom effect promotes the population of the 

triplet state, hence giving rise to accentuated phosphorescence, and energy transfers are non-

radiative processes that allow the harvested light energy to flow through a material from one 

site to another. This process is also called antenna effet.4 

counter-anions anionic polymer 
/ / V \ » 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 — 0 0 0 0 0 0 0 0 © 0 
© © © © © © © © + © © © © © © © © <$>5><5><S>5>(5><$><3> + n ( o « ) 

. , • , \ \ / / hybrid materials 
canonic polymer counter-cations 

Scheme 1 
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Scheme 2 

We now wish to report the preparation and characterization of hybrid materials composed of 

organometallic polymers ([Ag(dmb)2]BF4)n and ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n and 

conjugated organic polymers of the type (-Cz-C6H4-)n and (-Cz-)n, where Cz is a 2,7-linked 

carbazole unit substituted by (CH^SOsNa or (CH2)4S03Na pendant groups at the N-position 

(Scheme 2). Indeed, evidence for heavy atom effect and triplet-triplet energy transfer will be 

provided. 

Experimental Section 

Materials. {[Ag(dmb)2](BF4)}n,
5'6 {[Cu(dmb)2](BF4)}n,

6 {[Pt2(dppm)2(CNC6Me4NC)]-

(BF4)2}n,
7 iV-hexyl-3,6-bisethynylcarbazole8 and 7V-butylcarbazol-3,6-diyl trimer8 were 

synthesized according to the literature procedures. NaBF4, AgBF4, and dppm were all 

purchased from Aldrich and used as received. All other starting products were purchased 

from Aldrich, Alfa Aesar or TCI America and used without further purification, Some reaction 

solvents were distilled from CaFb before use (dichloromethane, tetrahydrofuran, triethylamine, 

diethyl ether, and toluene). A ,̂A^-dimethylformamide was already anhydrous. Column 

chromatography was carried out on silica gel (Size 40 - 63 um, Pore size 60 A, Silicycle). The 

syntheses of 2,7-dibromo-9-H-carbazole (l),9 PdCl2(dppf)10have been already reported in the 

literature. All other compounds have been synthesized following procedures described below. 

The solvents acetonitrile (Anachemia), diethyl ether (fisher), acetone (ACP), dicloromethane 
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(EMD), dimethylsulfoxide (fisher), hexane (ACP), propanol (fisher), and methanol (ACP) 

were purified according to literature procedures.11 

Sodium 3-(2,7-dibromocarbazole)propane-l-sulfonate (4) According to Zong and Reynolds12 

procedures, in a 100 mL flame-dried flask containing a magnetic stir bar and fit with a 

condenser, 4.000 g of 2,7-dibromocarbazole (12.31 mmol) were added under argon followed 

by two cycles of vacuum and argon. Anhydrous THF (61.5 mL) was added and the solution 

was cooled to 0°C for 15 minutes. Sodium hydride (0.3544 g, 14.77 mmol) was then slowly 

added to the solution and it was stirred for 30 minutes. Finally, 1.804 g of propanesultone 

(14.77 mmol) was added to the reaction and refluxed overnight. The white solid was filtered, 

washed with acetone and dried at ambient conditions for 30 minutes. The product was 

crystallized from water to afford 6.021 g of white powder (yield: 90 %). The product has no 

melting point but degrades at 350°C. JH NMR (400 MHz, DMSO-d6, ppm): 8 8.12 (d, 2H, 7H-

H = 8.3); 7.96 (d, 2H, 7H-H = 1.6); 7.36 (dd, 2H, Jm.n = 8.3 and /2H.H = 1,7); 4.51 (t, 2H, 7H-H = 

7.1); 2.43 (t, 2H JH.H = 7.5); 2.02 (m, 2H). 13C NMR (100 MHz, DMSO-J6, ppm): 5 141.2; 

122.2; 122.2; 120.7; 119.3; 112.6; 48.4; 41.49; 24.9. IR (KBr): v/cm"1 327 (S02); 1188 (S02); 

1057 (S03"). 

Sodium 4-(2,7-dibromocafbazole)butane-l-sulfonate (5) According to Zong and Reynolds,12 

in a flame-dried 250 mL round-bottom flask containing a magnetic stir bar and fit with a 

condenser, 7.000 g of 2,7-dibromocarbazole (21.54 mmol) was added under argon. Two 

cycles of vacuum and argon were done. Anhydrous THF (108 mL) was added and the solution 

was cooled to 0°C for 15 minutes. Sodium hydride (0.5686 g, 23.69 mmol) was slowly added 

to the solution and it was stirred for 30 minutes. Finally, 2.894 g of butanesultone (23.69 

mmol) was added to the reaction and refluxed overnight. The white solid was filtered, washed 

with acetone and dried at ambient conditions for 30 minutes. The product was recrystallized 

from water to afford 9.806 g of white powder (yield: 94 %). No melting point was observed 

but the product degrades at 330°C. XH NMR (400 MHz, DMSO-J6, ppm): 5 8.12 (d, 2H, JH.H 

= 8.3); 7.94 (d, 2H, JH.H = 1.6); 7.35 (dd, 2H, J1H-H = 8.3 and J2H.„ = 1.7); 4.39 (t, 2H, JH.H = 

7.3); 2.43 (t, 2H, JH.H = 7.6); 1.78 (m, 2H); 1.62 (m, 2H). 13C NMR (100 MHz, DMSO-d6, 
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ppm): 5 141.1; 122.2; 122.1; 120.7; 119.2; 112.6; 51.0; 42.4; 27.7; 22.6. IR (KBr): v/cm"1 

1327 (S02); 1182 (S02); 1053 (S03~). 

4-(2,7-dibromocarbazole)butane-l-sulfonyl chloride (6) To a flame-dried 50 mL flask 

containing a magnetic stir bar and fit with a condenser, 4.000 g of 5 (8.279 mmol) was added. 

Three vacuum and argon cycles were performed. Phosphorus pentachloride (1.724 g, 8.279 

mmol) was added followed by two argon and vacuum cycles. The reaction was heated with an 

oil bath to 100°C for 2 hours and 125°C for 12 additional hours. The reaction was cooled to 

room temperature, poured into 100 mL of crushed ice and stirred for 15 minutes. Chloroform 

(100 mL) was added and the solution was heated (~ 40°C) and stirred for 30 minutes. The 

mixture was extracted three times with chloroform. The combined organic layers were dried 

over MgS04 and the solvent removed under reduced pressure giving a brown oil. A minimum 

amount of chloroform was added to the round bottom flask followed by approximately 200 

mL of petroleum ether (until a pale brown precipitate was obtained). A dark brown solid 

sticking to the walls of the flask and a beige solid in suspension were observed and separated 

mechanically to recover only the beige solid by filtration. The product was washed two times 

with petroleum ether to afford 2.317 g of'(6) (yield: 58%). m.p. 138-141 °C. JH NMR (400 

MHz, CDC13, ppm): 8 7.91 (d, 2H, JH.H = 8.2); 7.52 (d, 2H, JH.H = 1.5); 7.38 (dd, 2R,J1H-H = 

8.3 and J2H-H = 1-6); 4.30 (t, 2H, JH.H = 6.6); 3.65 (t, 2H, JH-H = 6.9); 2.11 (m, 4H). 13C NMR 

(100 MHz, CDCI3, ppm): 8 141.2; 123.2; 121.9; 12L6; 120.2; 111.8; 64.9; 42.6; 27.0; 22.4. 

HRMS: Calculated for C16H14Br2ClN02S: 476.8800; Found: 476.8792 ± 0.0014. 

l-meihoxy-4-octylbenzene (7) In a 1 L three-neck flame-dried round-bottom flask fit with an 

addition funnel and a condenser, p-bromoanisole (10.00 g, 53.46 mmol, and 6.69 mL) was 

dissolved in 214 mL of anhydrous diethyl ether and cooled to 0°C. After 5 minutes, 

PdCl2(dppf) (0.7824 g, 1.0692 mmol) was added and the solution and stirred for 3 minutes. 

Octylmagnesium bromide (69.50 mmol, 69.50 mL of a solution of a 1M solution in anhydrous 

diethyl ether) was added dropwise via the addition funnel. The reaction mixture was stirred 

overnight at ambient temperature under argon. The reaction was then cooled at 0°C and slowly 

quenched by the addition of a solution of 10% HC1. This solution was transferred to a 
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separatory funnel and extracted three times with ether and a saturated solution of NaHC03. 

The combined organic layers were then washed twice with water, dried over MgS04 and 

evaporated under vacuum. The crude product was dissolved in hexane, filtered over silica and 

the filtrate was evaporated. The product was distilled under reduced pressure and the final 

product was recovered. The reaction affords 3.000 g of colorless oil with a yield of 25%. JH 

NMR (400 MHz, CDC13, ppm): 5 7.12 (d, 2H, JH.H = 8.3); 6.85 (d, 2H, JH.H = 8.6); 3.81 (s, 

3H); 2.57 (t, 2H, JH.H = 7.6); 1.61 (m, 2H); 1.31 (m, 1 OH); 0.92 (t, 3H, JH-H = 6.8). 13C NMR 

(100 MHz, CDCl3,ppm): 8 157.7; 135.2; 129.4; 113.8; 55.4; 55.4; 35.2; 32.0; 31.9; 29.6; 29.4; 

22.8; 14.3. HRMS: Calculated for Q5H24O: 220.1827; Found: 220.1830 ± 0.0007. 

4-octylphenol (8) To a 250 mL flame-dried three-neck round-bottom flask fit with an addition 

funnel, 7 (2.990 g, 13.57 mmol) was added. The product, under argon, was solubilised in 136 

mL of anhydrous dichloromethane (DCM) and the solution was cooled to -78°C. The solution 

of boron tribromide (1M in dichloromethane) (33.9 mL) was added dropwise via the addition 

funnel over 30 minutes and the resulting solution was kept at -78°C for 3 hours. The mixture 

was then brought to room temperature and stirred overnight. The reaction was quenched with 

a solution of 10% HC1 followed by an extraction with DCM and water (3 times). The 

combined organic layers were washed once with water and dried over MgSCv The brown oil 

product was solubilised in DCM, filtered over silica and the silica pad was washed many times 

with DCM. The filtrate was evaporated under reduced pressure and the final product was 

recrystallized easily from cold hexane. The final product was filtered and washed with hexane 

at 0°C to afford 1.707g of white crystals in a 61% yield, m.p. 38-40°C. *H NMR (400 MHz, 

CDC13, ppm): 5 7.04 (d, 2H, JH-H = 8.3); 6.75 (d, 2H, J„.H = 8.5); 4.59 (s, 1H); 2,53 (t, 2H, JH_ 

H = 7.6); 1.56 (m, 2H); 1.28 (m, 10H); 0.88 (t, 3H, JH-H = 7.0). 13C NMR (100 MHz, CDC13, 

ppm): 5 153.5; 135.4; 129.6; 115.2; 35.2; 32.0; 31.9; 29.63; 29.4; 29.4; 22.8; 14.3. HRMS: 

Calculated for Ci4H220: 206.1671; Found: 206.1679 + 0.0006. 

p-octylphenyl-4-(2,7-dibromocarbazole)butane-l-sulfonate (9) In a lOOmL round-bottom 

flask, flame-dried and under argon, 2.000g of 6 (4.170 mmol) and 1.033 g of 8 (5.004 mmol) 

were added and solubilised in 42 mL of anhydrous DCM. To this solution 2.30 mL of 
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triethylamine (16.68 mmol) was slowly added and the mixture was stirred at room temperature 

overnight. The reaction was controlled by thin layer chromatography (85% hexanes/ 15% 

ethyl acetate as eluent). The reaction solution was extracted three times with DCM and the 

combined organic layers were subsequently washed once with water and dried over MgS04. 

The crude product was purified by silica-gel column chromatography (85% hexanes/ 15% 

ethyl acetate as eluent) to give 0.7701g of pure white powder (yield: 30%). m.p. 80-83°C. *H 

NMR (400 MHz, CDC13, ppm): 5 7.89 (dd, 2H, J1H-H = 8.2 and J2H-H = 2.0); 7.52 (s, 2H); 7.36 

(d, 2H, JH-H = 8.1); 7.17 (dd, 2H, J1H.H = 8.5 and J2H-H = 1.8); 7.06 (dd, 2H, J1H.H = 8.5 and 

JIH-H = 1.8); 4.27 (t, 2H, J„.H = 6.0); 3.22 (t, 2H, JH.H = 6.5); 2,58 (t, 2H, JH.H = 7.5); 2.05 (m, 

4H); 1.58 (m, 2H); 1.28 (m, 10H); 0.88 (t, 3H, JH-H = 7.0). 13C NMR (100 MHz, CDC13, 

ppm): 8 146.9; 142.3; 141.1; 129.9; 122.9; 121.6 (2C); 121.4; 119.9; 111.8; 49.8; 42.5; 35.4; 

31.9; 31.4; 29.5; 29.3; 29.3; 27.3; 22.7; 21.4; 14.2. HRMS: Calculated for CgoHssBraNOsS: 

647.0704; Found: 647.0712 ± 0.0019. 

Sodium poly[N-propane-3'-sulfonate-2,7-carbazole-alt-l,4-phenylene] (10) In a 100 ml 

round-bottom flask, fit with a condenser and flame-dried, sodium 3-(2,7-

dibromocarbazole)propane-l-sulfonate (4) (0.5000 g, 1.066 mmol), p-phenyldiboronic acid 

(1.766 g, 1.066 mmol) and palladium(II) acetate (0.0072 g, 0.0320 mmol) were added under 

argon. The flask was evacuated and backfilled with argon three times. In a 250 mL, flame-

dried round bottom flask, a solution of DMF (60 mL) and aqueous NaaCCb (0.2 M, 140 mL) 

was degassed for 30 minutes with argon. This solution (65 mL) was added to the first flask, 

and the reaction was stirred for three days at a temperature between 85 and 90°C. After three 

days, the polymer was end-capped by the addition of bromobenzene (1.066 mmol, 0.25 mL), 

stirred for 4 hours and followed by the addition of phenylboronic acid (0.1430 g, 1.066 mmol). 

The resulting mixture was stirred overnight and precipitated in acetone (600 mL) in a PTFE 

beaker. The precipitate was filtered through a 0.45 |im PTFE membrane. The recuperated 

solid was suspended in water (approximately 2 mg / mL) and dialyzed for three days (MWCO 

6kDa-8kDa) in deionized water. After dialysis, the polymer was precipitated a second time in 

acetone and filtered over a 0.45 urn 66-nylon membrane. A yellow to green powder was 
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recovered (0.2750 g) with a yield of 68%. The fluorescence quantum yield of this polymer is 

(fauo) 79% (DMSO). IR (KBr): v/crn! 1327 (S02); 1184 (S02); 1045 (S03"). 

Sodium poly[N-butane-4'-sulfonate-2,7-carbazole-alt-l,4-phenylene] (11). In a 100 mL 

round-bottom flask, fit with a condenser and flame-dried, sodium 4-(2,7-

dibromocarbazole)butane-l-sulfonate (5) (0.5149 g, 1.066 mmol), p-phenyldiboronic acid 

(1.766 g, 1.066 mmol) and palladium(n) acetate (0.0072 g, 0.0320 mmol) were added under 

argon. The flask was evacuated and backfilled with argon three times. In another flame-dried 

250 mL round-bottom flask, a solution of DMF (60 mL) and aqueous Na2C03 (0.2 M, 140 

mL) was degassed for 30 minutes with argon. Then 65 mL of this solution was added to the 

first flask, and the reaction was stirred for three days at a temperature of 85-90°C. After three 

days, the polymer was end-capped by the addition of bromobenzene (0.5330 mmol, 0.13 mL), 

stirred for four hours and followed by the addition of phenylboronic acid (0.0715 g, 0.5330 

mmol). The resulting mixture was stirred overnight and precipitated in acetone (600 mL) in a 

PTFE beaker. The precipitate was filtered through a 0.45 urn PTFE membrane. The recovered 

solid was suspended in water (approximately 2 mg / mL) and dialyzed for three days (MWCO 

6kDa-8kDa) in deionized water. After dialysis, the polymer was precipitated a second time in 

acetone and filtered over a 0.45 |im 66-nylon membrane. A yellow to brown powder was 

recovered (0.3000 g) with a yield of 75%. The product has a fluorescence quantum yield ((|)fluo) 

of 80% (DMSO). IR (KBr): v/cm"1 1327 (S02); 1175 (S02); 1043 (S03~). 

Poly[N-butane-4'-(p-octylphenyl)sulfonate-2,7-carbazole] (12) In a 100 mL three-necked, 

100 mL three-necked, flame-dried, round-bottom flask, fit with a thermometer and a 

condenser, 2,2'-dipyridyl (0.2886 g, 1.848 mmol), Bis(l,5-cyclooctadiene)nickel(0) (0.5082 g, 

1.848 mmol) were added, followed two times by an alternation between vacuum and argon. 

1,5-cyclooctadiene (1.848 mmol, 0.23 mL) was then added. Anhydrous solvents (DMF (9.6 

mL) and Toluene (9.6 mL)) were degassed via three freeze - pump - thaw cycles and were 

then added to the flask. This mixture was stirred 30 minutes at 65 °C. In another flame-dried 

round bottom flask filled with argon, the monomer (p-octylphenyl-4-(2,7-
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dibromocarbazole)butane-l-sulfonate (9)), (0.5000 g, 0.7698 mmol) was added and dissolved 

in degassed anhydrous toluene (19 mL). This solution was then added in the three necked flask 

charged with the catalyst blend. The resulting solution was stirred under argon at 65 °C in the 

absence of light. After three days, the polymer was end-capped with bromobenzene (0.7698 

mmol, 0.08 mL) and stirred overnight. The polymer was precipitated with MeOH : HC1 

(80:20) and filtered on a 0.45 urn PTFE membrane. A first soxhlet was done in acetone and a 

second in DMF to dissolve the entire polymer. The DMF and polymer solution was 

evaporated to a minimal volume and the solution was precipitated in a solution of MeOH : 

HC1 (90:10). The solution was filtered on the same membrane to give a yellow reddish powder 

(0.3131 g, 83%). The product has a fluorescence quantum yield (^flu0) of 70% (DMF). IR 

(KBr): v/crn1 1327 (S02); 1146 s (S02). 

Sodium poly[N-butane-4'-sulfonate-2,7-carbazole] (13) This reaction is known as 

saponification. The solution of polymer (0.2500 g, 0.5100 mmol) in DMF was refluxed for 1 

day in a 250 mL flame-dried round-bottom flask to ensure complet polymer dissolution. A 

solution of BuOH/BuONa (NaOH (0.6250 g, 15.60 mmol) in BuOH (60 mL)) was added to 

the first one and the resulting mixture was refluxed for an additional three days. When the 

reaction was complete, NaHC03 (1.750 g, 20.80 mmol) was added, followed by a filtration 

through PTFE membrane 0.45 urn. The polymer was recovered as a brown powder with a 

yield of 95%. The fluorescence quantum yield ((|)fiUo) of 13 is 84% (DMSO). IR (KBr): v/crn' 

1321 (S02); 1200 (S02); 1043 (S03"). 

This section describes the synthesis and characterization of the hybrid materials. The codes of 

these hybrids are placed in Table 1. 
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Table 1. Codes employed for the hybrid materials. 
Code 

Hybrid A 

Hybrid B 

Hybrid C 

Hybrid D 

Hybrid E 

Hybrid F 

Components 

Polymer 10/([Ag(dmb)2]BF4)n 

Polymer 10/([Pt2(dppm)2(CNC10H12NC)](BF4)2)n 

Polymer ll/([Ag(dmb)2]BF4)n 

Polymer ll/([Pt2(dppm)2(CNC10H12NC)](BF4)2)n 

Polymer 13/([Ag(dmb)2]BF4)„ 

Polymer 13/([Pt2(dppm)2(CNC10H12NC)](BF4)2)n 

IR (v(NC))/cm' 

2179 

2153 

2179 

2153 

2184 

2152 

Hybrid materials (A, C, E): ([Ag(dmb)2]+)n/polycarbazoles. All three hybrid materials 

composed of ([Ag(dmb)2]
+)n and the conjugated polycarbazoles were prepared in a similar 

manner. One example is shown below. 

Polymer 10 (0.0475g, 0.0825 mmol) was placed in a 250ml round bottom flask and dissolved 

in a minimum amount of hot DMSO. The {[Ag(dmb)2]BF4}n polymer (0.0318g, 0.0825 

mmol) was dissolved in a minimum amount of acetonitrile and added drop wise to the 

carbazole containing polymer - dimethylsulfoxide mixture and left to react for two days. A 

yellow gel suspension was formed. The reaction solution was added drop wise to a beaker 

containing 100 mL of propanol and was precipitated with hexane. The solvent was decanted as 

much as possible. The same process was repeated until all the dimethylsulfoxide was removed. 

The solvent remaining with the product was evaporated under vacuum and the product washed 

with 20 mL of methanol several times. The product was then dried under vacuum. 

Polymer 10/([Ag(dmb)2]BF4)n (Hybrid A): Yield: 53% (0.072 mg). Solid state ' H NMR 

(MAS): 5 7.81 (aro. of the carbazole), 3.98 (CH2(S)), 2.32 (aliphatic (dmb)). Solid state 13C 

NMR (MAS): 5 206.08, 193.58, 186.90, 173.54, 141.10, 138.32, 127.45, 121.49, 106.75, 

62.11, 60.85, 49.29, 41.71, 35.60, 26.43, 22.28. Anal. Calcd for AgQs^NgSOs (804.70): C, 

67.17; H, 4.26; N, 5.22; S, 3.98. Found: C, 66.92; H, 4.04; N, 5.56; S, 4.11. 
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Polymer ll/([Ag(dmb)2]BF4)n (Hybrid C): Yield: 67% (0.054 mg). Solid state !H NMR 

(MAS): 5 7.59 (aro. of the carbazole), 4.02 (CH2(S)), 2.21 (aliphatic (dmb)). Solid state 13C 

NMR (MAS): 8 205.03, 193.36, 186.65, 173.18, 141.51, 138.55, 127.68, 121.57, 117.78, 

106.98, 63.09, 60.75, 51.54, 42.66, 40.34, 35.72, 27.38, 22.29. Anal. Calcd for 

AgC46H36N3S03 (818.73): C, 67.48; H, 4.43; N, 5.13; S, 3.92. Found: C, 67.16; H, 4.17; N, 

4.88; S, 3.56. 

Polymer 13/([Ag(dmb)2]BF4)n (Hybrid E):Yield: 62% (0.119 mg). Solid state *H NMR 

(MAS): 5 8.04 (aro. of the carbazole), 4.08 (CH2(S)), 2.32 (aliphatic (dmb). Solid state 13C 

NMR (MAS): 5 207.74, 187.84, 173.11, 141.95, 122.01, 108.11, 63.84, 61.02, 52.57, 43.18, 

40.80, 36.14, 27.76, 22.74. Anal. Calcd for AgC^Haa^SOs (742.63): C, 64.69; H, 4.34; N, 

5.66; S, 4.32. Found: C, 65.02; H, 4.42; N, 5.21; S, 3.97. 

Hybrid materials (B, D, F): ([Pt2(dppm)2](CNC6Me4NC)]2+)n/polycarbazoles. All three 

hybrid materials composed of ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n and the conjugated 

polycarbazoles were prepared in a similar manner. One example is shown below. 

Polymer 11 (O.Olllg, 0.0277 mmol) was placed in a 250ml round bottomed flask and 

dissolved in a minimum amount of hot dimethylsulfoxide. The {[Pt2(dppm)2(CN-CioHi2-

NC)](BF4)2}n polymer (0.0200g, 0.0139 mmol) was dissolved in a minimum amount of 

acetonitrile and added drop wise to the carbazole containing polymer- dimethylsulfoxide 

mixture and left to react for two days. A yellow gel suspension was formed. The reaction 

solution was added.drop wise to a beaker containing 100 mL of propanol and was precipitated 

with hexane. The solvent was decanted as much as possible. The same process was repeated 

until all the dimethylsulfoxide was removed. The solvent remaining with the product was 

evaporated under vacuum and the product washed with 20 mL of methanol several times. The 

product was then dried under vacuum. 

Polymer 10/([Pt2(dppm)2.(CNCioHi2NC)](BF4)2)n (Hybrid B): Yield: 66% (0.127 mg). Solid 

state 'H NMR (MAS): 5 7.21 (aro. from (dppm) + carbazole), 3.74 (CH2(S)), 2.06 (aliphatic of 
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(dppm)).' Solid state UC NMR (MAS): 8 196.26, 141.28, 137.60, 130.09, 121.53, 107.29, 

50.01, 42.03, 40.77, 25.89, 15.45. Raman (solid): 2165 cm"1. Anal. Calcd for 

Pt2C104H88N4S2O6P4 (2068.18): C, 60.40; H, 4.29; N, 2.71; S, 3.10. Found: C, 60.22; H, 4.10; 

N, 2.45; S, 2.91. 

Polymer ll/([Pt2(dppm)2(CNC10H12NC)](BF4)2)n (Hybrid D): Yield: 56% (0.046 mg). Solid 

state XH NMR: 5 7.02 (aro. from (dppm) + carbazole), 3.63 (CH2(S)), 1.81 (aliphatic of 

(dppm)). Solid state 13C NMR: 5 206.98, 196.15, 187.62, 141.22, 129.63, 121.50, 106.62, 

51.87, 41.64, 28.43, 23.08, 15.32. Raman (solid): 2165 cm"1. Anal. Calcd for 

Pt2Cio6H92N4S206P4 (2096.07): C, 60.74; H, 4.42; N, 2.67; S, 3.06. Found: C, 60.43; H, 4.19; 

N, 2.39; S, 2.72. 

Polymer 13/([Pt2(dppm)2(CNCioH12NC)](BF4)2)n (Hybrid F): Yield: 61% (0.034 mg). Solid 

state *H NMR: 5 7.05 (aro. from (dppm) + carbazole), 3.73 (CH2(S)), 1.25 (aliphatic of 

(dppm)). Solid state 13C NMR (MAS): 5 206.98, 196.15, 187.62, 141.84, 130.75, 121.98, 

107.64,52.24,42.53,29.31,23.57,15.73. 

Apparatus. All carbazole polymers and their starting materials were characterized by NMR 

spectroscopy. H and C NMR spectra were recorded on a Varian AS400 apparatus in the 

mentioned deuterated solvent solution at 298 K unless otherwise specified. Chemical shifts 

were reported as 5 values (ppm) relative to internal tetramethylsilane. All hybrid polymers 

were characterized by solid state NMR spectroscopy. *H MAS and 13C CP/MAS NMR 

experiments were performed at the National Ultrahigh-field NMR Facility for Solids (Ottawa, 

Canada) on a Bruker Avance II NMR spectrometer operating at 21.1 T. A double-resonance 

3.2 mm Bruker probe with magic angle spinning, MAS, was used. *H and 13C NMR chemical 

shifts were referenced to neat TMS using adamantane as a secondary chemical shift reference. 
]H MAS NMR spectra were recorded at a resonance frequency of 900.2 MHz. Samples were 

spun at a spinning speed of 20 kHz in 3.2 mm o.d. ZrC>2 rotors. A single pulse sequence with 

background suppression was used in 'H NMR experiments with the r.f. pulse length of 2.5 

mks (pi/2 pulse) and a 10 s relaxation delay between pulses, which was found sufficient for a 
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complete relaxation. Total 64 scans were accumulated in each H NMR experiment. C 

CP/MAS NMR spectra were recorded at a resonance frequency of 226.4 MHz under 15 kHz 

MAS. The CP contact time in all experiments was 1 ms, and a 5 s relaxation delay between 

pulses. From 2k to 10k scans were accumulated in 13C CP/MAS NMR experiments, depending 

on the amount of sample available. SPINAL-64 proton decoupling was employed during 

spectra acquisition. 

Infrared spectra of all carbazole polymers and their starting materials were performed on a 

Bomem FT-IR instrument of the MB series spectrometer on pressed thin transparent disks of 

the products mixed with dried KBr. The IR spectra of the hybrid polymers were acquired on a 

Bomem FT-IR MB series spectrometer equipped with a baseline-diffused reflectance. FT-

Raman spectra were acquired on a Bruker RFS 100/S spectrometer. 

The fluorescence quantum yield of the carbazole polymers were measured on a Varian Eclipse 

spectrophotometer, in the mentioned optical grade solvent degassed with argon for 5 minutes, 

with 9,10-diphenylanfhracene in cyclohexane (<j)f = 90%) as reference.13 All photophysic 

measurements for the hybrid polymers were preformed in the following manner. The solid 

samples were placed in a metallic cell connected to a vacuum pump using a cell holder 

adjusted at a right angle and the corrected emission and excitation spectra were obtained using 

a double monochromator Fluorolog II instrument from Spex. For the 77 K measurements, the 

cell was evacuated from air and left for about 15 min after the addition of liquid nitrogen prior 

to measurements. Emission lifetimes and time-resolved spectra were measured on a 

TimeMaster Model TM-3/2003 apparatus from PTI. The source was nitrogen laser with high-

resolution dye laser (FWHM ~ 1400 ps) and the fluorescence lifetimes were obtained from 

deconvolution or distribution lifetimes analysis and the uncertainties were about 100 ps. Some 

of phosphorescence lifetimes were performed on a PTI LS-100 phosphorimeter system using a 

lus tungsten-flash lamp. 

Wide-angle X-ray diffraction were performed on a Siemens/Bruker X-ray diffractometer and 

the instrument use a graphite monochromatized copper radiation (K = 1.5418 A). The 
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apparatus is a Kristalloflex 760 generator, three-circle goniometer, and Hi-Star area detector 

and it is equipped with the GADDS software. The diffractometer operation power is 40 kV, 40 

mA and the collimator was 0.8 mm. The glass capillary tubes have a wall thickness of 0.01 

mm and a total diameter of 1 mm. 

Results and Discussion 

1) Syntheses of the anionic carbazole-containing polymers. The target anionic carbazole-

containing polymers are of two types. The first one contains a \,A-C$U spacer between the 

carbazole units, whereas the second type is a pure homopolymer. The presence of the spacer 

has the effect of increasing the average distance between the anion centers on the main chain. 

In addition, the carbazoyl-phenylene copolymers exhibit either a 3-carbon or a 4-carbon 

flexible chain linking the sulfonate function to the main chain. These side chains have two 

roles. The first one is to act as soluble chain for characterization purposes, and the second is to 

investigate the effect of the chain length on the interchain interactions. 

The common precursor of the target carbazole-containing polymers 10 and 11 

originates from the known 2,7-dibromocarbazole, 1. The incorporation of the 3-carbon and 4-

carbon sulfonate-containing chain at the iV-position of the carbazole was performed in good 

yields according to a procedure outlined by Zong and collaborators.11 (Scheme 3). The 

procedure uses propanesultone and butanesultone (Scheme 3) hence forming the sodium 3-

(2,7-dibromo-carbazole)propane-l -sulfonate, 4, and sodium 4-(2,7-dibromocarbazole)butane-

1-sulfonate, 5, intermediates, respectively. 

NaH ^ V' 
or 

THF f 
O Reflux, 18h Ov I 

S=o 90-94% + _/S v 
Na O o 0=S=0 

Na O j -

Scheme 3 
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The polymer formation of 10 and 11 is then performed in good yields from the 

condensation of the precursors 4 and 5, respectively, with p-phenyldiboronic acid in the 

presence of a Pd catalyst (Scheme 4). The resulting polymers turn out to be weakly soluble, 

therefore solvents like DMSO had to be employed for characterization (i.e. 'H NMR). The low 

solubility also prevents GPC analysis (gel permeation chromatography). The two polymers are 

found to be mainly amorphous according to XRD analyses but broad peaks are observed 

indicating the presence of some crystallinity in the bulk materials (Figure 1). 

Scheme 4 
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Polymer 13 is synthesized in 6 steps from p-bromo(methoxy)benzene and precursor 5 

(Scheme 5). The former starting material is converted in low yield into intermediate 7, which 

contains a soluble n-octane chain, from the corresponding Grignard reagent. Compound 7 is 

then transformed into the corresponding alcohol, intermediate 8, using the tribromoborane 

reactant. Compound 8 is used as a protecting group in the synthesis of the target polymer 13, 

but also the better solubility of this octane-containing group eases the following syntheses. In 

parallel, compound 5 is chlorinated in good yield from the phosphorous pentachloride reagent, 

to provide the corresponding sulfonyl chloride derivative 6. The nucleophilic coupling of 6 

and 8 occurs in the presence of a base to generate intermediate 9. The polymerization of 9 

proceeds in good yield in the presence of a stoechiometric amount of 

bis(cyclooctadiene)nickel(0) to form the neutral polymer 12. The anionic polymer 13 is 

subsequently prepared in excellent yield from the deprotection of the sulfonyl function using a 

strong base. DMF as the solvent was necessary to solubilise the polymer prior to the reaction. 

The solubility of the resulting polymers 12 and 13 was good enough for XH NMR 

characterization in DMF and DMSO, respectively. Moreover, the materials turn out to be 

amorphous as well as polymers 10 and 11 (Figure 1). Attempts were made to extract the Mw 

and Mn of polymer 12 in DMF from GPC and light scattering methods but the polymer has a 

strong tendency to form aggregates even after ultrafiltration of the material. Higher 

temperature conditions (60 °C) were also used but without success. No reliable data was 

extracted. 

2) Characteristics of the cationic organometallic polymers. The two known organometallic 

polymers, ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n, and ([Ag(dmb)2]BF4)n, were selected for 

several reasons. First, the comparison between Na+ (of the uncoupled carbazole-containing 

polymers described above), Ag+ and Pt+ allows one to address the heavy atom effect on the 

emission properties of the resulting hybrid materials. Second, they exhibit "rigid stick" 

structures (Figure 2) allowing one to address the distances between the positive charges.5' 14 
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{Pt2(dppm)2(CNC6Me4NC)2'f}n 

Figure 2. Top: drawings of the cationic ([Ag(dmb)2]
+)n and ([Pt2(dppm)2(CNC6Me4-NC)]2+)n 

polymers stressing the distance between repetitive units containing 2 positive charges. Bottom: 

space filling model based on the X-ray structure of the ([Ag(dmb)2]+)n polymer showing the 

head-to-tail symmetry of the rigid rod induced by the dmb ligand. 

The third reason for these selections stems from the polymer (solid state) / oligomer 

(solution) equilibrium.15 Indeed this equilibrium is very useful because it provides an 

adaptability of the polycationic chain to adjust its chain length in order to match that of the 

organic polymers which we suspect to be polydispersed.1 '17 

Fourth, the ([Ag(dmb)2]
+)n polymer usually exists with dmb ligands in its U-shape as 

illustrated in Figure 2 and Scheme 6. However, very subtle changes in experimental conditions 

such as the solvent are strong enough to provoke the isomerisation of the dmb ligand from U-

shape to Z-shape (Scheme 6).18The isomerization process was found to be totally reversible 

(i.e. (Ag(U-dmb)+)n = (Ag(Z-dmb)(U-dmb)+)n = (Ag(Z-dmb)+)n) also illustrating the 

equilibrium between oligomers of different lengths in solution. The resulting isomeric 

polymers exhibit different distances between the positive charges (Ag+) (Scheme 6). This 

feature is interesting because it provides another source of adaptability of the polycationic 

polymer with the organic polyanionic ones. 
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(Ag(Z-dmb)2
+)n 

I I = N N ' = N I 

U-shape c c Z-shape £ 

Scheme 6 

Fifth, the ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n and ([Ag(dmb)2]BF4)n polymers are 

yellow16 and white,5'6 respectively, exhibiting singlet and triplet energy levels that can be 

placed either below and above the singlet and triplet manifolds of the polycarbazole polymers. 

This feature provides the possibility of observing energy transfer either from the organic 

polymers to the organometallic ones, or vice versa. Details are provided below. In addition, 

whereas the carbazole unit is known to be a good photo-induced electron donor,19 the low-

valent d10 ([Ag(dmb)2]BF4)n and d9-d9 ([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n polymers are not 

prone to act as good electron acceptors. Moreover, it was demonstrated that the ([Ag(dmb)2]+)n 

is not a donor for photo-induced electron transfer due to the high energy Ag /Ag redox 

couple.14'20 Thus the possibility of photo-induced electron transfers between the two polymers 

inside the hybrid materials is reasonably ruled out. 

The coupling of the polyanionic and polycationic polymers induces strong electrostatic 

interactions between the chains so the distance between charges hypothetically plays an 

important role in the stability of the resulting hybrid. Based on qualitative computer modeling 

(PC-Model), the separation between the negative charges taken as the N—N distances were 

estimated (Scheme 7). The theoretical parallel stacking of the anionic (Scheme 7) and cationic 

polymers shown in Figure 2 and Scheme 6 predicts obvious mismatches, except for one 

combination. The library of distances in the polyanions for two repetitive charged units is 25.3 
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and 16.1 A, while that for the polycations is 9.0, 17.2, 20.2 and 21.0 A. A reasonable matching 

combination would be polymer 13 with the ([Ag(dmb)2]
+)n polymer (16.1 vs 17.2 A) for 

parallel stacking. In any case, the presence of a C6H4 group in the chain, and a (CF^SC^ or a 

(CH2)3S03 pendent chain is to allow more adaptability in order to favour the ion pair 

formation in the solid. 

1 25.3 A 

fc 16-1 A 3 

dihedral angle = 19.5° 
Scheme 7 

In a previous work,14 the ([M(dmb)2]+)n polymers (M = Ag, Cu) were investigated in the 

presence of mixed-valent tetracyanoquinodimethane, TCNQn", made from the mixing of 

TCNQ0 and TCNQ"'. One X-ray structure was solved where layers of stacked parallel 

([Ag(dmb)2]+)n polymers alternate with a regular "carpet" of (TCNQn")m inducing conductivity. 

The "center-to-center" axis in the (TCNQn")m chain exhibits a slipped linear stack forming 

angle of about 50° with the ([Ag(dmb)2]+)n polymers. This angle is different from 0° because 

of a mismatch with the repetitive units of the polycations and anions carrying the same charge. 

It is anticipated that a similar situation will occur in these hybrid materials. 

3) Syntheses of the hybrid materials. The coupling of the polymers 10, 11 and 13 with the 

([Pt2(dppm)2(CNC6Me4NC)](BF4)2)n and ([Ag(dmb)2]BF4)n polymers provides 6 possible 

combinations. They are designated as Hybrid A-F (Table 1). 
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Their preparations proceed from the slow mixing of an anionic carbazole-containing polymer 

solution in DMSO with an acetonitrile solution containing the cationic organometallic 

polymer. The quantity is adjusted to have exactly the same number of negative and positive 

charges on the polymers. The two-day stirring is selected in order to allow the polycationic 

polymer to adjust its length and conformation (if any) to fit that of the anionic carbazole-

containing polymer. After precipitation, the multiple washings with methanol allowed for the 

removal of the DMSO solvent and the NaBF4 salt. The hybrid materials exhibit very weak 

solubility, similar to the organic ones described above. IR spectroscopy (Figure 3) reveals the 

absence of a peak attributable to acetonitrile (either coordinated or uncoordinated), which 

exhibit v(CN) at a different frequency than the v(NC) ones of the polymers, and NaBF4. The 

Pt2(dppm)2(CNR)22+ core remains intact as demonstrated by IR and Raman spectroscopy. 

I 

2030 2080 2130 2180 2230 2030 2080 2130 2180 2230 

Wav»numb»rs (cm-1) Wav«numb«s(cm-1) 

Figure 3. IR and Raman spectra of Hybrids B and D in the solid state in the 'v(CN) region. 

The FWHM are for Hybrid B 50 and 100, and for Hybrid D 42 and 90 cm4, for the Raman 

and IR peaks, respectively. 

The presence of a center of inversion makes the symmetric and asymmetric v(NC) modes 

Raman and IR active only respectively, for an approximate local C2 point group as illustrated 

in Hybrids B and D (Figure 3). Indeed, the Raman active mode is observed at 2165 cm"1 

where as the IR active mode is noted at 2153 cm"1 for both cases. Because of the low solubility, 
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both XH and 13C NMR spectra were recorded in the solid state (MAS). Examples are shown in 

Figure 4. The remainder is placed in the SI. The NMR MAS spectra for all 6 hybrids are 

almost the sum of the corresponding spectra of both starting materials indicating that both 

polymers are present in the resulting materials. 

Hybrid D Hybrid D 

([R2(dppmyCNC6Me4NC)nn 

r i T 

([Pt2WppmycNC6Me4NC)r)n 

15 10 
H?U 

225 175 125 75 
S(ppm) 

25 -25 

Figure 4. Comparison of the lR (left) and 13C (right) NMR MAS spectra of solid 

([Pt2(dppm)2-(CNC6Me4NC)](BF4)2)n, polymer 11 and Hybrid D at 298 K as an example. 

Two of the 6 hybrids were investigated by XRD (SI; see Hybrids B and E). The 

materials are found primarily to be amorphous although medium-sharp features are observed. 

These features appear,more intense and sharper than that depicted in the XRD traces of 

polymers 10-13 (Figure 1). These features indicate the presence of crystalline regions in the 

larger hybrids. This may be due to the desired strong electrostatic interactions between the 

polymer chains of different charges. 

4) Fluorescence and phosphorescence spectra. The energy diagrams including both the 

anionic conjugated organic and cationic organometallic polymers are constructed using the 

fluorescence (~ 460) and phosphorescence (~ 585 nm) data included in this work 

(polycarbazoles), and the literature data reported by our group for the organometallic polymers 

(data decribed below). 
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For the colorless ([Ag(dmb)2]+)n polymer, the absorption spectra exhibit a maximum at 

205 nm assigned to a charge transfer transition (d10 Ag+ —* 7t*.-CN) in acetonitrile.5'6 This band 

places the singlet state well above those of the polycarbazoles. Similarly, the solid state 

emission spectra exhibit a strong and long-lived luminescence centered at 515 nm, somewhere 

between the solid state fluorescence and phosphorescence bands of the investigated 

polycarbazoles in this work. This luminescence, which exhibits a large Stokes shift (< 30000 

cm"1) and a long lifetime (~ 100 us) is known to be associated with an emission arising from a 

triplet state. Hence this state is placed above the triplet state of the polycarbazoles. 

Similarly, the yellow-colored M2-bonded ([Pt2(dppm)2](CNC6Me4NC)2+)n polymer 

exhibits a low-energy absorption band at 344 nm in butyronitrile at 298 K associated with the 

symmetry-allowed dodc* transition typical for d9-d9 species.17 Based on DFT MO analysis, 

this electronic transition is not the lowest energy one, but a symmetry-forbidden charge 

transfer 7t-ArN=C to da* is computed.17 The emission band for this polymer is rather weak 

and is found much red-shifted at 732 (solid state, 77 K), 727 (solid state, 298 K), and 715 nm 

(butyronitrile, 77 K)17. The Stokes shift is also large as well as the lifetime (~ 3 {is) meaning 

that this band is also attributable to a triplet state. All in all, this state clearly lies below the 

triplet state of the polycarbazoles. The location of the corresponding but symmetry-forbidden 

low-energy singlet CT state is not known as its corresponding absorption or emission was not 

observed nor predicted using TDDFT methods.17 Nonetheless, the fact that the fluorescence 

bands of the polycarbazoles in the hybrid materials containing this Pt-containing polymer are 

strongly quenched (more that what spin-orbit coupling would induce, see below) suggests that 

this optically silent CT singlet state must lie below that of the polycarbazoles and that 

quenching is due to efficient singlet-singlet energy transfer. Based on all of these observations, 

the energy diagrams for the two families of hybrids can be constructed (Figure 5) and used for 

the description of the experimental results. 
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(Ag(dmb)2
+)n polycarbazole 

(tPt2(dppm)2](CNC6Me4NC)^)n 

polycarbazole 

T S 1 

Figure 5. Energy diagram for the hybrid materials based on the observed fluorescence and 

phosphorescence spectra of the polycarbazole materials and the literature data for the 

([Ag(dmb)2]
+)n (top) and ([Pt2(dppm)2](CNC6Me4NC)2+)n (bottom) organometallic polymers. 

The exact location of the Si state is not known with certainty, but arguments are provided in 

the text in favour of this diagram where Si is an optically silent state (from a forbidden 

transition). 

Figures 6 and 7 exhibit the emission and excitation spectra of polymers 10, 11 and 13, 

and Hybrids A-F in the solid state at 298 K. The 77 K spectra are also recorded and the 

corresponding spectra are placed in the SI as they bear the same information. The fluorescence 

bands of the polycarbazoles are easily depicted in polymers 10, 11 and 13 in the 450 nm 

region. The short ns time scale measured for these emissions supports this assignment. The 

excitation spectra (in red) exhibit a strong and narrow peak just slightly blue-shifted beside the 
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high-energy shoulder of the fluorescence band. The fluorescence and excitation band shapes 

and positions of polymer 10, provide a "finger print" for the analysis of the corresponding 

emission of the hybrid materials. In addition to the fluorescence, a weak phosphorescence 

appearing as a long tail is visible in the 550-650 nm range. The long emission lifetimes (ju,s, 

presented below) is consistent with this assignment. 

j o 
Fluorescence \\_ f~\ 

Solid; 298 K 

250 

-^12 

.10 

5 6 

-o 4 
o 

o 

350 450 550 
Wavelength (nm) 

650 

Fluorescence 

Solid; 298 K 

250 

_10 

b 8 

i: 

350 450 550 
Wavelength (nm) 

650 750 

o 

Solid; 298 K 

Phosphorescence 

/ 
-ex at590nm 

Fluorescence\ -em at 400 nm 
300 400 500 600 

Wavelength (nm) 
700 800 

Figure 6. Solid state excitation (red) emission spectra (blue) of Polymer 10 and Hybrids A 

and B at 298 K. The excitation and emission wavelength are indicated in the spectra. 
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W a v e l e n g t h (nm) Wavelength (nm) 

Figure 7. Solid state excitation (red) emission spectra (blue) of polymer 11 and Hybrids C 

and D (left) and polymer 12 and Hybrids E and F at 298 K. The excitation and emission 

wavelengths are 350 and 500 nm. The intensities were adjusted so they fit in the frame. The 

emission intensity of the fluorescence and phosphorescence of Hybrids D and F is very low. 

The ([Ag(dmb)2]
+)n-containing materials (Hybrids A, C, E) exhibit the spectroscopic 

features associated with the fluorescence of the polycarbazoles at about 450 nm but the 

relative phosphorescence intensity is strikingly increased. This behaviour is indicative of a 

heavy atom effect (Na vs Ag) and this proposal is supported by the observation of an even 

stronger phosphorescence of the polycarbazole unit for Hybrid E (Ag vs Pt). There is no 

direct evidence for the generally strong emission of the organometallic polymer 

([Ag(dmb)2]+)n at 515 nm.5'6 In an attempt to find this emission, time-resolved emission 

spectroscopy was employed (Figure 8) using the known argument that different species exhibit 

different excited state lifetimes. This slower decaying ([Ag(dmb)2]+)n emission was indeed 

discriminated under the more intense fluorescence of the polycarbazole. One question which 
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arises is why are both the intensity and the lifetime (in the ns timescale rather that the (xs) 

much smaller than that for the simple ([Ag(dmb)2]Y)n polymers (Y = BF4~, PF6", C104~, 

CH3CO2", NO3").5'6 The answer lies in the triplet-triplet energy transfer as described in Figure 

5. Based on this diagram, the population of units in the polycarbazole chains lying in the 

triplet state is first accentuated by the increase in intersystem crossing from the heavy atom 

effect. In addition, triplet-triplet energy transfer can occur from the Ti state of ([Ag(dmb)2]+)n 

to the Ti state of the polycarbazole. The former state can be fed by the Si state of the 

polycarbazole. 

Wavelength (nm) 
Figure 8. Time-resolved emission spectra of polymer 10 (top) and Hybrid A (bottom) in the 

ns time scale. The delay times labelled 42 and 43 ns are located on the short-time side of the 

laser pulse where the laser has not fired (FWHM =1.4 ns). The 45 ns is located at the 

maximum of the pulse, so the 43-45 ns delay range represents the rise time of the laser pulse. 

The feature is the 515-nm band associated with the emission of the ([Ag(dmb)2]
+)n-

This proposal is supported by the even higher phosphorescence intensity for Hybrids 

C and E where the heavy atom is still the same (Ag). So another process is taking place and 
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can only be triplet-triplet energy transfer. This proposal is further supported by Hybrids D and 

F where both the fluorescence and phosphorescence are very weak, a low intensity that can 

only be explained by an efficient energy transfer processes as described in Figure 5 (bottom). 

Again, the organometallic ([Pt2(dppm)2]CNC6Me4NC)2+)n polymer exhibits a low-lying triplet 

excited state that can act as an energy acceptor. Strong intersystem crossing due to Pt 

accentuates the funnelling of this energy through this lower energy triplet state. The relative 

ratio of the fluorescence and phosphorescence intensities are different for the hybrids of 

Figure 6 vs those of Figure 7. The reason for different efficiencies in the energy transfers is 

still unknown to us. 

Emission decay traces and lifetimes. The related poly(yV-octyl-2,7-carbazole, POG) was 

investigated by Durocher, Leclerc and collaborators as thin films.20 In their work, the authors 

demonstrated that POC exhibited a linear fluorescence decay trace in solution, but the multi-

exponential model had to be employed to describe the fluorescence decay as a thin film. They 

also estimated qualitatively the fluorescence quantum yield (<E>F) in the film using <I>F and TF in 

solution (<t>F (film) ~40%). In this work, the hybrid materials are not soluble and were 

analyzed by emission lifetime decay traces only in the solid state. We employed the ESM 

(multi-exponential method)21 since we find that better fits are obtained in comparison with 

double, triple and quadruple models. This method allows computing up to 200 lifetimes along 

with their relative intensity, so the data are represented as graphs for convenience. The 

maximum in the graphs of the relative intensity as a function of lifetime represents the most 

probable lifetime. The width of this distribution is related to the curvature of the decay trace in 

the log scale. A single exponential decay gives a narrow distribution. For comparison purposes, 

we investigated the conjugated iV-hexyl-3,6-bisethynylcarbazole model in the solid state as 

well (Scheme 7). 
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CRH 6n13 

N-hexyl-3,6-bisethynylcarbazole N-butylcarbazol-3,6-diyl trimer 
Scheme 7 

The distribution of lifetime exhibits a maximum at ~ 5.2 ns and a full-width-at-half-

maximum (FWHM) of ~0.4 ns (Figure 9). This is a moderate distribution. For N-

butylcarbazol-3,6-diyl trimer, the maximum of the distribution of lifetime has a value of ~ 

4.7 ns with FWHM of ~ 0.7 ns (Figure 9). 

4.5 5 
Lifetimes (ns) Lifetimes (ns) 

Figure 9. Fluorescence lifetime of Af-hexyl-3,6-bisethynylcarbazole (left) and N-

butylcarbazol-3,6-diyl trimer (right) as solid at 298 K measured using Xem = 420 nm and AeX = 

350 nm. 

Polymers 10, 11 and 13 exhibit maxima in the graph of the lifetime distributions at 0.83, 0.92 

and 0.73 ns (Figure 10), with FWHM of ~0.25, 0.50 and ~0.20 ns, respectively (Table 2). 

The most probable fluorescence lifetimes for the polymers are shorter than that of the model 

compounds. This behaviour was also noted by Durocher, Leclerc and collaborators for POC 

and is obviously due to the polymeric nature of the material. This non-exponential behaviour 

of the emission decays for other polymers was also investigated by one of us before (PDH)' 6,22 
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and is found to be due to an excitonic process (i.e. energy derealization similar to excimers 

with variable lengths). A clear relationship between the length of the oligomers and the 

amplitude of the curvature of the decay trace was also demonstrated.""' In this work, a clear 

evidence for an excitonic behaviour is observed. In general, non-exponential decays are 

difficult to interpret. 

Interestingly in this work, we did not observe a decrease in the carbazole-c entered TF in 

the hybrids while expecting one based on the external heavy atom effect and energy transfer 

processes described above. One way to provide a possible explanation is that the rate for 

exciton migration must be faster than the intersystem crossing (due to external heavy atom 

effect) and interpolymer chain energy transfer rate constants, so that the dominant exciton 

signature in the non-exponential decay traces hides these two slower processes.. The rate for 

exciton migration is well-known to be faster than energy transfers as well exemplified in 

antenna devices photosynthetic bacteria.23 

Table 2. 298 K solid state spectroscopic and fluorescence lifetime data. 
Material Xem (nm) solid state solid state(Xem = 460nm) 

xF(ns);FWHM(ns) 
/V-hexyl-3,6-bisethynylcarbazole 420,460 sh 5.17a;0.355 

iV-butylcarbazol-3,6-diyltrimer 430,460 sh 4.7la; 0.66 

Polymer 10 400, 465, 495 sh 0.83; 0.26 

Hybrid A 400, 463, 492, 550sh 0.92; 0.32 

Hybrid B 397, 468sh, 580 1.18; 0.36 

Polymer 11 397, 443sh, 467, 495sh, 615sh 0.92; 0.48 

Hybrid C 395, 437sh, 464 sh, 580 0.80; 0.17 

Hybrid D 395,460,585 0.80; 0.14 

Polymer 13 395, 451sh, 471, 500sh, 617sh 0.73; 0.14 
Hybrid E 397, 437sh, 470, 607 broad 0.49; 0.17 

Hybrid F 397,470,495,595 0.75; 0.31 
a êm = 420 nm and A^ = 350 nm. 

The phosphorescence decays were also analyzed at 77 K (for better intensity) and similar 

observations were made. The decay trace (SI) are not mono-exponential and all required at 
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least two components generally best described as one or two short-lived components of high 

intensity and a slower one that is not generally of low intensity. Table 3 reports the decay 

analyses where the results from the lowest x were obtained (i.e. best fit). The phosphorescence 

lifetime of the strongest component for the model compound iV-hexyl-3,6-bisethynylcarbazole 

(~2 ms) is longer than that for polymers 10-12, again stressing the effect of the polymeric 

and solid state nature of the materials on Tp. Because of the multi-exponential nature of the 

decay traces, the presence of an excitonic process (energy derealization) is suspected to be 

taking place. Other literature examples of the exciton in the triplet state exist.6 We are not able 

to assign with certainty the emission lifetimes of the organometallic polymer. Based on the 

time-resolved spectra described above, the lifetime must be longer than that of the organic 

carbazole-containing polymers. 
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Figure 10. Distribution of fluorescence lifetimes for thin films of polymers 10, 11 and 13 at 

298 K using \<.m = 460 nm and Xex = 400 nm. 
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Table 3. Phosphorescence lifetimes measured as solid suspended in frozen 2MeTHF at 77 K 

using XeX = 450 nm and monitored at A«m = 600 nm. 

Polymer 10 

Hybrid A 

Hybrid B 

Polymer 11 

% • 
47 
20 
16 
17 
49 
16 
19 
17 

60 
20 
20 
43 
25 
14 

x(ms) 
0.627 ± 0.009 
3.68 ± 0.039 
11.4 ±0.065 
95.7+0.502 
2.81 ±0.574 
0.598 ±0.928 
19 ±4.36 
53.5 ±11.3 

0.485 ±0.114 
3.42 ±0.51 
134 ± 26.3 
1.33 ±0.0174 
0.478 ±0.0216 
7.31+0.0749 

t 
0.795 

0.921 

1.018 

. 0.742 

Hybrid C 

Hybrid D 

Polymer 
13 

Hybrid E 

Hybrid F 

% 
60 
30 
10 

72 
28 

33 
33 
34 

36 
22 
42 
58 
27 
15 

x(ms) 
0.816 ±0.149 
4.45 ±0.715 
44.9 + 25.6 

0.858 ± 0.0257 
5.69 ± .0985 

0.315 ±0.0173 
1.06 ±0.0252 
5.12 ±0.038 

0.825+0.129 
5.49 ±0.653 
160 ±16.3 
1.25 ±0.0234 
9.74 ±0.0924 
82.8 + 1.1 

i 
1.067 

t 

0.638 

0.907 

0.918 

1.055 

a) When the % value is low, the agreement between the calculated fit and the experimental 
curve is very good. 

Conclusion 

Novel mixed cation/anion polymer-containing materials, where the polymers are conjugated 

carbazole-containing polymers, bearing anionic side chains, and the organometallic polymers 

where the state of charge of the metal makes them polycations, were prepared and 

characterized. Because of the lack of solubility, these new hybrid materials were solely 

investigated in the solid state. Evidence for heavy atom effect (from the Ag and Pt metals) 

where a large increase of the phosphorescence intensity of the carbazole-containing polymers 

indicated interchain contacts across the materials. These interactions were further illustrated 

from the evidence of interchain energy transfers. All emission decay traces are found to be 

polyexponential indicating the presence of an exciton (i.e. excitation energy delocalisation).6 

Because through-space triplet energy transfer between the organic and organometallic polymer 

chains is observed, and that this process occurs solely via a double electron exchange (Dexter 
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mechanism), it becomes obvious that a single photoinduced electron transfer is also possible 

for related polymers (i.e. structurally similar) that exhibit thermodynamically favourable redox 

properties. Therefore, this property "opens the door" to a possible design of hybrid 

cation/anion photo-conduction polymer materials and solar cells. The ideal hybrid materials 

can be obtained by the incorporation of longer soluble side chains for easier characterization 

and for the possibility of polymer film formation. 
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Synopsis 

Organometallic and Conjugated Organic Polymers 

Held Together by Strong Electrostatic Interactions 

to Form Luminescent Hybrid Materials 

Diana Bellows, Ernilie Gingras, Shawkat M. Aly, 

Alaa S. Abd-El-Aziz, Mario Leclerc, and Pierre D. Harvey 

Mixed cation/anion polymer-containing materials, where the polymers are conjugated 

carbazole-containing polymers, bearing anionic side chains, and the organometallic polymers 

where the state of charge of the metal makes them polycations, were prepared and 

characterized. A large increase of the phosphorescence intensity of the carbazole-containing 

polymers is induced from heavy atom effect showing evidence for interchain contacts across 

the materials. These interactions are further illustrated from interchain energy transfers. 
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Figure SI. Comparison of the lR (left) and 13C (right) NMR MAS spectra of solid 

([Ag(dmb)2]BF4)n, polymer 10 and Hybrid A at 298 K. 
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Figure S2. Comparison of the *H (left) and 13C (right) NMR MAS spectra of solid 

([Pt2(dppm)2-(CNC6Me4NC)](BF4)2)n, polymer 10 and Hybrid B at 298 K. 
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Figure S4. Comparison of the !H (left) and 13C (right) NMR MAS spectra of solid 
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Figure S14. Time-resolved emission spectra of polymer 11 (top) and Hybrid C (bottom) at 

298 K in the ns time scale. The delay time labelled 43 ns is located on the short-time side of 

the laser pulse where the laser has not fired (FWHM =1.4 ns). The 45 ns is located at the 

maximum of the pulse, so the 43-45 ns delay range represents the rise time of the laser pulse. 
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Figure S15. Time-resolved emission spectra of polymer 13 (top) and Hybrid E (bottom) at 

298 K in the ns time scale. The delay time labelled 43 ns is located on the short-time side of 

the laser pulse where the laser has not fired (FWHM =1.4 ns). The 45 ns is located at the 

maximum of the pulse, so the 43-45 ns delay range represents the rise time of the laser pulse. 
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Figure S16. Phosphorescence decay traces of iV-hexyl-3,6-bisethynylcarbazole measured as 

solid at 77 K using A«x = 360 nm and 7^m= 500 nm. 
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3.4 Manuscript 4: 

Probing the Electronic Communication of the Isocyanide Bridge Through 

the Luminescence Properties of the d9-d9 [ClPt(|i-dppm)2Pt-(ON-PCP)]+ 

and A-Frame [ClPd(Mppm)2.(|Li-C=N-PCP)PdCl] Complexes (PCP = 

[2.2]paracyclophane) 

3.4.1 Preface 

The idea of this paper came from Dr. Pierre D. Harvey and Dr. Michael Knorr. They offered 

the idea and the supervision during the course of this research. 

This paper consists of three parts. The first part involved the synthesis and characterization of 

the dyads and were carried out by Dr. Sebastien Clement under the supervision of Dr. Luarent 

Guyard and Michael Knorr at the Universite de Franche-Comte. 

My contribution was the measurements of the photophysical data of the paper under 

supervision of Dr. Pierre D. Harvey. I contributed also in the data analysis and discussion of 

the photophysical part under supervision of Dr. Pierre D. Harvey. 

The third part was the TDDFT calculations and they were made by Dr. Daniel Fortin. 

This work can be found in Inorganic Chemistry. S. CLEMENT, S.M. ALY, D. FORTIN, L. 

GUYARD, M. KNORR, A.S.ABD-EL-AZIZ, and P.D. HARVEY, Inorg. Chem., 47, 10816 

(2008). 
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Abstract. The homodinuclear d9-d9 ClM(|i-dppm)2MCl2 complexes, 1 (M = Pt) and 2 (M = 

Pd) react with the conjugated and luminescent PCP-NC ligand (3, PCP = [2.2]paracyclophane) 

to provide the corresponding d9-d9 terminal tClPt(u-dppm)2Pt(CN-PCP)]Cl (4) and d8-d8 A-

frame [ClPd(p,-dppm)2(u.-C=N-PCP)PdCl] (5) isocyanide complexes, respectively. These two 

bimetallic complexes were characterized by BR, *H and 31P{1H] NMR, and chemical analysis. 

IR data (v(CN) bridging vs. terminal) reveal a terminal isocyanide bonding mode for 4 (2147 

cm"1) and an A-frame structure for 5 (1616 cm"1). The optical and emission properties of the 

free isocyanide 3 as well as those of the homodinuclear complexes 4 and 5 were studied by 

UV-visible and luminescence spectroscopy, and photophysical measurements. The unexpected 

presence of simultaneous intraligand roc* fluorescence and phosphorescence attributable to the 

organic PCP-NC ligand as well as luminescence arising from the inorganic M2-bonded Pt2(|i-

dppm)2 center arising from a lower energy excited LMCT state (ligand-to-metal-charge-

transfer) for 4 at 77 K, indicates a weak conjugation between the two chromophores and 

absence of efficient singlet and triplet energy transfers. For 5, only the fluorescence and 

phosphorescence bands of the PCP-NC ligand are observed (since the A-frame XPd((i-

dppm)2((i-L)PdX (L = isocyanide, X = halide) is not luminescent) stressing that the N=C 

bridge exhibits modest electronic communication properties. 

Keywords. Platinum, Palladium, Binuclear Complexes, [2.2]paracyclophane, Isocyanide. 
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Introduction 

[2.2]Paracyclophanes (PCP) constitute an intriguing class of compounds which have 

attracted the interest of many researchers since the synthesis of the parent compound around 

the middle of this century.2 Numerous PCP derivatives were prepared for various applications 

such as chiral catalysis,3 the design of new Non Linear Optical (NLO) materials,4 %-

conjugated arrays, electron transfer processes and molecular electronics.5 The unique 

structural and electronic properties of these derivatives arise from the characteristic 

interactions between the two cofacial 7i-electron systems.6'7 

We reported the physico-chemical properties of oligomeric and polymeric dppm-spanned 

Pd-Pd and Pt-Pt arrays assembled by unconjugated and conjugated diisocyanide ligands (Chart 

1). ' The unconjugated polymers were those using the saturated dmb ligand (1,8-diisocyano-

p-menthane), and the conjugated ones were built upon /?ara-diisocyano-tetramethylbenzene. 

The conjugation was demonstrated by the red-shift of the absorption bands going from the 

monomelic models [M(u.-dppm)2(|a.-C=N-C6H4-jPr)2M]2+ (M = Pd, Pt) to the polymers, and by 

the increased thermal stability in the polymers by comparison with the same models. We also 

recently reported the first A-frame-containing organometallic/coordination polymer arising 

from the reaction between the corresponding d9-d9 MM'-bonded complex (M = Pd, M' = Pt) 

and the l,2-bis-(2-isocyanophenoxy)emane assembling ligand. The material is found to be 

strongly luminescent at 77 K. 10 

2+ 
Ph2P PPh2 

I I 
NSC—M- M — C S N 

Ph2P. .PPh2 

M = Pd, Pt 

Ph2P 

4 - N s C — M -

Ph2P^ 

2+ 

, p p h 2 

M = Pd, Pt 

Chart 1 

- f Ph 2 P^ N "PPh 2 

\ Jt^H 
^ k o"7^ 

Ph2P^ ,PPh2 

^ 

We now wish to report the chemical and photophysical properties of homodinuclear Pd-Pd 

and Pt-Pt complexes containing PCP-NC (Chart 2). The PCP-NC ligand was chosen because 

the PCP-containing compounds exhibit luminescence. It is demonstrated that the use of a 
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heavy metal (here as Pd2- or Pt2(|i-dppm)2) promotes intersystem crossing, hence populating 

the triplet excited state of the organic component (here [2.2]paracyclophane), but also 

proportionally depopulating the singlet excited state. In addition, this paper shows that 

electronic communication between the PCP lumophore and both the [ClPt(|i-dppm)2Pt(CN-

R)]+ and [ClPd(ii-dppm)2(u-C=N-R)PdCl] units, is relatively modest despite conjugation. 

3 (PCP-NC) 

Ph2P PPh2 

I I 
Cl-Rt Rt-C=N-R 

Ph 2 P N ^PPh 2 

4 R = PCP 

Chart 2 

Ph,P N Npph2 

IAI 
Pd Pd 

cr I 
Ph,Pv 

I xci 
,PPh2 

5 R = PCP 

Experimental Section 

Materials. All reactions were performed in Schlenk-tubes under purified nitrogen. 

Compounds ClPd(|i-dppm)2PdCl (1), ClPt(u-dppm)2PtCl (2), PCP-NC (3) were prepared 

according to literature methods.11"13 All solvents were dried and distilled from appropriate 

drying agents. 

[ClPt(u-dppm)2Pt(CNPCP)]Cl (4). 3 (0.023 g, 0.100 mmol) was dissolved in 2 mL of 

CH2C12, and was added over a period of 30 min to a stirred solution of 2 (0.123 g, 0.1 mmol) 

in 3 mL of CH2C12. The yellowish solution was stirred for 1 h and evaporated to dryness. The 

yellow residue was washed with 3 mL of Et20 and dried under vacuum. Yield: 0.133 g (91%). 

IR (CH2C12): 2147(s) cm"1 (vCN); *H NMR (CDC13): 5 8.59-6.26 (m, 47 H, Ph), 4.61 (m, br, 4 

H, FCH2P), 3.15-2.47 (m, 8 H, CH2).
 31P{'H} NMR (CDC13): 5 7.3 (m, 2 P, !JPt-p = 2020), 2.7 

(m, 2 P, Vpt.p = 2925) ppm. Anal. Calcd for C67H59Cl2NP4Pt2 • CH2C12: C 52.71; H, 3.94; N 

1.05 Found C 52.66; H 3.83 N 1.00. The presence of CH2C12 was confirmed by JH NMR. 

[ClPd(u.-dppm)2(u.-C=N-PCP)PdCl] (5). 3 (0.023 g, 0.100 mmol) was dissolved in 2 mL of 

CH2CI2 and was added over a period of 30 min to a stirred solution of 1 (0.105 g, 0.100 mmol) 

in 3 mL of CH2CI2. The reddish solution was stirred for 1 h and evaporated to dryness. The red 
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residue was washed with 3 mL of EtaO and dried under vacuum. Yield: 0.118 g (92 %). IR 

(KBr): 1616(w) (VC=N) cm"1. *H NMR (CDC13): 5 7.01-8.30 (m, 40 H, Ph), 6.36 (s, 1 H), 6.33 

(d, 1 Haromatio ^H-H = 7 .9 ) , 6 . 2 8 (d, 1 Haromatic, -̂ H-H = 7 .9) , 6 .09 (d, 1 Haromatic, ^H-H = 7 .9 ) , 6 .01 

(d, 1 Haromatic, Jli-H = 7 .9 ) , 5 . 7 0 (d, 1 Haromatic, ^H-H = 7 .9) , 5 .62 (d, 1 Haromatic, ^H-H = 7 .9 ) , 2 .79 

(m, 4 H, PC/fcP), 2.10-2.52 (m, 8 H, CH2), ppm. 31P{lK] NMR (CDC13): 5 17.4 (m, 4P, br.) 

ppm. Anal. Calcd for C67H59Cl2NP4Pd2 • 0.5 CH2C12: C 60.97'; H 4.52; N 1.05. Found: C 

60.87; H 4.48; N 0.98. The presence of CH2C12 was confirmed by *H NMR. 

Apparatus. IR spectra have been recorded on a Nicolet Nexus 470 spectrometer. All NMR 

spectra were acquired with a Bruker Avance 300 (*H 300.13 MHz, 13C 75.48 MHz and 31P 

121.49 MHz) using the solvent as the chemical shift standard, except for 31P NMR, where the 

chemical shifts are relative to H3PO4 85% in D20. All the chemical shifts and coupling 

constants are reported in ppm and Hz, respectively. UV-Vis spectra were recorded on a Varian 

Cary 50 spectrophotometer. Emission and excitation spectra were obtained by using a double 

monochromator Fluorolog 2 instrument from Spex. Fluorescence lifetimes were measured on 

a Timemaster model TM-3/2003 apparatus from PTI. The source was a nitrogen laser 

equipped with a high-resolution dye laser (fwhm ~ 1500 ps), and the fluorescence lifetimes 

were obtained from deconvolution and distribution lifetime analysis. The quantum yield was 

measured against [Ru(bpy)3](Cl)2 (4>e = 0.376 + 0.036) in PrCN.14 

Computations. All calculations were performed on an Pentium® 3.20GHz PC with the 

Gaussian 03 revision C.02 and Gausview 3.0 software package.15 The hybrid B3LYP 

exchange - correlation function has been considered due to the high accuracy of the ensued 

results. " LANL2DZ ~ pseudo-potentials were used on platinum and 3-21G*" on 

phosphorus and chloride atoms, with LANL2DZ basis set for platinum and 3-21G* on 

phosphorus and chloride atoms. 6-31G23'24 basis sets were used on all other atoms. The 

complexes were optimized to their ground singlet and triplet states respectively to calculate 

the HSOMO and HOMO energy difference to evaluate the phosphorescence wavelength.25 

The singlet ground state (S0) was used to calculated the 0-0 TDDFT26 S0 — Si absorption 

energy and oscillator strengths. The methodology was calibrated against the optimized 
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geometry of the related X-ray characterized [Pt2(u.-dppm)2(CN-fBu)2]
2+ cation (SI), and 

selected computed bond distances and angles for the optimized 3, 4 and 5 are placed in the SI. 

Results and discussion. 

Syntheses and characterization. The homodinuclear complexes 4 and 5 are prepared from 

the reaction between the d9-d9 precursors ClPd(u.-dppm)2PdCl (1) or ClPt(u\-dppm)2PtCl (2) 

and the PCP-NC ligand (3) in a 1:1 complex-to-ligand ratio (Scheme 1). 

Ph2P PPh2 PCP-NC Ph2f >Ph2 PCP-NC . ^ j T V * 2 

CI—Rt Rt—C=N—R -*- - CI—M M—CI ± • ^ P d " ~Pd 
CH2CI2 | | CH2CI2

 C l | I .CI 
P h 2 p \ ^PPh2 Ph2Pv .PPh2 P h 2 P \ ^ P P h 2 

4 R = PCP 1 M = Pd 5 R = PCP 
2M = Pt 

Scheme 1 

The reaction product is governed by the nature of M. Indeed, whereas treatment of 2 with 

PCP-NC (3) produces exclusively the d9-d9 Pt-Pt-bonded mono-cationic species [ClPt(|i-

dppm)2Pt(CN-PCP)]Cl (4) bearing a terminal CNR ligand, reaction of 1 with 3 under similar 

conditions leads to the d8-d8 A-frame compound [ClPd({i-dppm)2(u-C=N-PCP)PdCl] (5), 

resulting from insertion of 3 into the Pd-Pd bond. The bridging or terminal bonding mode of 

the isocyanide ligand is deduced from the IR spectrum, which displays a v(C=N) medium 

intensity peak at 1616 cm"1 for 5 and a strong v(C=N) band at 2147 cm"1 for 4. The ^P^H} 

NMR spectrum of 5 exhibits a very broad singlet-like resonance at 8 = 17.4 ppm. The 

broadness of this peak can be rationalized either by a "windscreen-wiper" motion of the bent 

C=N-PCP ligand in solution, leading to the quasi equivalence of the four phosphorous nuclei27 

or by an accidental near equivalence of the two PA and PB resonances. Due to dissymmetry 
O i l 

of 4, its P{ H} NMR spectrum gives rise to a pattern characteristic of a AA'BB' spin system 

consisting of two slightly broadened multiplets centered at 7.3 and 2.7 ppm with Vpt-p and 
2+3 7pt_p couplings of 2020 and 2925 Hz, respectively. 
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Photophysical properties. The absorption spectrum of phane was previously studied in great 

detail.63'29'30 The close proximity of the two benzene rings (3.1 A) gives rise to abnormal 

absorption bands that cannot be traced back to the usual ran* signature of benzene. It exhibits 

intense, short wavelength absorptions around 300 nm. These bands are assigned to the %-

electron system, which is modified by the loss of planarity and the strong transannular 

interactions of both benzene rings whereas the band around 320 nm (respectively, £ = 1800 M" 

'.cm"1 in 2-MeTHF and 8 = 1900 M^.cm"1 in PrCN) can in first instance be tentatively 

assigned, to the 7171* transition of the conjugated isocyanide-containing benzene ring (Table 1). 

Table 1. Absorption data for compounds 3-5 in 2-MeTHF at 298 K. 

Compound 

3 

4 

5 

A-max (e, M-'-cm"1) 

268 (21000), 294 (6300), 322 (1800) 

273 (16200), 314 (6300), 364 (3600), 415 (1100) 

286(17800X445(2500) 

At 77 K in frozen PrCN and 2-MeTHF, the coordinated PCP-NC ligand exhibits two broad 

(full-width-at-half-maximum, FWHM = 12000 and 45000 cm"1, respectively) unstructured 

emissions at X.max around 370 and 480 nm, typical for excimers and phanes (Figure 1 and SI). 

The emission maxima are not shifted using different solvents. This absence of a 

solvatochromatic effect is consistent with a similar charge distribution of the ground state and 

the emitting state. The first emission maximum is assigned to fluorescence (fluorescence 

lifetime, xF ~ 1.23 ns in 2-MeTHF and xF - 1.85 ns in PrCN) (Table 2). The xF values using 

PrCN and 2-MeTHF (x ~ 1 ns) compare very favorably with other 7t-conjugated systems 

incorporating the PCP skeleton, as previously described by Bazan et al. ' 
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Figure 1. Absorption, excitation and emission spectra of 3 in PrCN at 77 K (left) and at 298 K 

(right). 

The second band is phosphorescence as deduced from the long lifetime (TP ~ 3.75 s in 2-

MeTHF, Tp ~ 3.37 s in PrCN). The time-resolved emission spectrum for 3 in PrCN at 77 K 

(see the SI) decays in the long time scale and no other emission was detected, hence 

supporting this assignment. The wavelength maxima, emission lifetimes and quantum yields 

compare favorably to that of other 4-substituted PCP derivatives. ' The electronic spectra of 

3 are very similar to other reported PCP derivatives, indicating only a moderate influence of 

the isocyanide group. The photophysical data for 3 are presented in Table 2. Compound 3 is 

also weakly luminescent at room temperature in solution (Figure lb, Table 2) and in the solid 

state at 77 K (SI, Table 2). The excitation spectrum superposes the absorption spectrum. No 

phosphorescence is observed at room temperature. 

—Ex at 370 nm 

—Em at 270 nm (x 2) 

- A b s 
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Table 2. Photophysical data for compound 3. 

"abs 

(nm) 

XF (nm) 

IF (ns) 

<$?F 

A,p(nm) 

XP(S) 

4 > P ( C ) 

2-MeTHF (77 K) 

274, 296, 310, 320 (sh) 

370 

1.23 + 0.03 

(b) 

480 

3.75 + 0.10 

(b) 

PrCN (77 K) 

295 (sh), 325 

• 370 

1.85 ±0.22 

0.089 

480 

3.37 + 0.18 

0.048 

PrCN (298 K) 

270, 302, 324 

(sh) 

370 

0.63 + 0.01 

0.02 

(a) 

(a) 

(a) 

solid (77 K) 

(b) 

370 

(b) 

500 

(b) 

(a) No phosphorescence is observed at rOom temperature, (b) Not measured, (c) Measured against 

[Ru(bpy)3](Cl)2 ((|>e = 0.376 + 0.036 in PrCN)14 

Figure 2 shows the HOMO-1, HOMO and LUMO for ligand 3 (optimized geometry). The 

lowest energy electronic transitions (HOMO-1 -> LUMO and HOMO —> LUMO) are 7t7t*-

type. The LUMO is composed mainly of px orbitals localized on the benzene ring bearing the 

CN group, whereas the HOMO is composed mostly of px orbital centered on the benzene that 

has no substituent. The HOMO-1 is also composed of px orbitals, but distributed over the two 

benzene rings. All in all, the two predicted lowest energy transitions are expected to exhibit 

some charge transfer (CT) character due to the symmetry of this ligand. Moreover, because of 

the poor orbital overlap between the HOMO and LUMO, the oscillator strength and the 

absorptivity are expected to be low. Indeed, experimentally the absorptivity values are 6300 

M^cm"1 for 294 nm absorption, and 1800 M" cm" for the 322 nm band. The lowest energy 

transitions (excited states 1, 2 and 3) are computed by TDDFT to be localized at 267, 281 and 

296 nm (Table 3), respectively, which are in reasonable agreement with the experimental data 

presented in Table 1 (i.e. 268 (21000), 294 (6300), 322 nm (1800 M'cm"1)). The red-shifted 

discrepancy is due to the fact that the calculated data are for gas phase molecules whereas the 

experimental data for the ligand are obtained for 2-MeTHF as the solvent at 298 K. The fact 
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that these excited states exhibit a CT character makes the sensitivity to solvent polarity more 

pronounced. The relative calculated oscillator strengths agree with the observed relative 

absorptivity data. 

-0.021 

-0.042 

-0.239 

LUMO (-0.042 a.u) 

calcd: absorption 
296 nm, f=0.0001 

HSOMO (-0.131 a.u) 
with triplet geometry 

calcd 

nuclear 
relaxation 

emission;562 nm 

HOMO (-0.225 a.u) HOMO (-0.212 a.u) 
with triplet state geometry 

Figure 2. MO representation of the frontier MOs (left) and calculated energetics of die 

frontier orbitals explaining the lowest-energy absorption and phosphorescence of ligand 3. The 

energy units are in a.u (right). 

These calculated lowest energy transitions are composed of more than one transition. For 

excited state 1, the major component is expected to be mainly the HOMO —> LUMO transition 

(62 —• 63). Minor contributions arising from the HOMO-1 —> LUMO and HOMO —• 

LUMO+1 transitions are also computed. The other excited states are also composed of other 

transitions and their nature appears more complex due to the higher number of contributions 
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and the closeness of the relative probability of these components. So, the nature of the 

fluorescent state is a it%*-system which exhibits a strong charge transfer character from the 

unsubstituted benzene ring to the NC-substituted one. 

Table 3. Computed singlet-singlet transition energies, oscillator strengths, and their 

components for 3.a 

Computed excited states and Transition energies Oscillator strength 

components (#MO) (f ) 

Excited State 1: 62 -+ 63 -0.65752 4.1950 eV 295.55 nm 0.0001 

61-»64 0.14959 

6 1 ^ 6 3 0.14972 

excited state 2: 

excited state 3: 

60-

61-

6 1 -

62-

62-

60-

61-

61-

-+63 0.39749 

-+63 0.47634 

-+64 -0.19240 

^ 6 3 0.16400 

-+64 -0.15866 

-+ 63 -0.38853 

-»• 64 0.43853 

-+ 64 0.27568 

4.4103 eV 281.13 nm 

4.6508 eV 266.58 nm 

0.0045 

0.0312 

a) Transitions with f = 0 or 0.0001 are removed. MO 62 = HOMO; MO 63 = LUMO. The 

excited state numbering refers to the order from the lowest energy to the highest. The positive 

and negative numbers beside the transition represent the relative probability (i.e. weighing). 

The nature of the phosphorescence is analyzed using DFT calculations of the optimized 

geometry of the ligand 3 in the triplet state. The calculated highest semi-occupied MO 

(HSOMO) exhibits a similar atomic contribution of the LUMO of the diamagnetic S0 
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molecule, except that the contribution of the px orbital of the unsubstituted ring has diminished 

significantly to -0.131 a.u. Upon relaxation via emission of a photon (i.e. phosphorescence), 

the triplet state geometry remains the same. So, the computed HOMO in its triplet geometry is 

also computed. It exhibits a modified atomic contribution scheme with respect to the HOMO 

in its ground state (So). Its MO energy is -0.212 a.u. (higher than the HOMO in the ground 

state; -0.225 a.u.). It is composed of the px orbitals of the substituted benzene ring including 

the NC group. This MO bears resemblance with the HSOMO rather than with the HOMO. The 

nuclear relaxation between the HOMO computed with geometries in the triplet and ground 

state involves an 0.013 a.u. energy difference, corresponding to 2850 cm"1 or 0.35 eV. The 

energy difference between the two MOs (HSOMO and HOMO) computed in the triplet state 

geometry is 0.081 a.u. giving a calculated phosphorescence wavelength of 562 ran. Figure 2 

summarizes the calculated energetics of the frontier MOs explaining the lowest-energy 

absorption and phosphorescence of 3. Noteworthy, the electronic density travels across the 

two benzene rings going from the ground state through the Si and Ti levels and then back to 

the ground state (Figure 2). 

350 400 450 500 
Wavelength (nm) 

600 

Figure 3. Absorption spectra of 4 in PrCN (red) and in 2-MeTHF (blue) at 298 K. 

The UV-visible spectra of 4 exhibit bands below 320 nm, appearing as shoulders (Figure 3). 

A low-energy band (A,max = 370 nm) is also observed and is associated with the Pt2-containing 

fragment. At first glance, this band may be a typical do—•do* transition commonly known for 
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j9 ,9 34 
d-d M2-bonded species. However, the absorptivity data are a little small for such an 

assignment (e = 3600 MT'-cm"1 in 2-MeTHF and e = 3400 M^-cm"1 in PrCN at 298 K, Table 1) 

in comparison with most absorptivity data for d9-d9 M2-bonded species (e > 10000 M^cm"1).34 

Figure 4 exhibits the frontier MOs going from HOMO-5 to LUMO+2 of the model complex 

[Pt2(PH2CH2PH2)2(Cl)(CNPCP)]+ (DFT). Both HOMOs are composed of % orbitals primarily 

located on the PCP residue. The HOMO (-0.309) is composed of occupied % orbitals located at 

the unfunctionalized ring of the PCP unit (where there is no CN group) whereas the n orbitals 

of HOMO-1 (-0.316 a.u.) are located on both rings of the PCP residue with practically no 

other atomic contribution. The LUMO is composed of dz2 orbital forming the M2 anti-bonding 

orbital plus some pz component of the CI atom and some p orbital of the CN unit. The 

LUMO+1 is also composed of the same orbitals as for the LUMO but some minor 

contributions of the JU system of the lower benzene ring is computed as well. 

(a.u.) 
-0.182 

-0.183 

LUMO (-0.183 a.u.) HSOMO (-0.236 a.u.) 
i s c with 

triplet state geometry 

HOMO (-0.309 a.u.) HOMO (-0.306 a.u.) 
with triplet state geometry 

Figure 4. MO energy diagram of the frontier orbitals, MO representations for LUMO+1, 

LUMO, HOMO, HOMO-1, HOMO-5 and calculated energetics of the frontier orbitals 

explaining the lowest-energy absorption and emission of compound 4 using the 

[Pt2(PH2CH2PH2)2(Cl)(CNPCP)]+ model. 
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The lowest energy excited states generated from the HOMO-1, HOMO, LUMO and 

LUMO+1 are not associated with the do-da* manifolds. In order to find the do level that 

would generate these do-do* excited states, one has to go down to the HOMO-5. So, the do

do* singlet excited state appears to be placed at higher energy. Table 4 provides the computed 

singlet-singlet absorption transition energies (TDDFT), oscillator strengths (f), and their 

components using the model complex [Pt2(PH2CH2PH2)2(Cl)(CNPCP)]+ for which the 

geometry was optimized (d(Pt-Pt) = 2.705; d(Pt-P) = 2.323 (average); d(Pt-Cl) = 2.442; d(Pt-

C) = 2.012; d(N=C) = 1.178 A). The lowest computed energy transitions 424 and 427 nm 

correspond fairly well with the observed shoulder at ~ 415 nm for 4 in 2MeTHF at 77 K. The 

electronic transition exhibiting the largest f value (0.0018) is the one that contributes the most 

to the observed intensity. The low value for f is consistent with the observed low absorbance 

of the 415 nm shoulder. This transition exhibits two major contributions of about the same 

probability (105 - • 106 and 105 -> 107; HOMO - • LUMO and HOMO - • LUMO+1, 

respectively). Examination of the frontier MOs of Figure 4 indicates that both contributions 

for this transition are ligand-to-metal-charge-transfer (LMCT) where L is the 7U-system of the 

unsubstituted benzene unit in PCP and M is the do* C=N-Pt-Pt-Cl fragment. The orthogonal 

shape of the MOs and the lack of atomic contributions common to both starting and arriving 

MOs (i.e. poor overlap) make the f value predictably small. 
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Table 4. Computed singlet-singlet transition energies, oscillator strengths, and their 

components for [Pt2(PH2CH2PH2)2(Cl)(CNPCP)]+.a 

Computed excited states and Transition energies Oscillator strength 

components (#MO) (f) 

2.9031 eV 427.08 nm 0.0008 

2.9225 eV 424.23 nm 0.0018 

3.1471 eV 393.96 nm 0.0749 

3.3878 eV 365.98 nm 0.0238 

a) Transitions with f = 0 or 0.0001 are removed. MO 105 = HOMO; MO 106 = LUMO. The 

excited state numbering refers to the order from the lowest energy to the highest. Since the 

singlet-triplet transitions are not considered in this analysis, these are not listed. The positive 

and negative numbers beside the transition represent the relative probability (i.e. weighing). 

The next transition calculated at 394 nm exhibits an f value of 0.0749. This is the 

transition with the largest f and must contribute the most in the low-energy region of the 

spectra for 4. This transition also exhibits two major contributions of about the same 

probability (104 -»• 106 and 104 -> 107; i.e. HOMO-1 -» LUMO and HQMO-1 -> LUMO+1, 

respectively). Examination of the frontier MOs of Figure 4 also indicates that both 

contributions for this transition are ligand-to-metal-charge-transfer (LMCT) as well. The 

difference is the stronger f value, which stems from the better MO overlap, notably between 

Excited State 4: 102 -> 106 0.23176 

102-* 107-0.14753 

1 0 3 - • 106 0.50055 

103 - • 107 -0.31897 

104 -> 106 0.13567 

Excited State 5: 105 -+ 106 0.44435 

105 -» 107 0.53986 

Excited State 11:104—> 106 -0.47011 

104^107-0.50629 

Excited State 18: 99'-»• 106 -0.11704 

1 0 2 ^ 1 0 7 0.15872 

103-+. 106 0.34841 

103 -*• 107 0.54260 
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the HOMO-1 and the LUMO+1 along the benzene-NC frame. The emission spectra of 

complex 4 exhibit two long-lived broad bands at 77 K in PrCN and in 2-MeTHF glasses at 

480 nm and 630 nm (Figure 5 and SI, Table 5). The excitation spectrum monitored at 630 nm 

superposes well the absorption one. 

300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 
Wavelength (nm) Wavelength (nm) 

Figure 5. Absorption (black), excitation (blue and green, at 480 and 630 nm for 4 and at 370 

and 480 nm for 5, respectively) and emission (red, at 350 nm for 4 and at 310 nm for 5) 

spectra of 4 and 5 in PrCN at 77 K. For 2-MeTHF, see SI. 

Despite the resemblance of the band maxima and band shape with other d9-d9 homo- and 

heterobimetallic systems containing a terminal isocyanide ligand,34'35 the band around 630 nm 

cannot be assigned to an emission arising from a da—»do* excited state (see below). The 

geometry of the model complex [Pt2(PH2CH2PH2)2(Cl)(CNPCP)]+ was optimized (d(Pt-Pt) = 

2.712; d(Pt-P) = 2.320 (average); d(Pt-Cl) = 2.445; d(Pt-C) =1.988; d(N=C) = 1.209 A) in the 

triplet state and its energy was compared (-0.236 a.u.). The optimized geometry exhibits a 

lengthening of the Pt-Pt, Pt-Cl and N^C bonds, consistent with the antibonding nature of these 

bonds in the LUMO and LUMO+1. Moreover, no contribution from the N=C 7t-system is 

noticed in this MO. Upon a radiative process, the geometry in the excited state does not 

change and the molecule finds itself with a ground state electronic configuration (i.e. 

diamagnetic) with a triplet state geometry. For the sake of accuracy in estimating the emission 

transition energy, the MO diagram of the model compound [Pt2(PH2CH2PH2)2(Cl)(CNPCP)]+ 

in its triplet state geometry but in its ground state electronic configuration, is also computed. 
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The calculated HOMO energy for the level (in its ground state electronic configuration with its 

triplet state geometry) is -0.306 a.u. The shape of the MO is now composed of a 7t-system 

distributed on both benzene rings of the PCP unit, resembling that of the HOMO-1 in Figure 4. 

The small difference between this value (-0.306 a.u.) and the value for the ground state 

geometry (-0.309 a.u.) is consistent with the relatively small calculated excited state distortion. 

Taking into account the energetics as summarized in Figure 4, the computed transition energy 

for the emission is 651 ran, which corresponds reasonably to the experimental value of the 

emission maximum (-640 nm). This emission is assigned to the radiative relaxation of the 

LMCT* state. The second emission at 480 nm for complex 4 corresponds to the intraligand 

(IL) %K* phosphorescence of the CN-PCP unit by comparing with the ligand itself. A study of 

the emission spectra vs. the excitation wavelength (Figure 6) shows that the relative ratio of 

the two emission bands is a function of the selected wavelength. This result indicates that the 

relaxation of the upper excited states (i.e. ' %%*) to the lower excited levels does not 

necessarily pass through the same deactivation pathway despite structural connectivity. The 

excitation spectra for the 640 and 480 nm emissions are different (Figure 5). The excitation 

spectrum for the (EL) %%* phosphorescence exhibits a maximum that is blue-shifted with 

respect to the absorption bands. The band maximum is consistent with the nature of the ligand 

absorbing in the blue region. 

300 400 500 600 
Wavelength (nm) 

700 800 

(a) Em at 380 nm . . 
(b)Emat400nm(x10) J£! 
(c) Em at 425 nm / \ 

• / ^ ~ ~ " \ / ( t > ) \ 

. / ^̂ 0̂ «̂ (a) 

, X/- v>.w, 

400 500 600 700 
Wavelength (nm) 

800 

Figure 6. Evolution of the emission spectra of 4 (up) in 2-MeTHF and (down) in the solid 

state at 77 K with the wavelength of excitation. 
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The excitation spectrum of the LMCT emission follows a trace that is red-shifted 

corresponding reasonably to the absorption band in the low-energy region. This observation 

suggests that the electronic communication through the O N bridge is not perfectly efficient. 

Table 5..Photophysical data for homobimetallic systems 4 and 5 at 77 K. 

compound 4a 

XP (IL %%*) (nm) 

TP (IL TOT*) (ms) 

<t>P(IL roc*) 

Xe(CT) (nm) 

Te(CT) ((IS) 

4>e(CT) 

compound 5 

lF (EL TOC*) (nm) 

xF (IL TOC*) (ns) 

0Fb 

XP (IL TOT*) (nm) 

TP (IL JC7C*) (|IS) 

(|)P (IL TOC*) 

2-MeTHF 

480 

0.212 ± 0.002 

not measured 

630 

8.85 ±0.71 

not measured 

2-MeTHF 

360 

0.168+0.034 

480 

0.630 + 0.001 

not measured 

PrCN 

480 

0.145 ±0.007 

0.0009 (±10%) 

630 

9.34 ± 0.03 

0.027 (+10%) 

PrCN 

360 

0.204 ±0.056 

0.0009 

480 

0.714 ±0.001 

0.006 (±10%) 

solid 

630 

not measured 

not measured 

solid(b) 

, 

(a) IL TOt* refers to the intraligand rot* emission. CT refers to the charger transfer emission in 

4. (b) No luminescence was found for 5 in the solid state. 

The phosphorescence lifetimes (xP) for this IL triplet state (~ 0.21 (2-MeTHF) and 0.15 ms 

(PrCN)) are shorter than that found for 3 (~ 3.8 and 3.4, respectively), which is consistent with 

the presence of the heavy metal. The IL fluorescence is absent or too weak to be observed; 

also a consequence of the same heavy atom effect. Compound 4 is also luminescent in the 

solid state exhibiting an unstructured broad band at 630 nm (SI). Noteworthy, the excitation of 

complex 4 at different wavelengths induces changes in the emission spectra (Figure 6). The 
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relative intensity of the two emission bands could be controlled in this manner, hence opening 

the door to emission covering to whole visible spectrum (i.e. 400-800 nm). 

The UV-visible absorption spectra of 5 in PrCN and 2-MeTHF (Figure 4 and SI, Table 4), 

exhibit short wavelength bands below 320 nm attributed to the PCP residue as well as a broad 

band at 445 nm. This latter datum compares favorably with those obtained for other dinuclear 

complexes containing bridging isocyanides.35 Table 4 lists the photophysical data for 4 and 5. 

Contrary to other d8-d8 homo- and heterobimetallics systems,35 the emission spectra of 5 in 2-

MeTHF exhibit a strong broad emission centered at 480 nm and a weak luminescence at ~ 360 

nm (Figure 5, Table 5), which are assigned to the phosphorescence and fluorescence of the 

PCP-NC unit. No emission is detected in the 550-850 nm region. In an attempt to find a weak 

emission associated to the presence of the A-frame Pd2(dppm)2X2(|i-L) unit, time-resolved 

spectroscopy was used to discriminate this luminescence based on the fact that emission 

lifetimes are almost always different from one another. This experiment was performed for 

both complexes 4 and 5 in PrCN at 77 K (see the SI), but without success. Although the two 

emission bands at 510 nm (IL 7nr*) and 640 nm (CT) are noted for 4, only one emission band 

at 490 nm (IL %%*) for 5 is observed. The intraligand fluorescence band at 360 nm is also 

observed in PrCN at 77 K. 

According to Kasha's rule, the upper excited states should deactivate to the lowest excited 

state prior to observing emission. However, the spectra exhibit clear evidence of luminescence 

arising from upper excited states. 
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(a.u.) 

-0.051 
-0.054 

•0.083 

-0.196 

Figure 7. MO energy diagram of the frontier MOs and MO representations for LUMO+2, 

LUMO+1, LUMO, HOMO, HOMO-1, and HOMO-2 for [Pd2(PH2CH2PH2)2(Cl)2(^-CNPCP)] 

model compound. 

These upper energy emissions are observable due to lack of efficient non-radiative 

relaxation (i.e. communication) between the upper states localized in the PCP ligand (IL %%*) 

and the lowest energy excited states located in the A-frame Pd2(dppm)2X2(p>L) complex (the 

nature of the HOMO and LUMO is presented below). Among the non-radiative processes, 

energy transfer from an excited donor (PCP) to an acceptor (A-frame Pd2(dppm)2X2(|i-L)) is 

also a possibility to consider, conjugated or not since through-bond and through-space energy 

transfer processes exist. Knowing that the triplet energy transfers are generally slow,36'37 it is 
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likely that the "localized" radiative relaxation processes (i.e. phosphorescence from the IL 

Ml*) are more efficient, rendering it observable. All in all, despite conjugation through the 

C=N group, the electronic communication across this bridge appears modest for 4 and 5. 

Knowing that the triplet energy transfer operates via a Dexter mechanism (i.e. double electron 

exchange), a single electron transfer across the C=N bridge appears unlikely. This 

conclusion is consistent with the fact that isocyanide coordination polymers are relatively 

rarely reported to be conducting (where conductivity proceeds across the conjugated CN 

group).39'40 

In support for the assignment for the two observed emissions as arising from intraligand 

MI* of PCP, the excitation spectrum of 5 is analyzed. There is a clear mismatch between the 

excitation and absorption spectra where the lowest energy absorption signal between 375 and 

475 is absent from the excitation spectra. Instead, the excitation spectra exhibit a maximum in 

the 300 nm region exactly where the PCP-NC ligand (compound 3) exhibits its maximum in 

the absorption spectra. Emission from this state is broad and featureless as in 5. No 

luminescence was observed in the solid state or at room temperature for 5. The MO 

description for compound 5 is addressed the same way as for 3 and 4, using the model 

compound [Pditu-PI^CHaPr^MClMu-CNPCP)]. The MO energy diagram (Figure 7) 

exhibits the HOMO (-0.196) and LUMO (-0.083 a.u.) along with other frontier orbitals. These 

MOs are composed Pd dx2-y2, P py and CI px forming M-L anti-bonding c-interactions. 

Moreover, the HOMO exhibits an in-plane atomic contribution from the px lone-pairs of the 

bridging C-atom forming Pd-C 7C-bonding interactions, whereas the LUMO shows a weak lone 

pair C a* contribution forming symmetric anti-bonding o*-Pd-C interactions. 
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Table 6. Computed singlet-singlet transition energies, oscillator strengths, and their 

components for [Pt2(PH2CH2PH2)2(Cl)2(|U-CNPCP)]+.a 

Computed excited states and Transition energies Oscillator strength 

components (#MO) ' ( f ) 

excited state 1:101 —> 110 -0.15746 2.6284 eV 471.71 nm 0.1272 

, 109 -> 110 0.57275 

.109-" 111 -0.15133 

excited state 2:109 -> 110 0.10920 3.0247 eV 409.90 nm 0.0151 

109-» 111 0.65086 

109^112-0.18729 

excited state 3:106 '-»• 110 0.44513 3.0871 eV 401.63 nm 0.0161 ~ 

1 0 7 ^ 110 0.12625 

108- • 110 0.41156 

109-^110-0.13404 

109^112-0.18543 

(a) MO 109 = HOMO; MO 110 = LUMO. The excited state numbering refers to the order 

from the lowest energy to the highest. The positive and negative numbers beside the transition 

represent the relative probability (i.e. weighing). 

The lowest energy absorption band spreading from 375 to 475 nm (Figure 7) is interpreted 

with TDDFT. The computed three lowest energy singlet excited states are listed in Table 6 and 

exhibit three different oscillator strengths where the largest one is distinctive by one order of 

magnitude (excited state 1). The predicted position (471 nm) falls where it is anticipated based 

on the experimental spectrum. The major component of this excited state arises from the 

HOMO —*• LUMO excitation. This excitation resembles that of a d-d transition. The observed 

fluorescence and phosphorescence in 5, assigned at first glance to intraligand TZK* emissions, 

are indeed appropriately assigned except that a comment must be made. In Figure 7, the 

ligand-localized Ji-manifolds are found as the HOMO-1 and HOMO-2 at energies similar to 
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that presented for 3 (Figure 2). However, the two corresponding PCP localized anti-bonding 

analogues are found as LUMO+2 (-0.051) and LUMO+4 (-0.021 a.u.; not shown), except that 

a contribution of the Pd2(dppm)2(Cl)2(|J.-L) unit is computed because of appropriate symmetry. 

Conclusion 

Two homobimetallics complexes 4 and 5 bearing PCP-NC as building block were prepared 

and their photophysical properties investigated. The isocyanide bonding mode (bridging vs. 

terminal) depends on M, leading to the Pt-Pt-bonded mono-cationic [ClPt(|i-dppm)2Pt(CN-

PCP)]C1 (4) or to the A-frame [ClPd(fi-dppm)2(|H-C=N-PCP)PdCl] (5) complexes, 

respectively. These two isocyanide-containing complexes in frozen glasses at 77 K exhibit a 

weak fluorescence (for 5) and a phosphorescence (for 4 and 5) arising from the PCP unit 

(mainly IL n%* with some charge transfer character). Both luminescence bands are placed at 

higher energy above the charge transfer one (arising from the IL Kit* PCP —> do* 

Pt2(dppm)2Cl) indicating that the non-radiative relaxations from the these upper states to the 

lowest one are not efficient. This observation clearly indicates that the conjugated C=N linker 

has modest electronic communication properties. Moreover, upon excitation at different 

wavelengths, the relative intensity of the two emission bands for 4 is controllable, hence 

allowing tuning. Hence, these materials built upon a PCP skeleton may be potential candidates 

for the design of novel photonic devices. 
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Synopsis 

excitation 

emission 

fluorescence + phosphorescence 

The d9-d9 [ClPt(|i-dppm)2Pt(CN-PCP)]+ and A-frame [ClPd(|i-dppm)2(|x-C=N-PCP)PdCl] 

isocyanide complexes (PCP = [2.2]paracyclophane) exhibit upper energy luminescence arising 

from the PCP unit at 298 and 77 K despite the conjugation between the ligand and the 

binuclear chromophores. This conjugation should facilitate deactivation of these upper excited 

states. The slow energy transfer between the donor (PCP) and acceptor ([Pt3(dppm)2Pt(CN-

PCP)]+and [Pd(dppm)2(|J.-CN-PCP)Pd]) is due to a poor electronic communication across the 

C=N bridge. 
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Figure S5. Time-resolved emission spectra of 3 in PrCN at 77 K (kexc = 270 nm). 
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Figure S6. Absorption, excitation and emission spectra of 3 in 2-MeTHF at 77 K. 
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Figure S7. Absorption, excitation and emission spectra of 3 in the solid state at 77 K. 
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Figure S8. Absorption, excitation and emission spectra of 4 in 2-MeTHF at 77 K. 
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Figure S9. Emission in the solid state of 4 at 77 K. A,exc = 425 nm. 
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Figure S10. Absorption, excitation and emission spectra of 5 in 2-MeTHF at 77 K. 

Figure Sll. Time-resolved emission spectra of 4 (left) and 5 (right) in PrCN at 77 K. For 4, 

both emission bands are observed with different lifetimes, but not for 5. No low-energy 

emission could be detected in this case. 
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Table SI. Comparison of selected bonds (A) and angles (°) obtained by X-ray 

crystallography with those for optimized geometry with for a model compound [(Bu-

NC)Pt(u-dppm)2Pt(NC-rBu)](BF4)2. 

Atoms and angles 

Pt(129)-Pt(130) 

Pt(129)-C(110) 

Pt(130)-C(95) 

C(110)-N(lll) 

C(95)-N(96) 

Pt(130)-P(127) 

Pt(130)-P(126) 

Pt(129)-P(128) 

Pt(129)-P(125) 

Pt(129)-P(128)-C(89) 

Pt(129)-P(125)-C(92) 

Pt(130)-P(127)-C(89) • 

Pt(130)-P(126)-C(92) 

P(128)-Pt(129)-C(110) 

P(125)-Pt(129)-C(110) 

P(127)-Pt(130)-C(95) 

P(126)-Pt(130)-C(95) 

Pt( 130)-P( 127)-P( 128)-Pt( 129) 

Pt( 130)-P( 126)-P( 125)-Pt( 129) 

Calculated 

2.71 

2.03 

2.03 

1.17 

.1.17 

2.34 

2.34 

2.35 

2.36 

115.27 

114,84 

106.92 

107.24 ' 

91.15 

91.20 

92.95 

93.95 

-31.04 

-41.19 

X-ray 

Structure 

2.64 

2.01 

1.95 

1.13 

1.18 

2.28 

2.28 

2.31 

2.30 

113.42 

115.85 

104.16 

104.51 

92.34 

90.92 

93.88 

93.78 

-32.71 

-41.91 

% 

X-ray 

Error 

0.01 

0.02 

0.02 

0.02 

0.02 

0.01 

0.01 

0.01 

0.01 

0.70 

0.70 

0.70 

0.70 

0.40 

0.40 

0.40 

0.40 

0.15 

0.15 

Calculated 

vs. X-ray 

Structure 

0.08 

0.02 

0.08 

0.04 

-0.01 

0.07 

0.06 

0.04 

0.06 

1.85 

-1.01 

2.77 

2.72 

-1.20 

0.28 

-0.93 

0.16 

1.67 

0.72 

Error 

2.9 

1.0 

4.2 

3.4 

-1.1 

2.9 

2.7 

1.8 

2.5 

1.6 

-0.9 

2.7 

2.6 

-1.3 

0.3 

-1.0 

0.2 

-5.1 

-1.7 

2 Berube, J.-F.; Gagnon, K.; Fortin, D.; Decken, A.; Harvey, P. D. Inorg. Chem. 2006, 45, 

2812-2823. 
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Figure S12. Molecular structure of [(fBu-NC)Pt(u-dppm)2Pt(NC-'Bu)](BF4)2 with the 

numbering scheme. 
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3.122 

2.822 
Figure S13. Selected C.. .C separations (A) issued from the optimized geometry of 3. 
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3.5 Manuscript 5: 

The Intrachain Electron and Energy Transfers in Conjugated 

Organometallic Oligomers and Polymers 

3.5.1 Preface 

This work is a contribution between Dr. Pierre D. Harvey and Wai-Yeung Wong. They came 

up with the idea and outlined the strategy of the work. 

The synthesis and characterization of the oligomers and polymers was carried on by Cheuk-

Lam Ho at Baptist University in Hong Kong under the supervision of Dr. Wai-Yeung Wong. 

My contribution involved measurements of the absorption and emission spectra, the emission 

quantum yields and lifetimes, and rates for energy transfer at 77 K and 298K and calculations 

of the rates for energy transfer. This part of the work was my responsibility and was carried 

out at Sherbrooke under the supervision of Dr. Pierre D. Harvey. I have also written the 

experimental part of the paper and participated in editing the paper in its. current version. I 

contributed also in the data analysis and discussion of the photophysical part under 

supervision of Dr. Pierre D. Harvey. 

I would like to acknowledge the help of Dr. Daniel Fortin for the TDDTFT calculations of the 

molecules. 

This paper can be found in Chemistry-A European Journal. S.M. ALY, C.-L. HO, D. 

FORTIN, W.-Y. WONG, A.S. ABD-EL-AZIZ, and P.D. HARVEY, Chem. Eur. J., 14, 8341 

(2008). 
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Abstract: The synthesis of polymers of the type (-Cz-C=C-PtL2-C=C-Cz-X-)n along with the 

corresponding model compounds (Ph-PtLVOC-Cz)2-X- where Cz = 3,3'-carbazole, X = 

nothing, Cz or F (2,2'-fluorene), L = PB113 and L' = PEt3 are reported. The electronic spectra 

(absorption, excitation, emission and ns-transient spectra) and the photophysics of these 

species in 2MeTHF at 298 and 77 K are presented. Evidences for singlet electron and triplet 

energy transfers from the Cz chromophore. to the F moiety are provided and discussed in 

detail. The rate for electron transfer is very fast (> 4 x 1011 s_1) whereas that for triplet-triplet 

energy transfer is much slower (~ 103 s"1 time scale). This work represents a very rare 

example of studies that addresses the electronic Communication in the backbone of a 

conjugated organometallic polymer. 

Keywords: Alkynyl • Carbazole • Fluorene • Metallopolymers • Phosphorescence • Platinum 

397 



Introduction 

While mixed-aryl carbazole-fluorene-containing organic dyads, polyads, oligomers, polymers 

and dendrimerstl_5] were the subjects of intense research in relation to photo- and electro

luminescence with potential applications in photonics such as photovoltaic cells and both 

organic (OLED) and polymer light emitting diode (PLED), the corresponding organometallic 

polymers were relatively much less investigated so far from a photophysical point of view.[6_8] 

These carbazole (Cz) and fluorene (F) aromatics are prone for singlet electron transfer^'10] and 

triplet-triplet energy transfer/?'101 including the case in the Cz-F dyad,[11] hence bearing 

important properties towards implications in photonics. Recently, the use of heavy metal bis-

ethynyl linkers to form conjugated carbazole- and fluorene-based bis(ethynyl)-metal polymers 

(metal = platinum, gold, and mercury) was reported and the emission spectroscopy and 

photophysics investigated.[ ] The key feature is that the incorporation of a heavy metal in the 

backbone of the polymers can enhance intersystem crossing, hence populating even more the 

triplet states. The enhancement in triplet state population leads on one hand to the potential 

application of white light emission, a current topic of intense research in OLED and PLED, 

but also on a fundamental point of view, to other channels of photo-induced electronic 

communication across the backbone such as triplet-triplet energy transfer. To our knowledge, 

no detailed investigation on (donor-acceptor)-containing organometallic polymers exists to 

date. 

We now wish to report the synthesis of polymers of the type (-Cz-C=C-PtL2-C=C-Cz-X-

)n along with the corresponding model compounds (Ph-PtLVC^C-CzVX- where Cz = 3,3'-

carbazole, X = nothing, Cz or F (2,2'-fluorene), L = PBU3 and L' = PEt3 (see the structures on 

Chart 1). The electronic spectra and the photophysics of these species in 2MeTHF at 298 and 

77 K are presented. A discussion on the evidences for singlet and triplet energy transfers from 

the Cz chromophore to the F moiety is made. The rate for electron transfer is fast (> 4 x 1Q1 

s ) whereas that for triplet-triplet energy transfer is much slower (~ 10 s time scale). This 

work represents a very rare example of detailed investigations that addresses the electronic 

communication in the backbone of a conjugated organometallic polymer. 
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M1 M2 M3 

C M ' \ 
B u 8 u • . B u • 

P1 P2 P3 
Chart 1. Structures of organometallic polyynes and their model complexes. 

Results and Discussion 

Synthesis and characterization: The precursors Ia-IIIa were synthesized based on Suzuki 

palladium-catalyzed cross-coupling reaction between carbazole 3-boronic acid[n ] and a 

formal electrophile (i.e. Cz-Br, Br-Cz-Br or Br-F-Br). When these carbazole and carbazole-

fluorene oligomeric chromophores were subjected to bromination, a series of new dibromide 

precursors were prepared. The diethynyl compounds L1-L3 were then prepared from the 

palladium-catalyzed Sonogashira coupling reaction sequence and they were then converted to 

the diethynyl organic precursors in moderate yields following the proto-desilylation approach 

with the use of K2CO3 in MeOH as the base (Scheme 1). 

Scheme 2 shows the chemical structures and synthesis of the Pt(II) metallopolymers PI

PS and their model dinuclear complexes M1-M3 in the present investigation. The desired 

Pt(II) diynes were isolated by preparative TLC plates on silica. For P1-P3, purification was 

done by filtering the crude sample through a short column using pure CH2CI2 as the eluent. 

Further purification can be accomplished by precipitating the polymer solution in CH2CI2 from 

MeOH to get high purity products. 

All of the new metal complexes and polymers are air-stable and generally exhibit good 

solubility in chlofocarbons such as CH2CI2 and CHCI3. GPC analysis was used to estimate the 

molecular weight of each polymer (see data in the Experimental section). However, the data 

should be viewed with caution in view of the difficulties associated with utilizing GPC for 
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rigid-rod polymers which would have appreciable differences in the hydrodynamic behavior 

from those for flexible polystyrene polymers. Hence, we would anticipate certain systematic 

errors in the GPC measurements. However, the lack of discernible resonances that could be 

attributed to end groups in the NMR spectra provides support for the view that there is a high 

degree of polymerization in most of these polymers. The thermal properties of P1-P3 were 

examinated by thermal gravimetric analysis (TGA) under nitrogen. Analysis of the TGA trace 

(heating rate of 20 °C min-1) for the polymers shows that they have onset decomposition 

temperatures (7dec) around 350 °C, indicative of their excellent thermal stability. Their 

degradation patterns are quite similar and we observe sharp weight losses of 31 to 35%, 

corresponding to the ehmination of PBU3 and butyl groups from the polymers. 

Systematic characterization of these new compounds was achieved by analytical and 

spectroscopic methods. The IR, NMR (1H, 13C and 31P) and mass spectral data shown in the 

experimental sections are in accordance with their chemical structures. The solution IR spectra 

of these new metal complexes display a single sharp v(C=C) absorption band in the range of 

2095-2099.cm-1, revealing a frans-configuration of the ethynylene ligands around the metal 

center. The absence of the C=C-H stretching mode at around 3300 cm-1 of each compound 

indicates the formation of M-C=C bond. The NMR spectral data supported the conclusion that 

these compounds have well-defined and symmetrical structures. 31P NMR spectra of the Pt(II) 

complexes exhibit a single resonance with a pair of Pt satellites confirming the trans-
-1 

arrangement of the phosphine ligands around platinum. The Jp_Pt values in the Pt(II) diynes 

(ca. 2629-2643 Hz) are typical of those found for related trans-PtP2 systems.[12'13] Notably, 

two distinct 13C NMR signals for the individual sp carbons in these complexes were observed 

and they are shifted downfield with respect to the free ligands. The aromatic region of their 
13G NMR spectra also gives more precise information about the regiochemical structure of the 

main-chain skeleton and reveals a high degree of structural regularity in the polymers. As an 

example, only 12 well-defined peaks appear in the aromatic region, related to the 24 aromatic 

carbon atoms of the symmetric diplatinum structure for PI. The formulas of M1-M3 were 

successfully established by the observation of intense molecular ion peaks in the positive FAB 

mass spectra. 
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Photophysical properties 

Establishment of the energy donor and acceptor: Because of the very strong overlap between 

the absorption component of the Cz and F chromophores, the establishment of the donor and 

acceptor is appropriately made on the basis of the fluorescence and phosphorescence spectra. 

Figure 1 shows the electronic spectra for PI, P2, P3 and M3. 

Wavelength (nm) Wavelength (nm) 

Wavelength (nm) Wavelength (nm) 

Figure 1. Absorption (black), emission (blue) and excitation spectra (red) of PI (up left), P2 

(up right), P3 (down left) and M3 (down right) in degassed 2MeTHF at 298 K. 

The emission spectrum of PI exhibits a fluorescence band with some vibronic structure 

at 382 and 400 nnl (for example) and a long tail in the red region associated with a weak 

phosphorescence. This spectrum bears similarities with that for P2 where the fluorescence 

vibronic structures also show features at 380 and 400 nm. The phosphorescence portion of the 

spectrum in P2 exhibits a relatively more intense luminescence with vibronic features starting 

at 488 nm. A comparison of the emission spectra of PI and P2 allows one to address the effect 
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of the addition of a Cz chromophore between the Cz-C=C-PtL2-C=C-Cz units; the 

phosphorescence band is stronger in P2, very likely resulting from the central Cz fragment. P3 

exhibits a fluorescence (X,(0-o) = 404 nm) and a phosphorescence (A,(o-o> = 540 nm) that differs 

in band shape and position in comparison with that for PI and P2 demonstrating that these 

emissions arise from the F chromophore only.[14] The Cz luminescence is not observed 

indicating quenching of the Cz emission. Based on the position of the 0-0 fluorescence and 

phosphorescence peaks (Table 1 and Figure 1), one can readily predict the Cz and F 

chromophores as both singlet and triplet energy donor and acceptor, respectively (Scheme 3). 

Evidence is provided below. 

Ml, M2, and M3 exhibit fluorescence but not phosphorescence (see Table 1 and M3 in 

Figure 1 as an example). The six compounds and polymers were also investigated at 77 K 

because of the convenient increase in emission intensity and lifetimes (Table 3) giving access 

to the evaluation of energy transfer rates. 
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Table 1. UV-Vis absorption and emission data and lifetimes at 298 K in degassed 2MeTHF.a 

Absorption 

X (nm) 

M l 226,258 

290, 310sh, 325 

M2 256,320 

M3 246,256 

292, 325, 350 

Fluo. 

X (nm) 

350sh, 415 

370sh, 420 

445sh 

404,420 

Phos. Lumophore Tp (ns) 

X(wn) (iobs.innm) 

TP (|US) 

(/^obs.in 

nm) 

Cz 0.160 + 0.050 

(417 nm) 

Cz 0.130 ±0.040 

(420 nm) 

F 0.120 + 0.010 

(400 nm) 

PI 256,282 382,400 long tail Cz 

290, 324, 340sh 420sh, 450sh at -500 

P2 258,320 380,400,420 488 Cz 

350sh 530 

P3 250,294 404,420sh 540 F 

348 565sh 

0.180 + 0.030 — 

(415 nm) 

0.070 + 0.010 — 

(415 nm) 

0.140 + 0.020 240 + 20 

(420 nm) (536 nm) 

sh = shoulder peak. 

abs. 

So 

TV 
E T X 

"X. 

Phos. 

Scheme 3. State diagram representing the Cz-C=C-Pt(PBu3)2-C=C-Cz fragment with respect 

to F chromophore useful for the analysis of the energy transfer processes in this work. 
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100 
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Phos(Cz) 

FW/ir (F) 

300 
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40 

20 
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-
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600 

, l_ 

700 

M3 

"̂""~ —ZL 

400 500 600 
Wavelength(nm) 

700 300 400 500 600 
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700 

Figure 2. Absorption (black), emission (blue) and excitation spectra (red) of PI (up left), P2 

(up right), P3 (down left) and M3 (down right) in degassed 2MeTHF at 77 K. Fluo = 

fluorescence; Phos = phosphorescence. For P2 and P3, the blue shifted emissions are 

multiplied by 100 and 20, respectively. 

Figure 2 exhibits the electronic spectra of the polymers in 2MeTHF at 77 K which 

exhibit better vibronically resolved bands. Based on the position of the 0-0 fluorescence and 

phosphorescence peaks, the assignment for both the singlet and triplet energy donor (Cz) and 

acceptor (F) is also confirmed at this temperature (see Table 2). As concluded for the 298 K 

data, P3 and the model compound M3 do not exhibit any evidence for fluorescence of the Cz 

chromophore at 77 K, indicating clear quenching. However, P3 exhibits a perceptible 

evidence of phosphorescence at 454 nm (narrow 0-0 peak) assigned to Cz. Unambiguous 

evidence for the existence of weak phosphorescence in P3 and M3 is provided by time-

resolved spectroscopy in the \xs time scale (where fluorescence has totally relaxed and is not 

present in the spectra). Figure 3 compares the time-resolved spectra of P2 and P3, and M2 and 

M3, where the Cz peak at 454 nm is observed in both P2 and P3, and the peak at 450 nm in 
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M2 and M3. The presence of weak Cz phosphorescence indicates that the deactivation of the 

Si state of Cz (by intramolecular singlet electron transfer to the F residue; see below) 

competes with the intersystem crossing rate constant, without being significantly larger. For 

example, intersystem crossing rate constant normally range within 10n-1012 s_1 for heavy 

atom-containing aromatics.[14] This statement does not preclude the possibility of sensitization 

of the Cz triplet state by the F chromophore (SpTO although such event is much less 

encountered. 

390 490 590 400 500 600 700 
Wavelength (nm) Wavelength (nm) 

Figure 3. Time-resolved emission spectra of P2 (up left), P3 (down left), M2 (up right) and 

M3 (down right) in 2-MeTHF at 77 K in the 10-50 u,s time scale. The phosphorescence of the 

carbazole and fluorene chromophores is indicated as Phos (Cz) and (F), respectively. 

Evidence for total quenching of the Cz fluorescence in P3 and M3 is provided by time-

resolved spectroscopy during the rise time of the laser excitation pulse while excited at 340 

nm (at this wavelength both chromophores, Cz and F, are excited; Figure 4). At the beginning 
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of the laser pulse (delay time = 43.5 ns), the signal intensity is very weak but the vibronic 

progression is perceptible. As the delay time increases, the intensity of the observed 

fluorescence expectedly increases allowing one to monitor the peak positions and their relative 

intensities. For both M3 and P3, the spectral signature is that of the F chromophobe based on 

the peak positions. At further delay times (i.e. after the pulse maximum), the fluorescence 

intensities decrease and the band shape never changed for all delay times. No sign of the Cz 

fluorescence was observed for M3 and P3. 

380 430 480 
Wavelength (nm)-

Figure 4. Time-resolved fluorescence spectra of M3 (up) and P3 (down) in 2MeTHF at 77 K. 

The time delays are indicated on the graphs and correspond to the rising time of the laser pulse 

where the delay time of 43.5 ns is the beginning of the laser pulse and delay time of 45 ns is 

the pulse maximum (A,exc = 340 nm). The pulse width at half maximum is 1.3 ns. 

Evidence for triplet energy and singlet electron transfer: Based on the position of the 0-0 

peak observed in the fluorescence spectra, the assignment of the upper energy donor (Cz) and 

lower energy acceptor (F) was made. The excitation spectrum of the fluorescence of M3 

monitored at 400, 420, 450 and 475 nm (i.e. where only F is emitting) exhibits a low energy 
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and red-shifted peak at 390 nm (blue line) along with a series of higher energy bands. Based 

on the absorption spectrum of Figure 2 (and the data of Table 1), the observed 0-0 peak is 

located at 380 nm. This observation indicates that the observed F fluorescence arises from the 

red-shifted absorption system which is that of F as well. Monitoring at 520 and 555 nm (i.e. in 

the phosphorescence band arising from the F chromophore), the excitation spectrum becomes 

different resembling more the observed absorption spectrum (Figure 2). This result indicates 

that both chromophores (since the absorption is composed of both units) but primarily the Cz 

(since it is significantly different from the excitation spectrum with X0bs = 400, 420, 450 and 

475 nm), populate the lower-lying triplet emissive state of F. Triplet energy transfer Cz—*F 

makes no doubt (Scheme 4). 

Wavelength (nm) 

Figure 5. Excitation spectra of M3 and P3 in 2MeTHF at 77 K monitored at different 

wavelengths. The grey lines represent a comparison mark of the 0-0 peak of F with respect to 

the rest of the spectra. 
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While the exact individual absorption profile for Cz and F is unknown (and there is no 

way of knowing because of conjugation between the two chromophores), it is not possible to 

quantify the ratio of phosphorescence arising from the Ti(F) and Ti(Cz) states. Because of this 

uncertainty, it is also not possible to state with this experiment whether the Cz unit contributes 

to the fluorescence of F in M3 (i.e. singlet-singlet energy transfer), but the difference in 

excitation spectra monitored at 400, 420, 450 and 475 nm, representing the F unit, with that of 

520 and 555 nm, representing mostly Cz, is striking. The excitation spectra monitored in the F 

fluorescence band are those of the F chromophore only, whereas those monitored in the F 

phosphorescence are those of the Cz one (mostly). So it appears that the singlet-singlet energy 

transfer from Cz to F is relatively not efficient. This relatively inefficient singlet energy 

transfer from Cz to F strongly argues in favor of a photo-induced electron transfer process to 

explain the total absence of Cz fluorescence in M3 and P3. Based on this argument and by 

analogy with other Cz-F systems,c910] the quenching of the Cz fluorescence is assigned to an 

electron transfer from the Si state of Cz to F. 

The emission spectrum of P3 monitored at 420 nm exhibits a slightly red-shifted signal 

with respect to the absorption band (Figure 2) indicating also that the F unit contributes to the 

observed fluorescence (of F). At 450 nm, a signal associated to the Cz phosphorescence 

superimposed the fluorescence. The excitation spectrum monitored at this wavelength 

resembles that of die absorption indicating that both Cz and F units contribute to the overall 

intensity at 450 nm, consistent with the nature of the emitted light. At 490 nm where the 

fluorescence and phosphorescence of F is almost of no intensity, the excitation spectrum 

(black line) differs from both the excitation and absorption strongly suggesting that the 

signature is that of the Cz mostly. This is indeed confirmed by comparing this excitation 

spectrum to that of the absorption spectra of PI and P2 (Figure 2) for which no F absorption 

occurs. The excitation spectra monitored at 530 and 565 nm (in the phosphorescence of the F 

unit), exhibit a band shape similar to the absorption, except that the low-energy signal (i.e. 

presumably the 0-0 peak of F) is better defined. All in all, the phosphorescence of F in P3 

arises from both the Cz (via triplet-triplet energy transfer) and F (via intersystem crossing) 

moieties. 
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Evidence for triplet-triplet energy transfer is also provided from the transient spectra. 

The triplet-triplet absorption processes for Cz and F are known.[9,10] In the presence of triplet 

energy transfer, the triplet-triplet absorption is still present, but in the presence of an efficient 

electron transfer the triplet-triplet signature should vanish and be replaced by absorption band 

related to a charge separated state; in this work, F~ anion (i.e. fluorene anion) and [Cz-G=C-

Pt(PEt3)2-C=C-Cz]+ cation. Figure 6 exhibits the ns transient spectra of M2, P2, M3 and P3, 

which are all very similar to the triplet-triplet transient spectra of Cz and F,[9'10] witnessing the 

presence of these species lying on their triplet states. No other band was observed, indicating 

that no charge-separated state was detected in this time scale. 
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Figure 6. Transient spectra of M2 (up left) and P2 (down left) in the 8-65 |is time scale and 

M3 (up right) and P3 (down right) in 2MeTHF at 77 K excited at 355 nm in the 8-60 |is time 

scale. 
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Scheme 4. Simplified representation of triplet energy transfer in organometallic [-D-A-D-]n 

systems. Transfers to both neighboring chromophores are possible. Only one is shown for 

clarity. 

An investigation of the concentration effect on the emission band in the 1.8 x 10-6 to 

4.4 x 10"7 M for P3 and 2.2 x 1(T7 to 1.2 x 1(T5 M for M3 (typical concentrations in this 

work) was performed to insure that no aggregation phenomenon was observed. The resulting 

emission bands did not change in position, shape and relative intensity ratio. 

Evidence for conjugation. Unambiguous evidence for conjugation across the polymer chain is 

provided by the comparison of the electronic spectra of compound Ilia (Figure 7), a precursor 

presented in Scheme 1, with that of M3 and P3 (Figure 2 and Table 1). At 77 K, compound 

Ilia does not exhibit phosphorescence, a process that is strongly promoted by spin-orbit 

coupling due to the presence of Pt. In M3 and P3, phosphorescence due to the F chromophore 

is the strongest signal. In addition, the peak positions for the fluorescence are 399 and 422 nm 

for M3 and 401 and 423 nm for P3. These values are red-shifted with respect to Ilia (388 and 

409 nm; Figure 6). Both the red-shift of the F fluorescence and the enhancement of the 

phosphorescence intensity due to intersystem crossing clearly demonstrate conjugation in the 

Pt compounds. 
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Figure 7. Absorption (black), emission (blue) and excitation spectra (red) of Ilia in 2MeTHF 

at 77 K (i.e. under the same experimental conditions as in Figure 2). 

Molecular orbital considerations. The frontier MOs are addressed by density functional 

theory (DFT) calculations using an optimized geometry for 

Cz-=-PtL2-=-Cz-F-Cz-=-PtL2-=-Cz as a model (Figure 8). The degenerated HOMO 

(together with HOMO-1) and the non-degenerated HOMO-2 exhibit atomic contributions for a 

n-system distributed over the Cz-=-PtL2-=-Cz units in all cases, which is consistent with 

this type of chromophore (Ph-=-PtL2-=-Ph).[14c] This degeneracy is anticipated due to the 

identical nature of the units. In addition, the HOMO-2 also exhibits atomic contribution over 

the F chromophore, consistent with the experimentally demonstrated conjugation in the 

backbone, but does not show Pt contribution. Instead, the n-lone pairs of the P-atoms, 

symmetrically appropriate for the TC-system, are also computed. 

The LUMO is also a 3t-system localized primarily over the F residue with some atomic 

contribution placed on the neighboring C-atoms of both Cz units. This not only indicates the 

presence of a weak conjugation over the Cz-F-Cz fragment but also the presence of a rather 

localized excited state. The LUMO+1 and LUMO+2 exhibit Jt-systems localized almost 

exclusively on the Gz unit suggesting strong localization of the upper excited states (i.e. S2 

and T2). All in all, the nature of these polyaromatic materials in their ground state is 

conjugated, whereas the two lowest energy excited states are localized. 
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Next, time-dependent DFT (TDDFT) was used to address the nature of the lowest 

energy electronic transition, and so the nature of the corresponding excited state. The 

computed transition energy (0-0) is 359.5 nm and compares favorably with the 0-0 signal 

depicted (as a shoulder) in the absorption spectra at 77 K for M3 and P3 (in the 360-380 nm 

range; Table 3). The computed oscillator strength (f) is 1.13 indicating that the transition is 

allowed, consistent with the observation. This transition is composed of two components; 

HOMO-2/LUMO and HOMO/LUMO with coefficient of 0.570 and 0.349, respectively. This 

result corroborates that the low-energy excited state exhibits a charge transfer character of the 

type Cz-=-PtL2-=-Cz -+ F, including the HOMO/LUMO as well as the HOMO-

2—»LUMO transitions; the latter component being the major component.[16] 

-0.035 

-0.180 — | r -

Figure 8. MO representations of the frontier MOs of a model compound 

Cz-=-PtL2-=-Cz-F-Cz-=-PtL2-=-Cz. The energies are in a.u. (1 a.u. = 27.2114 eV) 

Rates for triplet energy and singlet electron transfers at 77 K: The rate of triplet energy 

transfer (fcET) is given by £ET = (1/Te) - (l/re°),[171 where re and re° are the emission lifetimes 

for the D-A dyad and a closely related compound where no energy transfer takes place. For P3 
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(z-e =52 + 2) arid M3 (132 ± 6), P2 (66 ± 6) and M2 (175 ± 1 |J,s) were used as comparative 

species, respectively. Hence, the triplet k^r's are ~ 1.9 x 103 and ~ 3.4 x 103 s_1 for M3 and P3, 

respectively. Taking into account the uncertainties, the lower and upper limits for &ET for M3 

are 1.5 x 103 and 2.3 x 103 s"\ and for P3 are 1.4 x 103 and 5.1 x 103 s"1. The larger triplet kET 

for P3 (excluding the uncertainties) agrees with a larger number of pathways for energy 

transfers (one chromophore on each side of the Cz) with respect to M3 (only one). 

While these £ET S compare favorably with other triplet energy transfer systems,[17] these 

values lie on the lower end of the literature data.tl8] This is due to the fact that only the short 

distance Dexter mechanism operates in the triplet states,[17] a process that involves a dual 

electron transfer and therefore D-A orbital overlap. Due to the non-zero dihedral angle 

between Cz and F, these overlaps are poorer (in comparison with fully conjugated planar 

systems, or D-=-A for instance).[18] 

A close examination of the fluorescence decay traces of M3 and P3 indicates the 

presence of a single exponential meaning that the observed emissions arise from the F 

lumophore only. Again, the Cz fluorescence is either totally quenched or much too weak to be 

observed which illustrates efficient singlet electron transfer ^Cz*—»F). The lack of TF(CZ) 

precludes an accurate evaluation of the rate of electron transfer, singlet &et- By using the limit 

of our emission detection (&?< 0.0001), and ket= (&P°/'%0)[(V&P) - (1/^°)] [18] where ^ a n d 

^ ° are the fluorescence quantum yields for the donor in the dyad D-A and the model 

compounds where no electron transfer takes place (i.e. Ml (<PF°= 0.033 at A?xc = 340 nm) and 

PI ( ^ F ° = 0.0082 at 4XC= 340 nm with respect to 9,10-diphenylanthracene; <P? = 1.0[19]), one 

can evaluate the lower limit for singlet ket (M3, fcet > 10 x 1011 s"1; P3, ket > 4 x 1011 s-1). 

These singlet ket occurring in the low ps time scale are comparable with other rates measured 

for charge separated states of various dyads.[18] In addition, the fact that a little bit of Cz 

phosphorescence was observed for M3 and P3 suggesting that &et competed (same order of 

magnitude) with the rate for intersystem crossing (normally in the 10n-1012s_1 time scale),[15] 

indicates that the calculated limits for ket shown above must be close to the real values. 

M2 and P2, where three Cz units are connected together, were studied as well. The 

similarity in spectroscopic and photophysical data (i.e. fluorescence and phosphorescence 
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lifetimes) between Ml and M2 and PI and P2 reveals the absence of singlet and triplet 

quenching no matter whether there are 2 or 3 Cz units. This observation indicates no singlet 

electron transfer and triplet energy transfer between the adjacent Cz and the central Cz in M2 

and P2. No triplet energy transfer rate could be measured at room temperature since no Cz 

phosphorescence could be detected. 

Electrochemical findings: Cyclic voltammetry provides additional data regarding the 

thermodynamic driving forces for the electron transfer process. The oxidation potentials 

measured for LI and L2 (Table 3) are consistent with the presence of conjugation. For 

instance, the decrease in oxidation potential on going from LI to L2 indicates the presence of 

an extended conjugation in L2 (2 Cz units for LI and 3 Cz units for L2). Also, the increase in 

oxidation potentials on going from L2 to L3 is consistent with the fact that F is harder to 

oxidize than Cz, also indicating that Cz is more prone to act as an electron donor in 

comparison to F. A comparison of the oxidation potentials between Ln and Pn (n = 1-3) and 

polymer (-C=C-PtL2-C=C-Cz-)n (abbreviated as (Pt-(Cz)i)„) indicates a decrease in value for 

the polymers, which is in agreement with the extension of the conjugation. The relative 

tendency observed for LI to L3 is also seen in PI to P3. All in all, the Cz center is the most 

likely unit prone to oxidation, which agrees totally with the DFT findings (see the degenerated 

HOMO and HOMO-1). These same calculations indicate that F is the most likely candidate 

for reduction, in line with the electron transfer mechanism occurring in the singlet state. No 

reduction wave was observed within the electrochemical window of the solvent used. 
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Table 3. Electrochemical properties of selected ligands and complexes. 

Compound 

LI 

L2 

L3 

(Pt-(Cz)1)„
[d] 

PI 

P2 

P3 

£ox(VfJ 

0.61 

0.54 

0.65 

0.41 

0.39 

0.36 

0.38 

£HOMo(eV) 

-5.41 

-5.34 ' 

-5.45 

-5.21 

-5.19 

-5.16 

-5.18 

£g(eV)[bJ 

3.73. 

3.58 

3.20 

3.18 

3.19 

3.19 

3.12 

£LUMO (eV)! 

-1.68 

-1.76 

-2.25 

-2.03 

-2.00 

-1.97 

-2.06 

[a] 0.1 M [Bu4N]PF6 in CH2C12, scan rate 100 mV/s, versus Fc/Fc+ couple. 

[b] Estimated from the onset wavelength of the solution-state optical absorption. 

[c]LUMO = HOMO + £g. 

[d] The synthesis of this polymer has been reported previously, see reference [21]. 

Comments on singlet electron transfer versus triplet energy transfer: In a recent paper 

dealing with dendrimers of carbazoles having norbornadiene (NBD) as a central core (where 

Cz and NBD are not conjugated), the conversion of singlet electron transfer at room 

temperature versus triplet energy transfer at 77 K was demonstrated. The time scale for these 

events is 0.4 x 108 to 1.8 x 109 s_1 for the electron transfer at room temperature and 0.08 and 

0.96 s_1 for triplet energy transfer at 77 K. These rates are much slower than those reported in 

this work and are consistent with the presence (fast) or absence (slow) of conjugation. The 

shut down of the electron transfer at low temperature comes from the large solvent re

organisation energy in frozen media. In this work, the total quenching of the Cz fluorescence 

in M3 and P3 is obvious. Therefore, a "shut down" mechanism was not observed since total 

quenching of the Cz fluorescence was observed at both temperatures. The reason for this most 

likely comes from the fact that the oligomer M3 and the polymer P3 are conjugated and so the 

cationic and anionic charges are distributed over a large number of atoms. 
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Concluding Remarks 

This work reports the first example of quantified intrachain electron transfer (inducing 

fluorescence quenching of D) and energy transfer in conjugated organometallic polymers. The 

rates are respectively fast and slow for singlet electron transfer and triplet energy transfer. 

From the detailed emission spectral assignment, we can regard the Cz and F chromophores as 

both singlet and triplet energy donor and acceptor, respectively. Apparently, &ET is larger for 

P3 in comparison with M3 due to the number of possible sites for triplet energy transfer, so 

the photophysics of polymers are intrinsically bound to differ from short-chain molecules. 

Remarkably, intramolecular photophysical processes can influence the resulting emission 

intensity of the various aryl fragments in metallopolyynes. Based on the recorded spectra, it 

becomes evident that depending on the selected aromatics, the intensity of both the 

fluorescence and phosphorescence can be adjusted. In this way, one can cover the whole 

visible spectrum (380-720 nm), hence inducing white light emission, a much desired color for 

light-emitting diodes currently. Such an approach will have an important impact on the way 

researchers think in the design of novel metal-containing conjugated polymers for future 

practical optoelectronic applications. 

Experimental Section 

General information: All reactions were carried out under nitrogen atmosphere with the use 

of standard Sehlenk techniques. Solvents were predried and distilled from appropriate drying 

agents under an inert atmosphere prior to use. Glasswares were oven-dried at about 120 °C. 

All reagents and chemicals, unless otherwise stated, were purchased from commercial sources 

and used without further purification. The compounds 9-butylcarbazole-3-boronic acid,[lld'20] 

3,6-dibromo-9-butylcarbazole,[21] 2,7-dibromo-9,9-dihexylfluorene,[21] frans-[Pt(PEt3)2Ph-

Cl],[22] and rrara-[Pt(PnBu3)2Cl2]
[23] were prepared according to the literature methods. 

Preparative TLC (20 cm X 20 cm) was performed on 0.7 mm silica plates (Merck Kieselgel 

60 GF254) prepared in our laboratory. 
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Instrumentation: Infrared spectra were recorded as CH2CI2 solutions using a Perkin-Elmer 

Paragon 1000 PC or Nicolet Magna 550 Series II FTIR spectrometer, using CaF2 cells with a 

0.5 mm path length. NMR spectra were measured in appropriate deuterated solvents on a 

JEOL EX270 or a Varian Inova 400 MHz FT-NMR spectrometer, with !H NMR chemical 

shifts quoted relative to SiMe4 and 31P chemical shifts relative to an 85% H3PO4 external 

standard. Fast atom bombardment (FAB) mass spectra were recorded on a Finnigan MAT 

SSQ710 mass spectrometer in m-nitrobenzyl alcohol matrices. The molecular weights of the 

polymers were determined by GPC (HP 1050 series HPLC with visible wavelength and 

fluorescent detectors) using polystyrene standards and THF as eluent, and the thermal analyses 

were performed with the Perkin-Elmer TGA6 thermal analyzer. The UV-visible spectra were 

recorded on a Hewlett-Packard diode array model 8452A at Sherbrooke. The emission and 

excitation spectra were obtained using a double monochromator Fluorolog 2 instrument from 

Spex. Phosphorescence time-resolved measurements were performed on a PTILS-100 using a 

1 (xs tungsten-flash lamp. Fluorescence and phosphorescence lifetimes were measured on a 

Timemaster Model TM-3/2003 apparatus from PTI. The source was a nitrogen laser with 

high-resolution dye laser (FWHM ~ 1.5 ns) and the fluorescence lifetimes were obtained from 

high quality decays and deconvolution or distribution lifetime analysis. The uncertainties were 

about ± 40 ps based on multiple measurements. The flash photolysis spectra and the transient 

lifetimes were measured with Luzchem spectrometer using the 355 nm line of a YAG laser 

from Continuum (Serulite), and the 355 nm line from OPO module pump by the same laser 

(FWHM = 13 ns). 

Quantum yield measurements: For room temperature measurements, all samples were 

prepared under an inert atmosphere (in a glove box, P02 < 20 ppm) by dissolution of the 

different compounds in 2MeTHF using 1 mL quartz cells with septum (298 K) or quartz NMR 

tubes in liquid nitrogen for 77 K measurements. Three different measurements (i.e. different 

solutions) were performed for each photophysical data (quantum yields, <P? and <P?). The 

sample concentrations were chosen to correspond to an absorbance of 0.05 at the excitation 

wavelength. Each absorbance value was measured five times for better accuracy in the 
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measurements of emission quantum yield (3>e). The reference for <P& was 9,10-

diphenylanthracene (^p= 1.0).[19] 

Theoretical computations: Calculations were performed on an Intel Xeon 3.40 GHz PC with 

the Gaussian 03 revision C.02 and Gausview 3.0 software package. The hybrid B3LYP 

exchange - correlation function has been used.[24~26] LANL2DZ pseudo-potentials and basis 

sets were used for platinum, 3-21G* pseudo-potentials for phosphorus, and 3-21G* basis 

sets for all atoms[27'28] except for platinum. The platinum structure file was optimized before 

the TDDFT calculation. Only the relevant (stronger oscillator strength and wavefunction 

coefficients) molecular orbitals are shown. 

Electrochemical measurements: Electrochemical measurements were made using a 

Princeton Applied Research (PAR) model 273A potentiostat. A conventional three-electrode 

configuration consisting of a glassy carbon working electrode, and Pt-wires as both the 

counter and reference electrodes was used. The supporting electrolyte was 0.1 M [Bu4N]PF6. 

Ferrocene was added as an internal standard after each set of measurements, and all potentials 

reported were quoted with reference to the ferrocene-ferrocenium (Fc/Fc+) couple at a scan 

rate of 100 mV s_1. The oxidation potentials (Eox) were used to determine the HOMO energy 

levels using the equation £HOMO = (E0* + 4.8) eV and the LUMO energy levels were found 

from EUJMO = (£HOMO + Eg) eV, where the ferrocene value lies at -4.8 eV with respect to the 

vacuum.[29] 

The syntheses of L1-L3 are given in the Supporting Information. 

Synthesis of PI: A mixture of fran5-[Pt(PnBu3)2Cl2] (100 mg, 0.150 mmol) and one equivalent 

of LI (73 mg, 0.150 mmol) was dissolved in iPr2NH/CH2a2 (40 mL, 1:1, v/v), and Cul (5.0 

mg) was subsequently added. After stirring overnight at room temperature, all volatile 

components were removed under reduced pressure. The residue was redissolved in CH2CI2 

and the mixture was filtered through a short column using pure CH2CI2 as eluent to give a 
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brown solution of the polymeric material. After removal of the solvent by a rotary evaporator, 

a brown powder was obtained. Further purification can be accomplished by precipitating the 

polymer solution in CH2C12 from MeOH to afford pure PI (91 mg, 59%). IR (CH2C12): 

v(OC) 2099 cm"1 ; .^ NMR (CDC13): 8 (ppm) 8.31-8.02 (m, 4H, Ar), 7.73-7.14 (m, 8H, Ar), 

4.20 (m, 4H, CH2), 2.19 (m, 12H, CH2), 1.79-1.30 (m, 32H, CH2), 0.95-0.86 (m, 24H, CH3); 
13C NMR (CDCI3): S (ppm) 139.64, 139, 132.78, 128.77, 124.68, 122.76, 122.44, 119.82, 

118.8, 118.06, 109.30, 108.76 (Ar), 108.51, 77.29 (C=C), 42.92, 29.64, 26.07, 23.96, 21.97, 

21.96, 13.97, 13.92 (Bu); 31P {lH} (CDCI3): S (ppm) 3.89 (VR-P = 2362 Hz); elemental 

analysis calcd (%) for (C6oH84N2P2Pt)n: C 66.09, H 7.77, N 2.57; found: C 65.89, H 7.66, N 

2.42; GPC (THF): Mw = 10700, Mn = 8590; TGA: rdec (°C> 348 ± 5. 

Synthesis of P2: Cul (5.0 mg) was added to a mixture of L2 (89 mg, 0.125 mmol) and trans-

[Pt(PnBu3)2Cl2] (84 mg, 0.125 mmol) in 'PrzNH/CHaCb (40 mL, 1:1, v/v). After the same 

workup procedures as described above, the polymer was isolated as a brown powder in 56% 

yield (92 mg). IR (CH2C12): v(C=C) 2098 cm"1; *H NMR (CDC13): <5 (ppm) 8.46 (s, 2H, Ar), 

8.32 (s, 2H, Ar), 8.10 (m, 2H, Ar), 7.81 (m, 5H, Ar), 7.53-7.43 (m, 7H, Ar), 4.29 (m, 6H, 

CH2), 2.23 (m, 12H, CH2), 1.87 (m, 6H, CH2), 1.67-1.49 (m, 30H, CH2), 0.99-0.89 (m, 27H, 

CH3);
 13C NMR (CDCI3): S (ppm) 140.06, 139.95, 139.77, 138.97, 133.43, 133.11, 129.02, 

125.26, 123.62, 123.49, 123.20, 122.85, 119.86, 118.89, 111.97, 109.24, 109.14, 108.98 (Ar), 

108.23, 77.32 (C=C), 43.11, 29.69, 26.09, 23.97, 21.99, 20.64, 1.4.12, 13.91 (Bu); 31P {lR} 

(CDCI3): S (ppm) 3.89 (VP,-P= 2358 Hz); elemental analysis calcd (%) for (C76H99N3P2Pt)n: C 

69.59, H 7.61, N 3.20; found: C 69.43, H 7.76, N 3.30; GPC (THF): Mw = 45930, Mn = 34410; 

TGA: rdec (°C) 350 ± 5. 

Synthesis of P3: This polymer was prepared similarly from L3 (81 mg, 0.105 mmol) and 

?ran5-[Pt(PnBu3)2Cl2] (70 mg, 0.105 mmol) and it was isolated as a pale brown powder in 57% 

yield (82 mg) after being purified by the precipitation method. IR (CH2C12): v(C=C) 2099 

cm"1; !H NMR (CDC13): S (ppm) 8.32 (s, 2H, Ar), 8.13 (s, 2H, Ar), 7.81-7.69 (m, 8H, Ar), 

7.44 (m, 4H, Ar), 7.29 (m, 2H, Ar), 4.30 (m, 4H, CH2), 2.26 (m, 16H, CH2), 1.88-1.53 (m, 
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32H, CH2), 1.26-0.73 (m, 38H, CH2CH3);
 13C NMR (CDC13): 8 (ppm) 151.57, 140.86, 140.11, 

139.39, 138.81, 132.57, 129.10, 126.00, 125.04, 123.28, 123.16, 122.80, 122.61, 121.52, 

119.99, 119.81, 118.63, 109.22 (Ar) 108.83, 108.31 (OC), 55.14 (quat. C), 42.96, 40.46, 

31.07, 29.34, 26.30, 24.35, 24.00, 23.83, 22.67, 20.55, 14.10, 13.89 (Bu); 31P {!H} (CDC13): 5 

(ppm) 3.95 (17Pt-p= 2357 Hz); elemental analysis calcd (%) for (C8iHi08N2P2Pt)n: C 71.18, H 

7.96, N 2.05; found: C 71.29, H 7.76, N 2.32; GPC (THF): Mw = 21190, Mn = 15890; TGA: 

Tdec (°Q 348 ± 5. 

Synthesis of Ml: The dehydrohalogenation reaction of LI (23 mg, 0.047 mmol) with two 

molar equivalents of frans-[Pt(PEt3)2Cl(Ph)] (51 mg, 0.094 mmol), in the presence of Cul (3.0 

mg), in iPr2NH/CH2Cl2 (40 mL, 1:1, v/v) afforded the title complex as a white solid in 21% 

yield (15 mg) after the usual workup by TLC on silica using CH2Cl2/hexane (2:1, v/v) as 

eluent. IR (CH2C12): v(C=C) 2096 cm"1; *H NMR (CDCI3): S (ppm) 8.33 (s, 2H, Ar), 8.09 (s, 

2H, Ar), 7.77 (d, J = 8.1 Hz, 2H, Ar), 7.45-7.24 (m, 10H, Ph + Ar), 6.95 (t, J = 8.1 Hz, 4H, 

Ph), 6.79 (t, J = 8.1 Hz, 2H, Ph), 4.29 (t, J = 16.2 Hz, 4H, CH2), 1.81-1.61 (m, 28H, CH2of Et 

+ CH2 of Bu), 1.41-1.39 (m, 4H, CH2), 1.17-0.92 (m, 42H, CH3 of Et + CH3 of Bu); 13C 

NMR (CDCI3): 5 (ppm) 156.83, 139.72, 139.29, 138.72, 133.32, 129.22, 127.19, 125.33, 

123.27, 122.86, 122.39, 121.05,120.03, 119.02, 110.58, 108.91 (Ar), 108.25, 108.69 (C=C), 

42.92, 31.19, 20.56, 13.90 (Bu), 15.11, 8.07 (Et); 31P {'H} (CDC13): S (ppm) 10.99 (1JPt_P = 

2643 Hz); FAB-MS (m/z): 1508 [M+]; elemental analysis calcd (%) for C72HiooN2P4Pt2: C 

57.36, H 6.69, N 1.86; found: C 57.20, H 6.53, N 1.95. 

Synthesis of M2: Similar to Ml, this complex was prepared from L2 (23 mg, 0.033 mmol) 

and purified on preparative TLC plates with CH2Cl2/hexane (2:3, v/v) as eluent to give an oily 

solid in an isolated yield of 30% (17 mg). IR (CH2C12): v(C=C) 2097 cm-1; 1H NMR (CDC13): 

S (ppm) 8.47 (s, 2H, Ar), 8.34 (s, 2H, Ar), 8.07 (s, 2H, Ar), 7.80 (t, J = 8.1 Hz, 4H, Ar), 7.53-

7.24 (m, 10H, Ph + Ar), 6.94-6.78 (m, 8H, Ph + Ar), 4.29 (m, 6H, CH2), 1.81-1.61 (m, 30H, 

CH2of Et + CH2 of Bu), 1.45-1.42 (m, 6H, CH2), 1.16-0.92 (m, 45H, CH3 of Et + CH3 of 

Bu); 13C NMR (CDC13): S (ppm) 140.06, 139.94, 139.77, 138.72, 137.21, 133.20, 132.98, 
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129.62, 127.32, 127.18, 125.68, 125.36, 124.78, 123.59, 122.88, 121.53, 121.02, 119.07, 

111.91, 110.54, 109.16, 108.92 (Ar), 108.76, 108.25 (C=C), 43.08, 31.21, 19.14, 13.53 (Bu), 

15.11, 7.69 (Et); 31P flH} (CDC13): S (ppm) 11.00 (17P , -P= 2629 Hz); FAB-MS (m/z): 1729 

[M+]; elemental analysis calcd (%) for C88H1i5N3P4Pt2: C 61.13, H 6.70, N 2.43; found: C 

61.01, H 6.56, N 2.50. 

Synthesis of M3: A similar procedure as Ml was employed using L3 (48 mg, 0.062 mmol) to 

produce a white solid in 22% yield (24 mg) after the usual workup by TLC on silica eluting 

with CH2Cl2/hexane (2:3, v/v). IR (CH2C12): v(C=C) 2095 cm-1; XH NMR (CDC13): 5 (ppm) 

8.32 (s, 2H, Ar), 8.09 (s, 2H, Ar), 7.82-7.69 (m, 8H, Ar), 7.53-7.24 (m, 8H, Ph + Ar), 6.96 (t, 

J = 13.5 Hz, 4H, Ph), 6.79 (t, / = 8.1 Hz, 4H, Ph), 4.30 (t, J = 8.1 Hz, 4H, CH2), 2.08-2.03 (m, 

4H, CH2), 1.84-1.58 (m, 28H, CH2of Et + CH2 of Bu), 1.58-1.24 (m, 4H, CH2), 1.24-1.03 (m, 

40H, CH2 of Et + CH2 of Bu), 0.99-0.92 (m, 6H, CH3), 0.80-0.70 (m, 10H, CH2CH3);
 l3C 

NMR (CDC13): S (ppm) 151.60, 140.97, 140.10, 139.27, 138.71, 132.63, 130.89, 128.80, 

127.20, 126.09, 125.00, 123.27, 122.81, 122.40, 121.72, 121.06, 120.21, 119.74, 118.92, 

110.53, 109.17, 108.76 (Ar), 108.32, 71.76 (OC) , 55.12 (quat. C), 42.93, 40.35, 31.17, 26.06, 

23.13, 20.54, 19.13, 13.35 (Bu), 15.26, 7.68 (Et); 31P {'H} (CDC13): d (ppm) 10.97 (1JPt-? = 

2629 Hz); FAB-MS (m/z): 1784 [M+]; elemental analysis calcd (%) for C93Hi24N2P4Pt2: C 

62.61, H 7.01, N 1.57; found: C 62.55, H 7.12, N 1.46. 
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430 



Compound la: This compound was prepared by mixing 9-butylcarbazole-3-boronic acid 

(0.80 g, 2.99 mmol) with 3-bromo-9-butylcarbazole (0.82 g, 2.70 mmol) in toluene in the 

presence of Pd(PPh3>4 (0.06 g) and 2M K2CO3 solution (1 mL) under nitrogen atmosphere. 

After the mixture was refluxed for two days, the black mixture was poured into water and 

extracted with ethyl acetate. The concentrated filtrate was purified on preparative silica TLC 

plates eluting with ft-hexane/CH2Cl2 (4:1, v/v). From the second pale yellow band was 

obtained la as a brown oil in 41% (0.50 g). 'HNMR (CDC13): <5..(ppm) 8.41 (m, 2H, Ar), 

8.17-8.20 (d, J = 8.1 Hz, 2H, Ar), 7.80-7.84 (d, J =10.8 Hz, 2H, Ar), 7.40-7.50 (m, 6H, Ar), 

7.22-7.27 (m, 2H, Ar), 4.30-4.35 (t, J = 13.5 Hz, 4H, CH2), 1.89 (m, 4H, CH2), 1.41 (m, 4H, 

CH2), 0.93-0.99 (m, 6H, CH3);
 13C NMR (CDC13): d (ppm) 140.74, 139.37, 133.20, 125.51, 

125.39, 123.26, 122.91, 120.34, 118.83, 118.61, 108.79, 108.68 (Ar), 42.98, 31.25, 20.69, 

14.03 (Bu); FAB-MS (m/z): 444 [M+]; elemental analysis calcd (%) for C32H32N2: C 86.45, H 

7.25, N 6.30; found: C 86.55, H 7.32, N 6.22. 

Compound Ila: This compound was prepared following the same procedure as described 

above for la but 3,6-dibromo-9-butylcarbazole (0.68 g, 1.79 mmol) was used instead of 3-

bromo-9-butylcarbazole. Elution using a n-hexane/QrkCk mixture (4:1, v/v) afforded Ila as a 

brown oil in 22% (0,26 g) from the third band. lH NMR (CDC13): S (ppm) 8.51 (s, 2H, Ar), 

8.44 (s, 2H, Ar), 8.18-8.21 (d, / = 8.1 Hz, 2H, Ar), 7.84-7.87 (m, 4H, Ar), 7.41-7.53 (m, 8H, 

Ar), 7.24-7.28 (m, 2H, Ar), 4.32^.37 (m, 6H, CH2), 1.87-1.90 (m, 6H, CH2), 1.40-1.48 (m, 

6H, CH2), 0.94-1.02 (m, 9H, CH3); °C NMR (CDC13): S (ppm) 140.88, 139.99, 139.52, 

133.32, 125.59, 125.54, 125.49, 123.63, 123.38, 123.04, 120.45, 118.99, 118.90, 118.70, 

108.97, 108.86, 108.74 (Ar), 43.08, 42.93, 31.27, 31.18, 20.62, 20.59, 13.90 (Bu); FAB-MS 

(m/z): 665 [M+]; elemental analysis calcd (%) for C48H47N3: C 86.45, H 7.25, N 6.30; found: C 

86.34, H 7.30, N 6.44. 

Compound Ilia: The title compound was obtained using the same procedures as 

described above for la but 2,7-dibromo-9,9-fluorene (0.74 g, 1.68 mmol) was used instead of 

3-bromo-9-butylcarbazole. Elution using a n-hexane/CH2Cl? mixture (4:1, v/v) gave Ilia as a 

brown oil in 34% (0.41 g) from the third band. *H NMR (CDC13): S (ppm) 8.31-8.32 (s, 2H, 

Ar), 8.09-8.13 (m, 2H, Ar), 7.62-7.75 (m, 8H, Ar), 7.33-7.43 (m, 6H, Ar), 7.14-7.20 (m, 2H, 

Ar), 4.23^.28 (t, J = 13.5 Hz, 4H, CH2), 1.75-2.22 (m, 8H, CH2), 1.30-1.42 (m, 4H, CH2), 
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1.03-1.11 (m, 4H, CH2), 0.85-0.91 (m, 6H, CH3), 0.61-0.72 (m, 10H, CH2CH3);
 13C NMR 

(CDC13): S (ppm) 151.49, 140.78, 140.69, 139.75, 139.32, 133.21, 132.68, 125.99, 125.16, 

125.06, 123.26, 122.88, 121.52, 120.39, 119.76, 118.76, 118.71, 108.82 (Ar), 55.22 (quat. C), 

42.97, 40.50, 31.23, 26.19, 23.25, 20.67, 14.01, 13.99 (Bu); FAB-MS (m/z): 720 [M+]; 

elemental analysis calcd (%) for C53H56N2: C 88.29, H 7.83, N 3.89; found: C 88.10, H 7.74, 

N3.99. 

Compound lb: A mixture of la (88.2 mg, 0.19 mmol) and two molar equivalents of NBS 

(70.6 mg, 0.39 mmol) was stirred in CH2CI2 at room temperature under nitrogen overnight. 

The solvent was evaporated in vacuo and the mixture was purified by preparative TLC plates 

using n-hexane/CH2Cl2 (4:1, v/v) as eluent to give lb as a pale brown oil in high yield (92%, 

110 mg). *H NMR (CDCI3): 8 (ppm) 8.21-8.26 (m, 4H, Ar), 7.74-7.77 (d, J= 8.1 Hz, 2H, Ar), 

7.39-7.51 (m, 4H, Ar), 7.19-7.24 (m, 2H, Ar), 4.21-4.26 (t, / = 13.5 Hz, 4H, CH2), 1.81 (m, 

4H, CH2), 1.33 (m, 4H, CH2), 0.88-0.94 (m, 6H, CH3);
 13C NMR (CDC13): S (ppm) 139.68, 

139.35, 133.26, 128.19, 126.00, 124.59, 123.05, 122.29, 118.87, 111.48, 110.14, 109.12 (Ar), 

43.09, 31.16, 20.62, 13.96 (Bu); FAB-MS (m/z): 600 [M+]; elemental analysis calcd (%) for 

C32H30N2Br2: C 63.80, H 5.02, N 4.65; found: C 64.01, H 4.96, N 4.55. 

Compound lib: The synthetic procedure was the same as for lb and compound lib was 

isolated from Ha (196 mg, 0.29 mmol) as a pale brown oil (93%, 225 mg). JH NMR (CDC13): 

S (ppm) 8.49 (s, 2H, Ar), 8.37 (s, 2H, Ar), 8.30 (s, 2H, Ar), 7.81-7.88 (m, 4H, Ar), 7.46-7.55 

(m, 6H, Ar), 7.24-7.26 (m, 2H, Ar), 4.21^.32 (m, 6H, CH2), 1.82-1.94 (m, 6H, CH2), 1.35-

1.49 (m, 6H, CH2), 0.92-1.01 (m, 9H, CH3);
 13C NMR (CDC13): 6 (ppm) 139.96, 139.67, 

139.38, 133.61, 132.86, 128.14, 126.13, 125.39, 124.68, 123.54, 123.07, 122.30, 118.84, 

111.43, 110.14, 109.11, 109.01 (Ar), 42.92, 31.21, 31.02, 20.58, 20.48, 13.91, 13.83 (Bu); 

FAB-MS (m/z): 824 [M+]; elemental analysis calcd (%) for C48H45N3Br2: C 69.99, H 5.51, N 

5.10; found: C 70.10, H 5.44, N 5.25. 

Compound Illb: The synthetic procedure was the same as for lb and compound Illb was 

obtained as a pale brown oil (98%, 110 mg) using Ilia (99 mg, 0.14 mmol). !H NMR 

(CDCI3): 5 (ppm) 8.21-8.26 (m, 4H, Ar), 7.73-7.76 (m, 4H, Ar), 7.60-7.63 (m, 4H, Ar), 7.40-

7.49 (m, 4H, Ar), 7.17-7.24 (m, 2H, Ar), 4.21-4.26 (t, / = 13.5 Hz, 4H, CH2), 1.74-2.09 (m, 

8H, CH2), 1.28-1.39 (m, 4H, CH2), 1.04-1.12 (m, 4H, CH2), 0.86-0.91 (m, 6H, CH3), 0.62-
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0.71 (m, 10H, CH2CH3); 13C NMR (CDCI3): 6 (ppm) 151.55, 140.37, 139.96, 139.42, 139.36, 

133.09, 128.26, 125.99, 125.90, 124.57, 123.08, 122.23, 121.42, 119.86, 118.78, 111.57, 

110.19, 109.11 (AT), 55.27 (quat. C), 43.08, 40.51, 31.14, 26.20, 23.25, 20.61, 14.01, 13.97 

(Bu); FAB-MS (m/z): 877 [M+]; elemental analysis calcd (%) for C53H54N2Br2: C 72.44, H 

6.19, N 3.19; found: C 72.50, H 6.22, N 3.08. 

Compound Ic: To an ice-cooled mixture of lb (725 mg, 1.20 mmol) in freshly distilled 

diisopropylamine (25 mL) and CH2CI2 (25 mL) solution mixture under nitrogen was added 

Cul (30 mg), Pd(OAc)2 (30 mg) and PPh3 (90 mg). After the solution was stirred for 20 min, 

Me3SiC=CH (0.34 mL, 2.41 mmol) was then added and the suspension was stirred for 30 min 

in an ice-bath before being warmed to room temperature. After reacting for 30 min at room 

temperature the mixture was heated to 75 °C for 20 h. The solution was then allowed to cool to 

room temperature and the solvent mixture was evaporated in vacuo. The resulting residue was 

then redissolved in CH2CI2 and was filtered through a short silica gel column to remove the 

metal catalyst and ionic salts. The brown filtrate was evaporated to dryness. The brown 

residue was subsequently purified on preparative TLC plates eluting with n-hexane/CH2Cl2 

(4:1 v/v). From the third pale yellow band, compound Ic was obtained as a pale brown oil in 

40% yield (309 mg). IR (CH2C12): v(C=C) 2148 cm"1; aH NMR: d (ppm) 8.35-8.33 (d, J = 5.4 

Hz, 4H, Ar), 7.81-7.78 (d, J= 8.1 Hz, 2H, Ar), 7.60-7.57 (d, / = 8.1 Hz, 2H, Ar), 7.47-7.44 

(d, J = 8.1 Hz, 2H, Ar), 7.33-7.29 (d, J = 10.8 Hz, 2H, Ar), 4.29 (m, 4H, CH2), 1.86 (m, 4H, 

CH2), 1.42 (m, 4H, CH2), 0.98-0.93 (m, 6H, CH3), 0.30 (s, 18H, SiMe3);
 13C NMR: S (ppm) 

140.49, 139.75, 133.46, 129.51, 125.71, 124.58, 122.97, 122.73, 118.88, 112.97, 109.11, 

108.58 (Ar), 106.64, 91.61 (OC), 43.10, 31.20, 20.64, 13.99 (Bu), 0.34 (SiMe3); FAB-MS 

(m/z): 637 [M+]; elemental analysis calcd (%) for C42H48N2Si2: C 79.19, H 7.59, N 4.40; 

found: C 79.02, H 7.56, N 4.21. 

Ligand LI: A mixture of Ic (300 mg, 0.47 mmol) and K2C03 (150 mg) in CH2C12 and 

MeOH (30 mL, 1:1, v/v) was stirred at room temperature overnight. Solvent was removed 

under reduced pressure to leave a pale brown residue. This residue was dissolved in a 

minimum amount of CH2C12 and subjected to column chromatography on silica using n-

hexane/CH2Cl2 (1:1 v/v) as eluent to afford a major pale brown solid identified as the title 
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compound (96%, 245 mg). IR (CH2C12): v(C=C) 2103, v(GCH) 3302 cm"1; JH NMR 

(CDC13): 5 (ppm) 8.34-8.33 (m, 4H, Ar), 7.83-7.80 (d, J = 8.1 Hz, 2H, Ar), 7.61-7.47 (m, 4H, 

Ar), 7.36-7.33 (d, / = 8.1 Hz, 2H, Ar), 4.32 (m, 4H, CH2), 3.06 (s, 2H, G-CH), 1.88 (m, 4H, 

CH2), 1.42 (m, 4H, CH2), 0.98-0.93 (m, 6H, CH3);
 13C NMR (CDC13): S (ppm) 140.76, 139.95, 

133.69, 129.68, 125.99, 124.78, 122.96, 122.90, 119.05, 111.99, 109.21, 108.78 (Ar), 85.06, 

75.10 (C=C), 43.10, 31.14, 20.56, 13.80 (Bu); FAB-MS (m/z): 492 [M+]; elemental analysis 

calcd (%) for C36H32N2: C 87.77, H 6.55, N 5.69; found: C 87.54, H 6.44, N 6.40. 

Compound He: This compound was prepared using the same conditions as described 

above, but lib (600 mg, 0.72 mmol) was used instead to produce a yellow solid in 41% yield 

(245 mg) after chromatographic purification by a silica column eluting with n-hexane/CH2Cl2 

(3:1, v/v). IR (CH2C12): v(OC) 2149 cm-1; *H NMR: S (ppm) 8.51-8.38 (m, 6H, Ar), 

7.91-7.84 (m, 4H, Ar), 7.63-7.48 (m, 6H, Ar), 7.36-7.33 (d, J = 8.1 Hz, 2H, Ar), 4.32 (m, 6H, 

CH2), 1.90 (m, 6H, CH2), 1.47-1.45 (m, 6H, CH2), 1.05-0.96 (m, 9H, CH3), 0.35 (s, 18H, 

SiMe3);
 13C NMR: S (ppm) 140.58, 140.01, 139.81, 133.88, 133.02, 129.54, 125.95, 125.49, 

124.64, 123.58, 123.01, 122.86, 118.93, 112.97, 109.12, 109.04, 108.60 (Ar), 106.76, 91.59 

(OC), 43.00, 31.24, 31.10, 20.60, 20.51, 13.93, 13.85 (Bu), 0.19 (SiMe3); FAB-MS (m/z): 

858 [M+]; elemental analysis calcd.(%) for C58H63N3Si2: C 81.16, H 7.40, N 4.90; found: C 

80.98, H 7.31, N 4.78. 

Ligand L2: Compound lie (245 mg, 0.34 mmol) was similarly deprotected as mentioned 

above for LI and the crude product was purified by silica column chromatography eluting 

with CH2C12 to afford a light yellow solid of the title compound in high yield (88%, 180 mg). 

IR (CH2C12): v(C=C) 2102, v(C=CH) 3301 cm"1; !H NMR (CDC13): 5 (ppm) 8.47-8.29 (m, 

6H, Ar), 7.80-7.74 (m, 4H, Ar), 7.54-7.37 (m, 6H, Ar), 7.27-7.16 (m, 2H, Ar), 4.27-^.20 (m, 

6H, CH2), 3.03-3.01 (m, 2H, C=CH), 1.82-1.79 (m, 6H, CH2), 1.37-1.31 (m, 6H, CH2), 0.94-

0.85 (m, 9H, CH3);
 13C NMR (CDC13): 6 (ppm) 140.55, 139.90, 129.71, 133.78, 132.85, 

129.47, 125.93, 125.38, 124.65, 123.49, 122.82, 118.84, 111.80, 109.07, 108.98, 108.65 (Ar), 

85.11, 75.10 (OC), 43.05, 31.32, 31.17, 20.69, 20.60, 14.03, 13.96 (Bu); FAB-MS (m/z): 714 

[M+]; elemental analysis calcd (%) for C52H47N3: C 87.48, H 6.64, N 5.89; found: C 87.29, H 

6.43, N 5.77. 
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Compound IHc: Following a similar method as above, compound Illb (300 mg, 0.34 

mmol) was employed to afford Die as a pale brown oil in 30% yield after TLC purification 

using n-hexane/CH2Cl2 (4:1 v/v) as eluent. IR (CH2C12): v(OC) 2106 cm1; *H NMR (CDC13): 

5 (ppm) 8.40 (m, 4H, Ar), 7.887.85 (m, 4H, Ar), 7.767.62 (m, 6H, Ar),, 7.557.52 (d, J = 8.1 

Hz, 2H, Ar), 7.407.36 (d, J = 10.8 Hz, 2H, Ar), 4.37 (m, 4H, CH2), 2.15-1.92 (m, 8H, CH2), 

1.47 (m, 4H, CH2), 1.22-1.19 (m, 4H, CH2), 1.03-0.98 (m, 6H, CH3), 0.90-0.75 (m, 10H, 

CH2CH3), 0.35 (s, 18H, SiMe3);
 13C NMR (CDC13): 6 (ppm) 151.22, 140.20, 140.08, 139.76, 

139.10, 132.93, 129.31, 125.64, 125.29, 124.23, 122.62, 122.41, 121.12, 119.51, 118.48, 

112.79, 108.76, 108.32 (Ar), 106.26, 91.40 (C=C), 54.93 (quat. C), 42.80, 30.86, 25.87, 22.93, 

20.29, 13.67, 13.65 (Bu), 0.00 (SiMe3); FAB-MS (m/z): 914 [M4]; elemental analysis calcd 

(%) for C63H72N2Si2: C 82.84, H 7.94, N 3.07; found: C 82.67, H 7.88, N 3.14. 

Ligand L3: Deprotection of the compound IIIc (200 mg, 0.40 mmol) by K2C03 in 

CH2Cl2/MeOH solution furnished the diterminal H ligand in high yield (73%, 155 mg). IR 

(CH2C12): v(OC) 2103, v(OCH) 3301 cm-1; JH NMR (CDC13): S (ppm) 8.27 (m, 4H, Ar), 

7.75-7.72 (m, 4H, Ar), 7.62-7.50 (m, 6H, Ar), 7.41-7.38 (d, 7= 8.1 Hz, 2H, Ar), 7.27-7.24 (d, 

/ = 8.1 Hz, 2H, Ar), 4.25-125 (t, J = 16.2 Hz, 4H, CH2), 3.00 (s, 2H, OCH), 2.02-1.75 (m, 

8H, CH2), 1.35-1.27 (m, 4H, CH2), 1.11-1.03 (m, 4H, CH2), 0.89-0.84 (m, 6H, CH3), 0.76-

0.61 (m, 10H, CH2CH3);
 13C NMR (CDC13): S (ppm) 151.55, 140.61, 140.41, 140.08, 139.43, 

133.31, 129.63, 126.01, 125.73, 124.67, 122.80, 122.77, 121.47, 119.85, 118.82, 111.99, 

109.12, 108.76 (Ar), 85.02, 75.21 (C=C), 55.26 (quat. C), 43.11, 40.50, 31.18, 26.18, 23.25, 

20.62, 14.00, 13.98; FAB-MS (m/z): 769 [M+]; elemental analysis calcd (%) for C57H56N2: C 

89.02, H 7.34, N 3.64; found: C 88.87, H 7.44, N 3.57. 
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Figure SI. Absorption (black), excitation at 446 nm (red) and emission spectra at 326 nm 

(fluorescence part multiplied by 50) (blue) of Ml in 2MeTHF at 77 K. 
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Figure S2. Absorption (black), excitation at 447 nm (red) and emission spectra at 325 nm 

(fluorescence part multiplied by 20) (blue) of M2 in 2MeTHF at 77 K. 
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Figure S3. Time-resolved emission spectra of M l at 326 nm (up) and PI at 340 nm (down) in 

2MeTHF at 77 K in the 10-50 |0,s time scale. The phosphorescence located at 450 nm is due to 

the Cz lumophore. 
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3.6 Manuscript 6: 

Energy and Electron Transfers in Dimers and Trimers of Zinc(II) and 

Palladium* II) Porphyrins Bridged by Rigid Pt-Containing Conjugated 

Organometallic Spacers 

3.6.1 Preface 

This paper is the result of a team work contribution with Roger Guilard at the Universite de 

Bourgogne. The idea behind this project came from Dr. Pierre D. Harvey. He drew the 

strategy for the work and supervised the other contributors during the course of the work. An 

overall look on the paper shows that it has two main sections. The first section includes the 

synthesis of the compounds and the characterization of the dyads and triads, and the second 

part involves the photophysical studies and characterization of the dyad and triad systems. 

The starting mono- and diethynyl-containing porphyrins were synthesized by Maya El Ojaimi 

under the supervision of Dr. Claude P. Gros, Dr. Jean-Michel Barbe and Dr. Roger Guilard. 

The synthesized porphyrins were then sent to. Diana Bellows at the Universite de Sherbrooke 

and she used them for the following steps of the synthesis involving the attachment of the 

organometallic fragments, which she synthesized too, and the synthesis of the homo- and 

hetero-dyad and triad systems, under the supervision of Dr. Pierre D. Harvey. 

The second part involving the photophysical study was solely my responsibility, under the 

supervision of Dr. Pierre D. Harvey. I measured all the UV-Vis absorption spectra and the 

measurements of the luminescence spectra and emission lifetimes and the rates for energy and 

electron transfers. Also, the investigations involved the measurements of the transient spectra 

of the systems to fully assign the nature of the interactions. I contributed also in the data 
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analysis and discussion of the photophysical part under supervision of Dr. Pierre D. Harvey. I 

have also written the experimental section of the paper and participated in the writing and 

editing the paper and the preparation of the figures for the photophysical section. 

This paper is submitted to Inorganic Chemistry. 
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3.6.2 Energy and Electron Transfers in Dimers and Trimers of Zinc(II) and 

Palladium(II) Porphyrins Bridged by Rigid Pt-Containing Conjugated 

Organometallic Spacers 

Diana Bellows,3 Shawkat M. Aly,a Claude P. Gros,b Maya El Ojaimi,b Jean-Michel Barbe,b 
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Synopsis 

Energy and Electron Transfers in 
Monomers, Dimers and Trimers of 
Zinc(II) and Palladium(II) 
Porphyrins Bridged by Rigid Pt-
Containing Conjugated 
Organometallic Spacers 
Diana Bellows, Shawkat M. Aly, 
Claude P. Gros, Maya El Ojaimi, 
Jean-Michel Barbe, Alaa S. Abd-El-
Aziz, Roger Guilard, Pierre D. Harvey 

A series of metalloporphyrin (M(P)) monomers, 
dimers and trimers rigidly held by the conjugated -
C6H4C=CPtL2C=CC6H4- unit (L = PEt3) were 
prepared and characterized for the study of Si and 
T, Pd(P)*-> Zn(P) and T! 
[CeH^CPtLaC^CCeHU]*-* Zn(P) energy 
transfers, and photoinduced electron transfers 
between [CeH^CPtLaC^CCeHJ and Zn(P) 
forming [CeH^CPtLaC^CCeHJ" / Zn(P)+. 

2) electron transfer 

1) S1 and T, energy transfer 
T1 energy transfer 

excitation of the 
^spacer at 355 nm 
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Abstract A series of linear monomers (spacer-M(P)), dimers (M(P)-spacer-M'(P)), and 

trimers (M(P)-spacer-M'(P)-spacer-M(P)) of spacer/metalloporphyrin systems (M' = Zn, M = 

Zn, Pd, P = porphyrin, and spacer = frans-Ce^C^CPtl^C^CCgHU (L = PEt3» including 

mixed metalloporphyrin compounds, were synthesized and characterized. The Si and Ti 

energy transfers Pd(P)*—>Zn(P) occur with rates of ~2 x 109 s"1, Si, and 0.15 x 103 (slow 

component) and 4.3 x 103 s"1 (fast component), TV Based upon a literature comparison with a 

related dyad, the Pt atom in the conjugated chain slows down the transfer. The excitation in 

the absorption band of the frans-CelHLtC^CPtL^C^CCeBU spacer in the 300-360 nm range also 

leads to Ti energy transfer (spacer* —* M(P); M = Zn, Pd) with rates for energy transfer of 104 

s"1. The Ti-Tn transient absorption spectra for Zn(P)-containing compounds exhibit new 

species, notably the radical cation Zn(P)+. Since both species Zn(P)* (TO and Zn(P)+ are 

observed simultaneously at an early stage of the transient absorption spectra, this indicates that 

the event occurs well within the excitation pulse (<13 ns). The rate for back electron transfer 

exhibits a slight dependence upon the number of trans-C6H.4C=CPtL2-C=CC6lU units in the 

oligomer, suggesting the presence of an exciton process. 
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Introduction 

Excited state energy transfers and energy derealization (exciton) are the most basic 

non-radiative processes that secure the energy migration across the photosynthetic membranes 

in bacteria, algae and plants (antenna effect).1" Several research groups have successfully 

used chemical models to mimic these photophysical processes. " Among the devices, one 

finds the LH II (light harvesting system II) of the purple photosynthetic bacteria.16"34 This 

device is one of the most well-documented among the photosynthetic bacteria.35'36 In this case, 

the singlet state energy migration from B800 —> B850 (B = bacteriochlorophyll a) systems 

occurs in the 1 ps time scale despite the long center-to-center separation (~ 18 A).37 It is 

believed that the carotenoid is used as a relay between the donor and acceptor. The singlet-

singlet energy transfer in the rigidly held dyad 1 (Scheme l)37 occurs in the short ns timescale 

providing evidence for energy transfer (here-via a through-bond mechanism) over a long 

distance using aryl-ethynyl conjugated organic spacers. 

We now wish to report a series of dyads and trimers (Chart 1) for the investigation of 

singlet and triplet energy transfers in donor-acceptor systems rigidly held by a conjugated 

organometallic fragment (-CgH^C^C-PtL^-C^C-CgHLr). Evidence for transfer of modest rates 

is provided. This conclusion bears an important consequence on the anticipated behavior in 1-

D materials built upon these dyads and monodispersed oligomers (Chart 1). 

carotenoid 
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Bacteriochlorophyll a Rhodopin glucoside (carotenoid) 

Scheme 1 

Scheme 1. (Top Left) A drawing of an LH II ring showing only the chlorophyll skeletons for 
the B850 network and the non-interacting B800 bacteriochlorophylls, and the carotenoids 
(rhodopin glucoside). Two of the B850 units are marked with arrows representing the 
transition moments of the Qy bands stressing the quasi-parallel relationship between the two. 
This is also true for the rest of the B850 ring. (Top Right) A drawing of the local environment 
of the rhodopin glucoside residue (in black) with respect to B800 and B850 units of LH II 
stressing the downhill Si energy transfers (black arrows) and the possibility of slightly uphill 
transfers. (Bottom) Structures of the bacteriochlorophyll a and of the rhodopin glucoside. 

Experimental Section 

Materials: 

The porphyrin precursors, a,c-biladiene and 3,3'-diethyl-4,4'-dimethyldipyrromethane, 

were synthesized as previously reported.38 Cw-dichloro-bis(triethylphosphine)-platinum(II), 

rran5-dichloro-bis(triethylphosphine)-platinum(II) were prepared according to standard 
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procedures. ' The following materials were purchased from commercial suppliers: 

triethylphosphine (Aldrich), diisopropylamine (Aldrich), phenylacetylene (Aldrich), copper(I) 

iodide (Aldrich), [(trimethylsilyl)ethynyl]benzaldehyde (Aldrich), dichloromethane (EMD), 

platinum(II) chloride (Strem), potassium carbonate (Fisher), ether (ACP), hexane (ACP), 

ethanol (Commercial Alcohols inc.). All solvents were purified according to literature 

procedures.41 The coupling reactions were performed under argon using Schlenk techniques, 

with reaction vessels flame dried before use to eliminate moisture. Silica gel (Merck; 70-120 

(im) was used for column chromatography. Analytical thin layer chromatography was 

performed using Merck 60 F254 silica gel (precoated sheets, 0.2 mm thick). All the reactions 

were monitored by thin-layer chromatography and UV-visible spectroscopy. 

5-[4-(Trimethylsilyl)ethynylphenyl]-13,17-diethyl-2,3,7,8,12,18-hexamethyl-porphyrin(l). 

A mixture of 2.01 g (9.93 mmol) of 4-[(trimethylsilyl)ethynyl]-benzaldehyde and 4.0 g (6.64 

mmol) of a,c-biladiene dihydrobromide38 was dissolved in 500 mL of hot absolute ethanol. p-

Toluenesuffonic acid (8.0 g) in 100 mL of ethanol was slowly added over 12 h, and the 

mixture was then stirred under reflux for 48 h. The mixture was cooled to room temperature, 

and the solvent was evaporated under vacuum. The residue was dissolved in dichloromethane 

(500 mL), neutralized with a saturated solution of NaHC03, and then washed thoroughly three 

times with 1 L of water. The organic phase was dried over MgSCu and filtered, then the 

solvent was removed in vacuo. The residue so obtained was purified by silica column 

chromatography (CH2CI2 as eluent). The second fraction was collected, concentrated, and 

crystallized from CELCLTMeOH to yield the title compound (1.9 g; 30% yield) as a purple 

solid. *H NMR (CDC13) 5 (ppm): 10.36 (s, 2H, K-meso), 10.20 (s, 1H, K-meso), 8.29 (d, 2H, 
3J H-H= 8 Hz, H-Phenyl), 8.04 (d, 2H, 37 H H = 8 Hz> H-Phenyl), 3.96 (q, 4H, 3 / H - H = 7.6 Hz, 

CH2), 3.56 (s, 6H, CH3), 3.33 (s, 6H, CH3), 2.32 (s, 6H, CH3), 2.00 (t, 6H, 3 /H-H = 7.6 Hz, 

CH3), 1.35 (s, 9H, Si-CH3), -0.85 (s, 1H, NH), -1.93 (s, 1H, NH). HR-MS (MALDI-TOF): m/z 

= 622.3503 [M]+#; 622.3492 calcd. for C41H46N4SL UV-visible (CH2C12): ?Wx nm (e x 10"3, 

M ' W ) = 405 (188), 500 (10.1), 535 (11.1), 570 (11.0), 620 (3.7). 

5-[4-(TrimethylsilyI)ethynylphenyl]-13,17-diethyl-2,3,7,8,12,18-hexamethyl- porphyrin 

Zinc (2a). 5-[4-(Trimethylsilyl)ethynylphenyl]-13,17-diethyl-2,3,7,8,12,18- hexa 
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methylporphyrin 1 (600 mg, 0.964 mmol) and zinc acetate tetrahydrate (317 mg, 1.44 mmol) 

were dissolved in chloroform (70 ml) and methanol (30 ml) and heated under reflux for 90 

min in the presence of sodium acetate (790 mg, 9.63 mmol). The metallation reaction was 

monitored by UV-visible spectroscopy and MALDI-TOF mass spectrometry. At the end of the 

reaction, the solvent was removed and the crude product was dissolved in dichloromethane 

(100 ml) and washed with water (3 x 500 ml) then dried over MgS04. The solvent was 

removed in vacuo and the residue was purified by silica column chromatography (CH2CI2 as 

eluent). After evaporation, the title compound 2a was obtained in 86% yield (567 mg) as a red 

microcrystalline solid. XH NMR (CDCI3) 6 (ppm): 10.07 (s, 2H, H-meso), 9.93 (s, 1H, H-

meso), 8.01 (d, 2H, 3 / H - H = 8 Hz, H-Phenyl), 7.88 (d, 2H, 3 7 H - H = 8 Hz, H-Phenyl), 4.05 (q, 

4H, 37H-H= 7.6 Hz, CH2), 3.61 (s, 6H, CH3), 3.52 (s, 6H, CH3), 2.47 (s, 6H, CH3), 1.87 (t, 6H, 
37H-H= 7.6 Hz, CH3), 1.28 (s, 9H, Si-CH3). MS (MALDI-TOF): m/z = 684.10 [M]+#; 684.26 

calcd. for C ^ H ^ S i Z n . HR-MS (ESI): m/z = 685.2706 [M+H]+; 685.2699 calcd for 

C4iH45N4SiZn, m/z = 707.2539 [M+Na]+; 707.2519 calcd for C4iH44N4NaSiZn. UV-visible 

(CH2C12): Vax nm (e x 10'3, N r W *) = 403 (203), 533 (8.9), 569 (9.9).. 

5-(4-Ethynylphenyl)-13,17-diethyl-2,3,7,8,12,18-hexamethyl-porphyrin Zinc (2b). To a 

solution of 5-[4-(2-(trimethylsilyl)ethynylphenyl]-13,17-diethyl-2,3,7,8,12,18-hexamethyl-

porphyrin Zinc 2a (567 mg, 0.829 mmol) in THF (100 mL) was added TBAF (4 mL, 4 mmol, 

1M in THF). After the mixture was stirred at room temperature for 12 h, the solution was 

evaporated under reduced pressure and dissolved in methylene chloride. The solution was 

washed with a saturated NH4CI solution, then 3 times with water and dried over anhydrous 

MgS04. After purification on a silica plug (CH2CI2 as eluent), the title compound 2b was 

isolated in 78% yield (397 mg). !H NMR (CDC13) 5 (ppm): 9.98 (s, 2H, U-meso), 9.80 (s, 1H, 

H-meso), 7.99 (d, 2H, 3 7 H - H = 7.5 Hz, H-Phenyl), 7.88 (d, 2H, 3JH-H= 7.5 Hz, H-Phenyl), 3.99 

(q, 4H, 37H-H = 7.6 Hz, CH2), 3.54 (s, 6H, CH3), 3.48 (s, 6H, CH3), 3.34 (s, 1H, alcyne), 2.43 (t, 

6H, 3 / H -H= 7.6 Hz, CH3), 1.82 (s, 6H, CH3). MS (MALDI-TOF): m/z = 611.89 [ M f ; 612.22 

calcd. for C s g H ^ Z n . HR-MS (ESI): m/z = 613.2311 [M+H]+; 613.2304 calcd for 

C38H37N4Zn, m/z = 635.2140 [M+Na]+; 635.2124 calcd for C38H36N4NaZn. UV-visible 

(CH2CI2): Xmax nm (e x 10"3, M^cm-1) = 403 (288), 533 (17.2), 569 (19.3). 
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5-(4-(TrimethylsiIyl)ethynylphenyI)-13,17-diethyI-2,3,7,8,12,18-hexamethyl-porphyrin 

Palladium (3a). 5-(4-(Trimethylsilyl)ethynylphenyl)-13,17-diethyl-2,3,7,8, 12,18-

hexamethylporphyrin 1 (400 mg, 0.642 mmol) and sodium acetate (0.54 g, 6.58 mmol) were 

dissolved under argon in 80 mL of 1,2-dichloroethane and the mixture was heated at 110°C. A 

palladium acetate solution (157 mg, 0.70 mmol in 15 mL of methanol) was slowly added over 

90 min, the metallation reaction being monitored by UV-visible spectroscopy and MALDI-

TOF mass spectrometry. The solution was then cooled to room temperature, washed 3 times 

with water and evaporated under reduced pressure. After purification on silica column 

(CH2CI2 as eluent), the title compound 3a was isolated in 65% yield (302 mg). *H NMR 

(CDCI3) 5 (ppm): 10.07 (s, 2H, tt-meso), 10.01 (s, 1H, R-meso), 7.94 (d, 2H, 3 / H - H = 8 Hz, H-

Phenyl), 7.84 (d, 2H, 3 / H - H = 8 Hz, H-Phenyl), 4.02 (q, 4H, 37H-H = 7.6 Hz, CH2), 3.46 (s, 6H, 

CH3), 2.41 (s, 6H, CH3), 1.87 (t, 6H, 3/H-H = 7.6 Hz, CH3), 1.54 (s, 6H, CH3), 0.40 (s, 9H, Si-

CH3). MS (MALDI-TOF): m/z = 726.00 [M]+*; 726.24 calcd. for G n H ^ P d S i . HR-MS 

(ESI): m/z = 727.2457 [M+H]+; 727.2443 calcd for C4iH45N4PdSi, m/z = 749.2281 [M+Na]+; 

749.2262 calcd for C4iH44N4NaPdSi. UV-visible (CH2C12): U n m ( £ X 10"3, M ' W 1 ) = 395 

(137), 513 (8.0), 547 (24.0). 

5-(4-Ethynylphenyl)-13,17-diethyl-2,3,7,8,12,18-hexamethyl-porphyrin Palladium (3b). 

To a solution of porphyrin Palladium 3a (290 mg, 0.399 mmol) in THF (75 mL) was added 

TBAF (2 mL, 2 mmol, 1M in THF). After the mixture was stirred at room temperature for 12 

h, the solution was evaporated under reduced pressure and dissolved in methylene chloride. 

The solution was washed with a saturated NH4CI solution, then 3 times with water and dried 

over anhydrous MgSQ4. After purification on a silica plug (CH2CI2 as eluent), the title 

compound 3b was isolated in 96% yield (252 mg). *H NMR (CDCI3) 5 (ppm): 9.97 (s, 2H, H-

meso), 9.92 (s, lH,.H-meso), 7.93 (d, 2H, V H-H= 8 Hz, H-Phenyl), 7.82 (d, 2H, 3J H-H= 8 Hz, 

H-Phenyl), 4.01 (q, 4H, 3 / H -H= 7.6 Hz, CH2), 3.44 (s, 6H, CH3), 3.29 (s, 1H, alcyne), 2.40 (s, 

6H, CH3), 1.85 (t, 6H, 3 / H -H= 7.6 Hz, CH3), 1.54 (s, 6H, CH3). HR-MS (ESI): m/z = 655.2074 

[M+H]+; 655.2048 calcd for C38H37N4Pd, m/z = 677.1896 [M+Na]+; 677.1867 calcd for 

C38H36N4NaPd. UV-visible (CH2C12): K^ nm (e x 10"3, M^cm'1) = 395 (142), 513 (9.8), 547 

(26.3). 
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5,15-Bis[4-(trimethylsilyl)ethynyl]phenyl]-tetraethyl-2,8,12,18-tetramethyl-3,7,13,17-

porphyrin Zinc (4a). A solution of'4-[(trimethylsilyl)ethynyl]-benzaldehyde (439 mg, 2.17 

mmol) and 3,3'-diethyl-4,4'-dimethyldipyrroniethane38 (500 mg, 217 mmol) in 250 mL of 

CH2C12 was treated with BF3.OEt2 (0.16 mL). After 30 min, DDQ (1.47 g, 6.51 mmol, 3 eq.) 

and triethylamine (1.5 mL) were added and the solution was stirred at room temperature for 1 

hour. After evaporation, the residue was dissolved in a minimum amount of dichloromethane 

and passed through an alumina column eluting with dichloromethane. After removing of the 

solvent, the crude porphyrin and zinc acetate dihydrate (953 mg, 4.34 mmol) were dissolved in 

chloroform (70 ml) and methanol (30 ml) and heated under reflux for 90 min in the presence 

of sodium acetate (1.18 g, 8.68 mmol). The metallation reaction was monitored by UV-visible 

spectroscopy and MALDI-TOF mass spectrometry. At the end of the reaction, the solvent was 

removed and the crude product was dissolved in dichloromethane (100 ml) and washed with 

water (3 x 500 ml) then dried over MgSC>4. The solvent was removed in vacuo and the residue 

was purified by silica column chromatography (CH2CI2 as eluent). After evaporation, the title 

compound 4a was obtained in 22 % yield (423 mg) as a red microcrystalline solid. XH NMR 

(CDCI3) 8 (ppm): 10.12 (s, 2H, K-meso), 7.98 (d, 2H, V H-H= 7.5 Hz, H-Phenyl), 7.84 (d, 2H, 
3J H-H= 7.5 Hz, H-Phenyl), 3.95 (q, 4H, 3/H-H = 7.6 Hz, CH2), 2.41 (s, 6H, CH3), 1.72 (t, 6H, 
37H-H= 7.6 Hz, CH3), 1.22 (s, 9H, Si-CH3). HRMS (MALDI-TOF): m/z = 884.3671 [M]+*; 

884.3648 calcd. for C54H6oN4Si2Zn. UV-visible (CH2C12): ? W nm (8 x 10"3, M ' W 1 ) = 411 

(267), 539 (15.0), 574 (8.0). 

5,15-Bis[(4-ethynyl)phenyl]-tetraethyl-2,8,12,18-tetramethyl-3,7,13,17-porphyrin Zinc 

(4b). This compound was prepared in 93 % yield (311 mg, 420.36 mmol) as described for 2b 

starting from 4a (400 mg, 452 mmol). *H NMR (CDC13) 5 (ppm): 10.09 (s, 2H, H^meso), 7.96 

(d, 2H, 3 J H - H = 7.5 Hz, H-Phenyl), 7.81 (d, 2H, 3 / H - H = 7.5 Hz, H-Phenyl), 3.91 (q, 4H, 3JH-H = 

7.6 Hz, CH2), 3.26 (s, 1H, alcyne), 2.38 (s, 6H, CH3), 1.68 (t, 6H, 3 / H -H= 7.6 Hz, CH3). HRMS 

(MALDI-TOF): m/z = 740.2891 [Mf; 740.2857 calcd. for C48H44N4Zn. UV-visible (CH2C12): 

?Wnax nm (e x 10"3, M-'cm"1) = 411 (235), 539 (13.1), 574 (7.1). 

rrans-chloro-[5-(4-ethynylphenyl)-13,17-diethyl-2,3,7,8,12,18-hexamethyl-(metal)- porp 

hyrin]bis(triethylphosphino)pIatinum(II) where metal is Zn (5), or Pd (6). Cul (0.6 mg, 
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0.003 mmol) was added to a mixture of ?ran.s-Pt(PEt3)2Cl2 (87.5 mg, 0.174 mmol) and 

porphyrin 2b or 3b (0.035 mmol) in C^C^ /P^NH (50 mL, 1:1 v/v). The purple solution was 

left to stir overnight under inert atmosphere and refluxed, after which all volatile components 

were removed under reduced pressure. The residue was redissolved in dichloromethane and 

washed three times with water and dried on K2C03. All solvents were again removed under 

reduced pressure. The residue was dissolved in a minimum amount of dichloromethane and 

passed through a silica column eluting with hexane/dichloromethane (40/60). 

5: Yield: 69% (72.4 mg) JH NMR (CDC13) 5 (ppm): 10.15 (s, 2H, R-meso), 10.05 (s, 1H, H-

meso), 7.88 (d, 2H, 3JH-H = 8.0 Hz, H-Phenyl), 7.61 (d, 2H, 3JH.H = 8.1 Hz, H-Phenyl), 4.10 (q, 

4H, 3JH-H = 7.6 Hz, CH2), 3.64 (s, 6H, CH3), 3.54 (s, 6H, CH3), 2.54 (s, 6H, CH3), 2.26-2.21 

(m, 12H, CH2), 1.89-1.87 (m, 6H, CH2CH3), 1.34-1.25 (m, 18H, CH3).
 31P NMR (CDC13) 8 

(ppm): 16.23. IR (KBr) v: 2115.1 cm"1 (C=C). Anal. Calcd (%) for C5oH65ClN4P2PtZn 

(1079.95): C 55.61, H 6.07, N 5.19. Found: C 55.33; H 6.36, N 4.91. MS (MALDI-TOF): m/z 

= 1080.24 [Mf ; 1079.95 calcd for C5oH65ClN4P2PtZn. UV-visible (2MeTHF): ^ n m (s x 

10'3, M-'cmf1) = 328 (27), 411 (302), 540 (18), 576 (11). 

6: Yield: 57% (38.9 mg) lB NMR (CDC13) 5 (ppm): 10.09 (s, 2H, H-meso), 10.03 (s, 1H, H-

meso), 7.84 (d, 2H, 3JH-H = 7.9 Hz, H-Phenyl), 7.59 (d, 2H, V H = 8.0 Hz, H-Phenyl), 4.04 (q, 

4H, 3JH-H = 7.6 Hz, CH2), 3.59 (s, 6H, CH3), 3.48 (s, 6H, CH3), 2.49 (s, 6H, CH3), 2.25-2.19 

(m, 12H, CH2), 1.90-1.85 (m, 6H, CH2CH3), 1.38-1.25 (m, 18H, CH3).
 31P NMR (GDC13) 8 

(ppm): 16.23. IR (KBr) v: 2118.7 cm"1 (C=C). Anal. Calcd (%) for C5oH65ClN4P2PtPd 

(1120.98): C 53.57, H 5.84, N 5.00. Found: C 53.85, H 6.09, N 4.81. MS (MALDI-TOF): m/z 

= 1120.24 [Mf ; 1120.98 calcd for C5oH65ClN4P2PtPd. UV-visible (2MeTHF): ^ n m ( £ x 

10"3, M ' W 1 ) = 320 (32), 400 (265), 515 (22), 548 (53). 

rra«s-(ethynylphenyl)[5-(4-ethynylphenyl)-13,17-diethyl-2,3,7,8,12,18-hexamethyl-(metal)porp-

hyrin]bis(triethyIphosphino)pIatinum(II) where metal is Zn (7) or Pd (8). Cul (0.3 mg, 

0.002 mmol) was added to a mixture of [Pt(PEt3)2(CC-C6H4(porphyrin(M)Cl)] (19.4 mg, 

0.0161 mmol) and phenylacetylene (0.0018 mL, 0.0177 mmol) in CH^L/P^NH (50 mL, 1:1 

v/v). The purple solution was left to stir overnight under inert atmosphere and reflux, after 

which all volatile components were removed under reduced pressure. The residue was 
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redissolved in dichloromethane and washed three times with water and dried on K2CO3. All 

solvents were removed under reduced pressure and the residue was dissolved in a minimum 

amount of dichloromethane and filtered through a silica column eluting with 

hexane/dichloromethane (40/60). 

7: Yield: 60% (21.8 mg) *H NMR (CDCI3) 5 (ppm): 10.02 (s, 2H, H-meso), 9.84 (s, 1H, H-

meso), 7.85 (d, 2H, 3JH-H = 7.7 Hz, H-Phenyl), 7.65 (d, 2H, V H = 7.8 Hz, H-Phenyl), 7.35 (d, 

2H, 3JH-H = 7.2 Hz, H-Phenyl), 7.26 (d, 2H, 3JH-H = 6.8 Hz, H-Phenyl), 4.00 (q, 4H, 3JH-H = 7.6 

Hz, CH2), 3.57 (s, 6H, CH3), 3.50 (s, 6H, CH3), 2.53 (s, 6H, CH3), 2.40-2.31 (m, 12H, CH2), 

1.86-1.81 (m, 6H, CH2CH3), 1.42-1.31 (m, 18H, CH3).
 31P NMR (CDC13) 8 (ppm): 12.44. IR 

(KBr) v: 2107.5 cm4 (OC). Anal. Calcd (%) for C58H7oN4P2PtZn (1145.62): C 60.81, H 6.16, 

N 4.89. Found: C 61.09, H 6.31, N 4.55. MS (MALDI-TOF): mJz = 1145.42 [M]+#; 1145.62 

calcd for C58H7oN4P2PtZn. UV-visible (2MeTHF): W o r n (e x 10'3, M r W 1 ) = 335 (26), 412 

(210), 540 (10), 575 (6). 

8: Yield: 45% (10.0 mg) *H NMR (CDC13) 5 (ppm): 10.07 (s, 2H, H-meso), 10.01 (s, 1H, H-

meso), 7.81 (d, 2H, JH-H = 7.8 Hz, H-Phenyl), 7.62 (d, 2H, JH-H = 7.8 Hz, H-Phenyl), 7.34 (d, 

2H, JHH = 7.5 Hz, H-Phenyl), 7.23 (d, 2H, JH-H = 6.8 Hz, H-Phenyl), 4.03 (q, 4H, 3JH-H = 7.6 

Hz, CH2), 3.57 (s, 6H, CH3), 3.47 (s, 6H, CH3), 2.49 (s, 6H, CH3), 2.38-2.30 (m, 12H, CH2), 

1.90-1.84 (m, 6H, CH2CH3), 1.54-1.32 (m, 18H, CH3).
 31P NMR (CDC13) 8 (ppm): 12.44. IR 

(KBr) v: 2106.1 cm"1 (C=C). Anal. Calcd (%) for QgHycW^tPd (1186.64): C 58.70, H 5.95, 

N 4.72. Found: C 58.46, H 5.69, N 5.07. MS (MALDI-TOF): m/z = 1186.37 [M]+*; 1186.64 

calcd for C58H7oN4P2PtPd. UV-visible (2MeTHF): U n m ( e x 10"3, M'.'cm"1) = 328 (40), 396 

(211), 515 (17), 548(43). 

Trans-bis-[5-(4-ethynylphenyI)-13,17-diethyl-2,3,7,8,12,18-hexamethyl(metal)-porphyrin] bis-

(triethylphosphino)platinum(II) where metal = Zn (9), Pd (10), and ^rans-[(5-(4-

ethynylphenyl)-13,17-diethyl-2,3,7,8,12,18-hexamethyl(palladium(ll))- porphyrin)-[(5-(4-

ethynylphenyl)-13,17-diethyl-2,3,7,8,12,18-hexamethyl(zinc(II))-porphyrin)]bis(triethyl-

phosphino)platinum(II) (11). Cul (1.5 mg, 0.008 mmol) was added to a mixture of 

Pt(PEt3)2Cl2 (38.7 mg, 0.077 mmol) and the corresponding porphyrin (0.154 mmol) in 

CH2Cl2/1Pr2NH (50 mL, 1:1 v/v). The purple solution was left to stir overnight under inert 
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atmosphere and reflux. A redish-purple precipitate was formed, which was collected by 

filtration and washed with dichloromethane and dried under vacuum. 

9: Yield: 63% (80.1 mg) *H NMR (MAS) (all bands are very large) 8 (ppm): 9.07 (H-meso), 

6.85 (H-phenyl), 4.50-2.01 (CH2CH3), 2.01-(-1.32) (CH2CH3).
 31P NMR (MAS) 5 (ppm): 8.27. 

IR (KBr) v: 2115.7 cm"1 (C=C). Anal. Calcd (%) for C8gHiooN«P2PtZn2 (1657.60): C 63.76, H 

6.08, N 6.76. Found: C 63.87, H 6.33, N 6.87. MS (MALDI-TOF): m/z = 1657.63 [M]+'; 

1657.60 calcd for C88H,ooN8P2PtZn2. UV-visible (2MeTHF): . ^ l i m (ex 10"3, M ' W 1 ) = 335 

(26), 410 (121), 435 (52), 540 (24), 577 (24). 

10: Yield: 46% (12.6 mg) *H NMR (MAS) (all bands are very large) 5 (ppm): 9.57 (H-meso), 

6.41 (H-phenyl), 4.48-1,71 (CH2CH3), 1.71-(-1.43) (CH2CH3).
 31P NMR (MAS) (ppm): 10.31. 

IR (KBr) v: 2111.2 cm"1 (C=C). Anal. Calcd (%) for C88HiooN8P2PtPd2 (1739.65): C 60.76, H 

5.79, N 6.44. Found: C 60.75, H 5.92, N 6.11. MS (MALDI-TOF): m/z =1738.47 [M]+#; 

1739.65 calcd for C88H10oN8P2PtPd2. 

11: Yield: 79% (23.1 mg) *H NMR (MAS) (all bands are very large) 6 (ppm): 8.39 (H-meso), 

6.55 (H-phenyl), 4.36-2.09 (CH2CH3), 2.09-(-1.94) (CH2CH3).
 31P NMR (MAS) 5 (ppm): 6.74. 

IR (KBr) v: 2111.2 cm"1 (OC). Anal. Calcd (%) for C88H10oN8P2PtPdZn (1698.63): C 62.22, 

H 5.93, N 6.60. Found: C 61.96, H 6.17, N 6.37. MS (MALDI-TOF): m/z = 1698.56 [M]+*; 

1698.63 calcd for C88HiooN8P2PtPdZn. UV-visible (2MeTHF): T ^ n m (s x 10"3, M-'cm"1) = 

335 (78), 412 (846), 515 (34), 547 (78), 576 (27). 

Bis[5-fran5-(4-ethynylphenyI)-13,17-diethyl-2,3,7,8,12,18-hexamethyl-(metal)-porphyrin-

(bis(triethylphosphino)platinum(II)Hrans-5, 15-bis(ethynylphenyl)-tetraethyl-2,8,12,18-

tetramethyl-3,7,13,17-(zinc)porphyrin, where metal is Zn (12), or Pd (13). Cul (~ 0.3 mg, 

0.0015 mmol) was added to a mixture of (5) (38.6 mg, 0.036 mmol) or (6) (48.2 mg, 0.043 

mmol) and [((HCC-CgH^Mporphyrin (Zn)] (16.0 mg, 0.022 mmol) in CHsC^/PrzNH (50 mL, 

1:1 v/v). The purple solution was left to stir overnight under inert atmosphere and reflux. A 

redish-purple precipitate was formed, which was collected by filtration and washed with 

dichloromethane and dried under vacuum. 

12: Yield: 61% (24.8 mg) lH NMR (MAS) (all bands are very large) 5 (ppm): 8.70 {H-meso), 

7.09 (H-phenyl), 4.69-2.19 (CH2CH3), 2.19-(-1.80) (CH2CH3).
 31P NMR (MAS) 5 (ppm): 
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5.50. IR (KBr) v: 2109.5 cm"1 (OC) . Anal. Calcd (%) for Ci48H172Ni2P4Pt2Zn3 (2829.31): C 

62.83, H 6.13, N 5.94. Found: C 63.10, H 5.88, N 6.09. MS (MALDI-TOF): m/z = 2828.85 

[M]+*; 2829.12 calcd for CusHmN^PtaZns. UV-visible (2MeTHF): U n m ( £ x 10"3, M" 

W 1 ) = 340 (44), 413 (322), 540 (27), 575 (17). 

13: Yield: 56% (35.1 mg) *H NMR (MAS) (all bands are very large) 5 (ppm): 7.65 (R-meso), 

6.23 (H-phenyl), 3.99-1.88 (CH2CH3), 1.88-(-1.01) (CH2CH3).'
 31P NMR (MAS) 5 (ppm): 

10.97. IR (KBr) v: 2098.1 cm"1 (OC). Anal. Calcd (%) for C,48Hi72Ni2P4Pt2ZnPd2 (2911.36): 

C 61.06, H 5.95, N 5.77. Found: C 61.29, H 6.18, N 5.52. MS (MALDI-TOF): m/z = 2910.77 

[Mf ; 2911.31 calcd for Cj48Hi72Ni2P4Pt2ZnPd2. 

2a: R= Si(Me)3; M = Zn 4a: R= Si(Me)3 

2b: R = H; M = Zn 4b: R = H 
3a: R= Si(Me)3; M = Pd 
3b: R = H; M = Pd 

9: M-i =M 2 = Zn 
10:M1 = M2 = Pd 
11:M,=Zn;M2=Pd 

12:M = Zn 
13: M = Pd 

Chart 1 

Instruments: lH NMR spectra for complexes 1 - 4 were recorded on a Bruker DRX-300 

AVANCE spectrometer at the "Centre de Spectrometrie Moleculaire de 1'Universite de 

Bourgogne", chemical shifts are expressed in ppm relative to chloroform (7.258 ppm). The 

NMR spectra for complexes 5 - 8 were acquired on a Bruker AC-300 spectrometer (XH 300.15 
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MHz and 31P 121.50 MHz) using the solvent as a chemical shift standard, except in 31P NMR, 

where the chemical shifts are relative to D3PO4 85% in D20. All chemical shifts (8) and 

coupling constants (J) are given in ppm and Hertz, respectively. The spectra were measured 

from freshly prepared samples in chloroform. NMR spectra for complexes 9-13 were 

characterized in the solid state. *H MAS NMR experiments were performed at the National 

Ultrahigh-field NMR Facility for Solids (Ottawa, Canada) on a Bruker Avance II NMR 

spectrometer operating at 21.1 T. A double-resonance 3.2 mm Bruker probe with magic angle 

spinning, MAS, was used. *H NMR chemical shifts were referenced to neat TMS using 

adamantane as a secondary chemical shift reference. XH MAS NMR spectra were recorded at a 

resonance frequency of 900.2 MHz. Samples were spun at a spinning speed of 20 kHz in 3.2 

mm o.d. ZrC>2 rotors. A single pulse sequence with background suppression was used in *H 

NMR experiments with the r.f. pulse length of 2.5 mks (pi/2 pulse) and a 10 s relaxation delay 

between pulses, which was found sufficient for a complete relaxation. Total 64 scans were 

accumulated in each *H NMR experiment. The 31P CP/MAS NMR spectra were acquired 

using a double-resonance 2.5 mm MAS Bruker probe at a resonance frequency of 364.4 MHz 

under 20 kHz MAS. The CP contact time in all experiments was 3 ms with a delay between 

acquisitions of 20 seconds. SPINAL-64 proton decoupling was used during spectra acquisition. 

From 256 to 2048 scans were collected depending on the amount of sample available. 31P 

NMR chemical shifts were referenced to 85% H3PO4 using solid (NH4)H2P04 (ADP) as a 

secondary chemical shift reference. The same ADP sample was used to setup 31P CP/MAS 

conditions. Mass spectra were obtained on a Bruker Daltonics Ultraflex II spectrometer at the 

"Centre de Spectrometrie Moleculaire de l'Universite de Bourgogne" in the MALDLTOF 

reflection mode using dithranol as a matrix. Accurate mass measurements (HR-MS) were 

carried out in the same conditions as previously using PEG ion series as internal calibrant or 

on a Bruker Micro-QTof instrument in ESI mode. The infrared spectra were acquired on a 

Bomen FT-IR MB series spectrometer equipped with a baseline-diffused reflectance. UV-

visible spectra for compounds 1-4 were recorded on a Varian Cary 1 spectrophotometer. The 

UV-visible spectra for compounds 5 - 8 were recorded on a Hewlett-Packard diode array 

model 8452A. The emission spectra were obtained using a double monochromator Fluorolog 2 

instrument from Spex. The emission lifetimes were measured on a TimeMaster Model TM-
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3/2003 apparatus from PTI. The source was nitrogen laser with high-resolution dye laser 

(FWHM ~ 1400 ps) and the fluorescence lifetimes were obtained from deconvolution or 

distribution lifetimes analysis. The uncertainties were about 50-100 ps. Some of the 

phosphorescence lifetimes were performed on a PTI LS-100 using a 1 us tungsten-flash lamp 

(FWHM ~ 1 us). The flash photolysis spectra and the transient lifetimes were measured with a 

Luzchem spectrometer using the 355 nm line of a YAG laser from Continuum (Serulite), and 

the 530 nm line from OPO module pump by the same laser (FWHM =13 ns). 

Quantum yields measurements were performed in 2MeTHF at 77 K and at 298 K. 

Three different measurements (i.e. different solutions) were prepared for each photophysical 

datum (quantum yields and lifetimes). For 298 K measurements, samples were prepared under 

inert atmosphere (in a glove box, Po < 50 ppm). For both temperatures, the sample and 

standard concentrations were adjusted to obtain an absorbance of 0.05 or less. This absorbance 

was adjusted to be the same as much as possible for the standard and the sample for a 

measurement. Each absorbance value was measured ten times for better accuracy in the 

measurements of the quantum yields. The references used for quantum yields were Pd(TPP) 

(<£» = 0.14)42 for measuring porphyrin quantum yields and 9,10-diphenylanthracene (<I> = l)43 

for measuring the spacer quantum yields. 

Results and Discussion 

Syntheses and characterization 

There has been a tremendous amount of research devoted to the porphyrin syntheses 

with peripheral metal centers over the past few decades.44 The porphyrins were indeed 

covalently attached to metal-containing centers by one or multiple carbon-metal bonds 

through direct metalation of the porphyrin macrocycle at the meso or ^ p o s i t i o n s or by 

attachment to or merging of the porphyrin skeleton with ligands followed by metalation.44 In 

the search for new ways to interconnect porphyrins, platinum acetylide linkages have been 

used to synthesize conjugated organometallic porphyrin dimers, oligomers or dendrimers.45"53 

The synthetic routes leading to the target porphyrin-containing derivatives employed in 

this work is outlined in Scheme 2a. 
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a) 

Me3Si- CHO 
a,c-biladiene 

EtOH 96%, PTSA, reflux; 48 h 

TBAF.rt, 12 h 

2Br" 

M e 3 S i — = • 

Me3Si 

M = Pd 

Pd(OAc)2.2H20 

AcONa/MeOH 

CICH2CH2CI 

or M = Zn 

Zn(OAc)2.2H20 

AcONa/MeOH 

CH3CI 

2a: M = Zn 
3a: M = Pd 

b) 

Me3Si- CHO 
dipyrromethane 

1) BF3.OEt2, CH2CI2, rt, 30 min 
2) DDQ, rt, 1 h 
3) Zn(OAc)2.2H20, CHCiyMeOH, 
65"C,1 h 

M e 3 S i — = 

TBAF, rt, 12h 

Scheme 2 

SiMe3 

38 
The condensation of 4-[2-(trimethylsilyl)ethynyl]benzaldehyde with the a,c-biladiene 

afforded the expected free base porphyrin which can be easily metalated. The two investigated 

metalation processes involve palladium acetate and zinc acetate yielding the corresponding 

metalated porphyrins. The subsequent elimination of the trimethylsilyl group from the zinc-

and palladium-containing porphyrins with TBAF in THF54 '55 produced the corresponding 

ethynyl porphyrins 2b and 3b in 78 % and 96 % yields, respectively. The resulting compounds 
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were then used for the subsequent complexation with frans-dichlorobisOxiethyl-

phosphino)platinum(II)39'40 to afford various dimers and trimers below in good yields. The 

frans-substituted porphyrin building block 4a was readily formed via a two-step one flask 

room temperature reaction of dipyrromethane and 4-[2-(trimethylsilyl)efhynyl]benzaldehyde 

(Scheme 2b). The free-base was not isolated but in situ metal insertion allowed us to isolate 

the zinc complexes in 22 % yield (not optimized). Desilylation of 4a using TBAF at room 

temperature for 12 hours afforded the 5,15-diethynyl porphyrin derivative 4b in 93 % yield. 

The general procedure for synthesizing monomelic, dimeric and trimeric compounds 5, 

6, 8, 9, 10, 12 and 13 involved a dehydrohalogenation reaction56 between the trans-

Pt(PEt3)2Cl2 and the appropriate ethynylporphyrin (2b or 3b) in diisopropylamine in the 

presence of Cul (Schemes 3 and 4). The crude products 5-8 were purified via column 

chromatography (silica gel) using hexane/dichloromethane, (40/60) as solvents and the 

products were isolated in 45-70% yields. Complexes 9-13 formed redish-purple precipitates, 

which were collected by filtration and washed with dichloromethane. 

1:M, = 2H 
2b: M-i = Zn 
3b: M, = Pd 

5 eq. of PtCI2(PEt3)2 

Cul 
CHjCfe/'P^NHCIrl) 
Reflux 12 hrs 

9: M, = M2 = Zn 
10: M, = M2 = Pd 
1 1 : M 1 = Z n ; M 2 = P d 

Scheme 3 
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= H + 2 CI—Pt-

Cul 
CH2Cl2/'Pr2NH(1:1) 
Reflux 12 hrs 

Scheme 4 

Attempts to synthesize the homometallic trimer containing three palladium(II)-

porphyrin metallomacrocycles was unfortunately unsuccessful. Two strategies were 

investigated. First, we attempted the demetalation of the starting (bisethynyl) zinc-porphyrin. 

The demetalation step was readily performed using HC1 (Scheme 5A). The following step was 

the coordination of palladium. A black insoluble precipitate was obtained but, unfortunately, it 

was concluded via spectroscopic comparison with the parent palladium-containing compounds 

3b and 10 that this precipitate was not the desired product. The second attempted route 

consisted of using compound 13 as the starting material followed by a demetalation process to 

remove the zinc. Unfortunately the zinc metal was not removed in the presence of HC1. 

Subsequently, a more soluble acid, the para-toluene sulfonic acid (PTS A), was used (Scheme 

5B). The comparison of the UV-vis spectra confirmed that the zinc had been removed, hence 

forming the desired free base, and that the palladium metals remained in the peripheral 

porphyrin macrocycles. Subsequently, the addition of palladium (palladium acetate) was 

attempted. A soluble product was indeed obtained, but the comparison of the signature in the 

Q-region of the absorption spectra to compounds 12 and 13 did not resemble their spectral 

features. We then concluded that the desired product was unfortunately not obtained. 
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B 

Scheme 5 

All the compounds were fully characterized by analytical and spectroscopic methods. 

The IR, NMR (!H, and 31P), and mass spectral data shown in the Experimental Section are 

consistent with their chemical structures. The IR spectra of these new metal complexes display 

a single sharp v(C=C) absorption band in the range of 2105-2120 cm1. The absence of the 

C=CH stretching mode of each compound around 3300 cm"1 indicates the formation of a M-

O C bond. The NMR spectral data supports the conclusion that these compounds have well-

defined and symmetrical structures. The 31P NMR spectra of compounds 5 and 6 exhibit a 
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single resonance with a pair of Pt satellites, which is indicative of the trans geometry of the 

phosphine ligands about the platinum. 

Spectroscopy and photophysics 

1- Absorption spectra. The absorption spectra of the parent PhC=CPtL2C=CPh compounds. 

The UV-vis spectra and MO descriptions (using DFT and TDDFT) of the spacer and parent 

compounds of the type RC=CPt(PR3)2<>CR (R•= Et, Bu, Ph) were previously reported.57"62 

Only a brief account of the relevant information is provided here since this fragment is used in 

the monomers, dimers and trimers below. The complexes exhibit strong lowest energy 

absorption bands between 320 and 340 nm. For example, for R = Ph, these are found at 330 

(shoulder; 8 = 43600 M ' W 1 ) and 337 nm (e = 44900 M^cnT1).58 Earlier DFT calculations 

(B3LYP) for PhOCPt(PBu3)2C=CPh indicated that the HOMO is composed of conjugated 7t-

orbitals, which include contribution from the Pt(dxy) orbital, while the LUMO consists of the 

ligand %* orbitals only.57 Thus the lowest energy excitation is a mixture of TOT* and MLCT 

(metal-to-ligand-charge-transfer). This assignment is corroborated by the difference in band 

shape between the complex (broad) and the free ligand (as PhC=CH; narrow absorption). 

However, a more recent computational report (TDDFT) pointed out that this first excitation is 

a mixture between two contributions, which are TOT* (59 %) similar to that described above (i.e. 

with a MLCT character) and LMCT (32 %; also primarily TOT*).60 These two transitions arise 

from two different vertical but nearly degenerated excitations (difference only 0.04 eV; 

^g -^u* and (|>u—><|)g*; where 4>gand (|)u and (|>g* and (j>u* are %- and 71*-orbitals, respectively, and 

with g orbitals including the Pt(dxy) orbital). All in all, the lowest energy absorption band is 

assigned to a MLCT/LMCT. 

The absorption spectra of the intermediates and the spacer/porphyrin systems. Typical 

absorption spectra of the porphyrin-containing compounds include the intense Soret band (So-

S2 transition) and Q-bands (S0-Si transition). The UV-visible data and absorptivities of the 

target monomeric, dimeric and trimeric porphyrin derivatives and their synthesis intermediates 

are presented in the following Table 1. 
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Tablel. Absorption spectral data measured in 2MeTHF at 298K. 

X [nm](s x lO-'M^cm"1) 

Compound 

2 

3 

5 

6 

7 

8 

9 

10a 

n 
12 

13a 

Spacer 

332 (24) 

330 (19) 

328(27) 

320 (32) 

335 (26) 

328 (40) 

335(26) 

335 

335(78) 

340 (44) 

340 

Soretband 

410(342) 

396(237) 

411 (302) 

400 (265) 

412(210) 

396(211) 

410(121) 

400 

412(846) 

413 (322) 

400 

Q bands 

540 (18) 575 (14) 

514(20) 547(51) 

540(18) 576(11) 

515(22) 548 (53) 

540(10) 575(6) 

515(17) 548(43) 

540 (52) 577 (24) 

515 549 

515 (34) 547 (78) 576 ( 

540 (27) 575 (17) 

420 515 548 580 

a The solubility of these compounds in 2MeTHF was not sufficient enough for accurate 

absorptivity measurements. 

For compounds 5-13, the attachment of trdns-Ceii4C=CPt(Et2)2Cl or trans-

C6H4C=CPt(Et3)20CPh or trans-C6H4C=C¥t(Eh)2C=CC£U residues onto the porphyrin 

chromophores resulted in an intensity enhancement of the band in the UV-region {i.e. 300-350 

nm) of the spectrum in comparison with the starting materials 2b and 3b. This new intensity is 

unambiguously characteristic of the spacer. 

2- Emission spectra. The emission spectra of the parent PhC=CPtL2C=CPh compounds. 

The ?raft,y-PhC=CPt(PBu3)2C=CPh compound exhibits a weak fluorescence band at room 

temperature in degassed 2MeTHF solutions, with a 0-0 peak localized at 346 nm and a 

quantum yield, <E>F, < 0.0006.57 Similarly, a weak fluorescence with a 0-0 peak at 356 nm was 

also detected for ?ran5-(2,4,5-Me3C6H2)C=CPt(PEt3)2C=C(2,4,5-Me3C5H2) in degassed 
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2MeTHF at 298 K. The fluorescence lifetime (TF) for this latter compound was < 0.1 ns, 

which is consistent with the weak intensity.62 

Moreover, compounds of the type trans-RC=CPt(PBu3)2C=CR (R = Ph, 2,4,5-

Me3C6H2, 2,4,6-Me3C6H2) are strongly phosphorescent at 77 K (in 2MeTHF).62 The 

phosphorescence bands exhibit a characteristic vibronic progression known for this class of 

compounds spreading from 440 to 600 nm with an intense 0-0 peak at ~ 450 nm.57 A very 

weak fluorescence is occasionally observed but its intensity is often too weak to allow the 

accurate measurements of Xp and 4>p. The strong phosphorescence coupled to the weak 

fluorescence is readily attributed to the heavy atom effect of the Pt metal. For comparison 

purposes, the emission spectrum of fr-an.s-PhC=CPt(PEt3)2C=CPh in 2MeTHF at 77 K is 

presented in Figure 1. 

It was also occasionally noticed that when the fluorescence is more intense for some 

derivatives in comparison with the parent compounds *rafl,s-RC=CPt(PBu3)20CR, delayed 

fluorescence was present (see reference 62 for example). These luminescence features were 

readily detected from time-resolved spectroscopy in the |is time scale where both the 

phosphorescence and the fluorescence decay at the same rate with delay times (i.e. the 

fluorescence/phosphorescence intensity ratio is constant). We observed a similar feature here 

but this behavior was not investigated since this was not the purpose of this work. 

250 350 450 550 650 

Wavelength (nm) 

Figure 1. Emission (blue), excitation (red) and absorption (black) spectra of the parent 
compound PhOCPt(PEt3)2C=CPh in 2MeTHF at 77K. 
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The emission spectra of the synthesis intermediates. The emission spectra and quantum yields 

for compounds 2b-6 in 2MeTHF are listed in Table 2 and are used for assignment purposes; 

the recorded spectra are given in the Supporting Information (Figure SI 1- SI 4). 
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The emission spectra of the spacer/porphyrin systems. The emission spectra of the spacer-

porphyrin monomers 7 and 8 {i.e. Zn(P)-C6H4OCPtL2OCC6H5 and Pd(P)-

C6H4C=CPtL2C=CC6H5, respectively), the bridged porphyrin homobimetallic dimers Zn(P)-

C6H4C=CPtL2C=CC6H4-Zn(P), 9, and Pd(P)-C6H4C=CPtL2C=CC6H4-Pd(P), 10, the 

heterobimetallic dyad Zn(P)-C6H4C=CPtL2C=CC6H4-Pd(P), 11, and the trimers Zn(P)-

C6H4C=CPtL2C=CC6H4-Zn(P)-C6H4C=C-PtL2C=CC6H4-Zn(P) (12) and Pd(P)-C6H4-

C=CPtL2C=C-C6H4-Zn(P)-C6H4C-CPtL2C=C-C6H4-Pd(P) (13) where L = PEt3 were 

investigated in 2MeTHF at 77 and 298 K. The data are listed in Table 3. 

The emission spectra of the spacer-porphyrin monomers 7 and 8 in 2MeTHF at 77 K 

are presented in Figure 2; the corresponding spectra recorded at 298 K are given in the 

Supporting Information (Figure SI 5). 

300 400 500 600 
Wavelength (nm) 

700 800 

^ 1 

8. 
13, 

« 0.3 
b 

—excitation 
at 700 nm 

ret, 

r 
PB3 

Zn •o 
— emission at 540 nm 

300 400 500 600 
Wavelength (nm) 

700 800 

Figure 2. Emission (blue and green), excitation (red) and absorption (black) spectra of Zn(P)-
C6H40CPtL2C=CC6H5 (bottom, 7) and Pd(P)-C6H4C=CPtL2C=CC6H5 (top, 8) in 2MeTHF at 
77 K (L = PEt3). 
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The emission spectra exhibit the signature of both the spacer and the porphyrin 

emissions. The phosphorescence originating from the 3TLK* state of the spacer is readily 

identified in the 430-500 nm region with a 0-0 peak located at -440 nm58 (X.eXc= 350 nm). In 

comparison with the parent compounds ?ran5,-(2,4,5-Me3C6H2)C=CPt(PBu3)2C=C- (2,4,5-

Me3C6H2) (<£P = 0.17)62 and frans-(2,4,6-Me3C6H2)C=CPt(PBu3)2C=C(2,4,6-Me3C6H2) (<*>P = 

0.38), the relative intensity of the spacer phosphorescence is smaller for the spacer/porphyrin 

systems 7 and 8. Indeed, the 4>p's decrease to ~ 0.042 for both cases. This result indicates the 

presence of a supplementary non-radiative process in the spacer/porphyrin systems discussed 

below. Details for the spacer phosphorescence quantum yields are presented below. 

On the other hand, the typical emissions of both the zinc(II)- and palladium(II)-

porphyrins were also observed (A,exc= 540 and 510 nm in the Q region, for convenience, for 7 

and 8, respectively). The rnz* fluorescence of me metalloporphyrin chromophore was observed 

at 575 and 630 nm for 7 and at 547 and 597 nm for 8 as weak intensity bands. The weak 

intensity of the fluorescence of the Pd(P) chromophore in 8 is due to the heavy atom effect. 

Concomitantly, the intense emission bands are observed at 705 and 660 nm for 7 and 8, 

respectively, and are assigned to the Kit* phosphorescence of the metalloporphyrin 

chromophore.42,63"66 

The emission spectra for the bridged porphyrin homobimetallic dimers Zn(P)-

C6H4C=CPtL2C>CC6H4-Zn(P), 9, and Pd(P)-C6H4C=CPtL2C=CC6H4-Pd(P), 10 (L = PEt3) in 

2MeTHF at 77 K are shown in Figure 3; the corresponding spectra recorded at 298 K are 

given in the Supporting Information (Figure SI 6). While the spectra also exhibit the 

characteristic emission bands arising from the spacer and the porphyrins, the relative intensity 

of the spacer phosphorescence (A-exc = 340 nm) vs that of the porphyrin emission is much 

smaller than that of the metalloporphyrin chromophores than what it would be anticipated for 

a ratio of 1:2 spacer vs metalloporphyrins. In fact, the <E>p's decrease by another order of 

magnitude (-0.005). This result clearly reinforces the assumption that there is the presence of 

a non-radiative process efficiently deactivating the spacer excited states in the 

spacer/porphyrin systems. 
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300 400 500 600 

Wavelength (nm) 

700 800 

8. 
u 0.8 

Zn W " 

PEt3 

-Pt—i 

—excitation at 705 nm 
—Abs 

Zn 

— emission at 545 nm 

300 400 500 600 

Wavelength (nm) 

700 800 

Figure 3. Emission (blue and green), excitation (red) and absorption (black) spectra of Zn(P)-
C6H4C=CPtL2C=CC6H4-Zn(P), 9 (bottom), and Pd(P)-C6H4C=CPtL2OCC6H4-Pd(P), 10 (top) 
in 2MeTHF at 77 K (L = PEt3). 

The emission spectrum of the heterobismetallomacrocycle (Pd(P)C6H4-C=CPtL2-

C=CC6H4-Zn(P)), 11, in 2MeTHF at 77 K is given in Figure 4; the corresponding spectra 

recorded at 298 K are given in the Supporting Information (Figure SI 7). The characteristic 

emission bands arising from the spacer (in the 400-550 nm region; broad) and from both the 

palladium(II)- and the zinc(II)-porphyrins above 540 nm are readily observed. The Pd(P) 

fluorescence appears as a weak band at 545 nm, expected for this heavy metal-containing dyad, 

whereas that for the Zn(P) moieties is observed at 575 and 633 nm. A strong phosphorescence 

signal appears at 664 nm which is readily attributed to the Pd(P) phosphorescence while the 

structured phosphorescence of the Zn(P) chromophore is observed in the 705-850 nm region. 
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The 4>p of the spacer (0.004) is weak as anticipated based on the observed data for 9 and 10 

above. 

PElj 

300 400 700 800 500 600 
Wavelength (nm) 

Figure 4. Emission (blue and green), excitation (red) and absorption (black) spectra in 
2MeTHF at 77 K of Pd(P)-C6H4C=CPtL2OCC6H4-Zn(P) (L = PEt3). 

r1* - ^ \ 

— emission 
at 515 nm 

300 400 500 600 700 

Wavelength (nm) 

800 

300 400 500 600 

Wavelength (nm) 

700 800 

Figure 5. Emission (blue and green), excitation (red) and absorption (black) spectra in 
2MeTHF at 77 K of Zn(P)-C6H4C=CPtL2C=CC6H4-Zn(P)-C6H4C=CPtL2C-CC6H4-Zn(P) 
(bottom) and Pd(P)-C6H4C=CPtL2C=CC6H4-Zn(P)-C6H4C=CPtL2C=CC6H4-Pd(P) (top) (L = 
PEt3). 
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Similarly, the emission spectra of the trismetalloporphyrins Zn(P)-C6H4C=CPtL2C=C-

C6H4-Zn(P)-C6H4C=C-PtI^C=CC6H4-Zn(P) (12) and Pd(P)-C6^C=CPtL2C=C-C6H4-Zn(P)-

C6H4C=CPtL2C=C-C6H4-Pd(P) (13) also exhibit the characteristic emissions of both the 

spacers and porphyrin macrocycles (Figure 5); the corresponding spectra recorded at 298 K 

are given in the Supporting Information (Figure SI 8). Unsurprisingly, the <E>P for the spacer 

phosphorescence is low (0.005) as for compounds 9, 10, and 11. The spectral and 4>P data for 

the studied compounds in 2MeTHF are listed in Table 3. 

The 4>e data (4>F and <E»p) for the metalloporphyrin chromophore also undergo changes 

with the structure. Scheme 6 shows a representative example of the effect of the structure on 

the $>e data. Going from 2b -> 7 -> 9 -»• 12 in 2MeTHF at 77 K, <J>F should have increased 

with the number of Zn(P) chromophores in the molecule but, in overall it decreases. This 

observation is consistent with the heavy metal effect induced by the Pt atoms. On the other 

hand, 3>p should have increased in the same order, but in overall, it decreases with some 

fluctuation. The increase in the number of chromophores should increase <E>p as well observed 

going from 7 to 9, but the introduction of the PEt3 ligand also introduces a loose-bolt effect 

as well observed going from 2b to 7 (by a factor of ~2) and from 9 to 12 (also by a factor of 

~2). 

Compound 

2b 

7 

9 

12 

» — ^ < * > 

PEt3 

O—+—<XE> 
PEt3 

PEt3 

<2>-o—f—o^cS> 
PEt3 

^ ^ PB 3 ^ ^ PEt3 

<$KH-<KSK)—H<X5> 
PEt3 PEt3 

4>F 

0.045 

0.039 

0.039 

0.024 

2MeTH 

4>P 

0.026 

0.012 

0.022 

0.009 

[F,77K 

Scheme 6 
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3- Emission lifetimes and Si and Ti energy transfers (keXC = in the Q-bands). Emission 

lifetimes of the ligands and intermediates. The emission lifetimes of the ligands and 

intermediates (2b-6) measured in ZMeTHF are given in Table 4. These data are used for 

comparison and assignment purposes in the spacer/metalloporphyrin systems. They appear 

typical in comparison with other emission lifetimes and are not discussed further. In a 

qualitative manner, the trend observed for <3>p and 4>p (see Scheme 6 for example) follows that 

of the corresponding emission lifetimes. 

Table 4. Emission lifetimes for 2b-8 in 2MeTHF. 

Cpd. 

t (̂ emi used; in nm) 

77 K 298K 

Fluorescence (ns) Phosphorescence Fluorescence (ns) Phosph. (us) 

2b 1.71+0.03(575) 27.8 ± 1.5 ms (780) 1.45 ±0.06 (580) — 

3b 0.17 + 0.01(545) 1810 + 5 us (663) 0.10 + 0.03(550) 97 + 1(665) 

5 1.68 + 0.04 (575) 24.1 + 0.9 ms (780) 1.37 + 0.02 (580) — 

6 0.14 + 0.01(550) 1770 + 10 us (660) 0.07 + 0.02(550) very weak int. 

90 + 5 usa (450)a 

7 1.66+0.04(575) 19.3 ±0.1 ms (785) 0.88 ± 0.04 (575) — 

8 0.16 ±0.01 (550) 1740 ± 10 us (660) 0.07 ± 0.01 (550) very weak int. 

^h i s emission is due to the phosphorescence of the ClPt(PEt3)2C=CCeH4 chromophore. Too 

weak to be measured accurately. 

The emission lifetimes and Pd(P) —* Zn(P) Si and Ti energy transfers in the spacer/porphyrin 

systems 9-13. Based on the position of the 0-0 peaks of the fluorescence and phosphorescence 

of the comparison molecules 2b-8, the Zn(P) and Pd(P) chromophores are readily assigned as 

the singlet and triplet energy donor and acceptor, respectively. A close comparison of xF at 298 

and 77 K of the Zn(P) chromophore going from 9 —*• 11 (Table 5), shows a small decrease 

(excluding the uncertainties) consistent with the heavy metal effect (as one Zn atom is 

replaced by one Pd). This is interesting because this subtle "information" is passed across the 

spacer (~ 18A),62 suggesting communication. The comparison of IF of the Pd(P) chromophore 
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going from 10 (for which no energy transfer takes place; donor-spacer-donor) —> 11 also 

indicates a decrease (also excluding the uncertainties). In the absence of energy transfer, one 

would expect that XF(Pd(P)) would be larger for 11 (since it has only one Pd atom). This is 

obviously not the case and this information suggests Si energy transfer. Indeed, we have 

previously reported an exhaustive study on Si through-space energy transfer in cofacial 

bisheteromacrocycles (M = Zn, M' = Pd).69'70 But a clear evidence for energy transfer comes 

from the comparison of xP(Pd(P)) between 10 and 11, and between 10 and 13. Compound 10 

is used as a comparison molecule for the trimer as well because the synthesis of the 

trispalladium(n)porphyrin analog was unsuccessful (see above). 

Table 5. Emission lifetime measured in 2MeTHF. 

Cpd. 

9 

10 

11 

12 

13 

Fluorescence (ns) 

1.70 ±0.02 (575) 

0.19 + 0.01(550) 

1.69 + 0.02(575) 

0.16 +0.02 (550)a 

1.44 + 0.04 (575) 

1.43 + 0.03(575) 

0.15+0.01 (550)a 

x (A.emi used; 

77 K 

Phosphorescence 

23.3 ± 1.1ms (780) 

1730 + 20 us (660) 

27.5 + 0.7 ms (785) 

205 + 20 us (660) 69% 

1380+ 50 us (660) 31% 

24.6 +1.2 ms (795) 

20.0 + 0.4 ms (795) 

1680 + 30 us (660) 50% 

244 + 33 us (660) 50% 

in nm) 

298K 

Fluorescence (ns) 

0.84 + 0.02 (575) 

0.09 ± 0.01 (550) 

0.73 + 0.08 (580) 

too weak (550) 

0.89 + 0.03 (580) 

0.79 ± 0.04 (575) 

0.08 ± 0.01 (550) 

Phosph. (us) 

73.3 

— 

+ 3.4(665) 

— 

— 

— 

Examples of fast ps decays are provided in the Supporting Information (SI 9). 

Prior to discuss further the energy transfer processes, a look at the xP data for 11 and 13 

is necessary. Both compounds exhibit decays with two components (i.e. 2 xp(Pd(P))). The 

similarity of the long components (1380 + 50 us for 11 and 1680 + 30 us for 13) with that for 

10 (1730 + 20 us) suggests very slow Ti energy transfer (Pd(P) —• Zn(P)). On the other hand, 

the fast components (205 + 20 us for 11 and 244 + 33 us for 13) suggest faster transfer. To 
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explain these components, one may consider the X-ray structures of the related compounds 

tows-RC=CPt(PBu3)2C=CR (Chart 2; R = 2,4,6-Me3C6H2, 2,4,5-Me3C6H2) 
62 

17.95 A 17.93 A 

Chart 2 

Indeed, the angle formed by the aryl and PtP2(C=C)2 planes are 83 and 30°, respectively. 

These orientations cannot exhibit the same electronic communication via conjugation (across 

the d orbital of the Pt center). If Ti energy transfer operates dominantly via a Dexter 

mechanism,70 then orbital overlap is clearly important in conjugated systems. The existence of 

two (or more) rotamers in solution would hypothetically lead to different photophysical 

responses in energy transfers. 

If there are two components for the xP decays for 11 and 13, then we should logically get 

two as well for the XF decays. The easiest component to measure is the slow one (here 0.16 ± 

0.02 for 11 and 0.15 ± 0.01 ns for 13), then the faster one should proportionally be one order 

of magnitude smaller as well. If this is the case, then the predicted components should be 

measured in the 0.020-0.010 ns time scale, which is within the uncertainty of the method. 

The rates for both the Si and Ti energy transfers can be calculated using equation 1 .68 

( 

k -
1 1 "\ 

K*e 'e J 
(1) 

where, T° is the emission lifetime for a comparative donor-donor system where no energy 

transfer takes place, and Teis the emission lifetime of the donor-acceptor in the dyad. The 

donor-donor and donor-acceptor systems are 10 and 11, respectively. For 13, the tris-

palladium analogue is not available. The rates for singlet and triplet energy transfers, kET(Si) 

and kET(T0 are ~ 2 x lOV1 and 0.15 x 103 (slow component) and 4.3 x 103 s"1 (fast 

component), respectively. The uncertainty on keT(Si) is obviously large but this value 
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compares very favorably to that reported by Osuka and collaborators (kET(Si) = 2.3 x 109s_1) in 

a dyad closely related to compound 11 (Chart 3; Zn(P) and H2(P) are the energy donor and 

acceptor, respectively).71 The presence of methyl groups at the (3-position provides the 

appropriate aryl-porphyrin chemical environment for acceptable comparison. 

On the other hand, the ICET(TI) values fall short by one or two orders of magnitude in 

comparison with structurally related dyads reported by Albinsson and collaborators (Chart 

4).72 This comparison indicates that the replacement of the aryl group in the Albinsson series 

by Pt slows down the rates of transfer. The comparison with the spacer containing a saturated 

fragment illustrates the effect of poor conjugation on kET(Ti). 

Because the fluorescence and phosphorescence lifetimes of compounds 12 and 13 resemble 

that of 10 and 11, the k£T values are expected to be in the same range, but their accurate 

evaluations are not possible. 
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Emission lifetimes when excited in the spacer absorption band (around 320 nm) and triplet 

energy transfer, a) Emission lifetimes of the trans-PhC=CPtL2C=CPh spacer and related 

derivatives. For the compounds of the type rrans-RC=CPt(PEt3)2C=CR with R = 2,4,6-

Me3C6H2, 2,4,6-Me3C6H2, Ph, the xP's are 85, 50 and 35.0 ± 1.3 (is, respectively.62 This trend 

follows the number methyl groups located at the or^o-positions (Xp varies as 2 > 1 > 0), and 

may reflect the relative ease for the aryl groups to rotate about the Pt-C=C-Ar axis. This 

motion, if present, may contribute to the non-radiative relaxation to the ground state. This 

feature is important since the spacer used in this work do not exhibit Me groups at the ortho-

position. However, the rotation is prevented by the presence of methyl groups placed at the Im

position of the metalloporphyrin macrocycle; Indeed, for compound 6 we find Xp = 90 ± 5 us. 

For comparison purpose, the 85 us value is preferable. 

b) Phosphorescence lifetimes of the trans-C6H4C=CPtL2C=CC6H4 spacer in compounds 7-13. 

The spacer xP's for 7-11 are listed in Table 6. They are in the same range as the parent 

compounds frafM-RC=CPt(PEt3)2OCR with R = 2,4,6-Me3C6H2, 2,4,6-Me3C6H2, Ph 

discussed above, but quenching is obvious. The "loose bolt" effect on the emission lifetime is 

neglectible as the macrocycle are rigid components (in comparison with the more flexible PEt3 

ligands). 

Table 6. Emission lifetimes of the fran^-C6H4C=CPt(Et3)2C=CC6H4 spacers and Ti energy 
transfer for spacer —» metalloporphyrin: 

Compound 

7 

8 

9 

10 

11 

12 

13 

TP (monitored at A,emi nm) 

36.2 ± 0.4 us (440) 

31.1 ± 2.8 us (460) 

24.1 ± 3.6 us (460) 

24.7 ± 2.6 us (460) 

20.0 ± 2.7 us (460) 

Weak signal 

Weak signal 

kET (TO (s"1) 

1.6 x 104 

2.0 x 104 

3.0 xlO4 

2.9 x 104 

3.8 x 104 

b 

b 

In 2MeTHF at 77 K. Too weak to be accurately measured. 
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The emission lifetimes listed in Table 6 can be separated into 3 groups: the monomers 7 and 8, 

dimers 9-11, and trimers 12 and 13. The lifetimes decrease going from monomers to dimers, 

and the intensity becomes too weak (and most likely short as well) for accurate measurements 

in the trimers. This behaviour is assigned to a Ti energy transfer (spacer —» metalloporphyrin) 

and using equation 1 the kgT values are extracted (Table 6). The data are in the 104 s"1 range, a 

range that compares favourably to that reported by Albinsson and collaborators for structurally 

related dyads.72 These values are also faster than that for the Ti Pd(P)* —• Zn(P) transfer in 

compound 11, again demonstrating clearly that the bond between the meso-C and the aryl 

group does not slow down the Ti transfer but rather the Pt metal does. 

Transient absorption spectra and lifetimes, and electron transfer (Zexc = 355 nm). a) The 

PhC^CPtL2C=CPh parent compounds. For the PhOCPt(PBu3)2C=CPh compound, the 

triplet excited states can still be accessible from Ti-Tn absorption. The reported Ti-Tn band is 

located in the 400-700 nm window with a 0-0 peak placed at -645 nm. The transient lifetime 

is 590 ±150 ps. To increase the lifetime of the transient species, investigation at 77 K using 

a Dewar assembly, can be performed. We measured the transient absorption spectrum of 

frans-PhCsCPt(PEt3)2C=CPh (Figure 6). A narrow T r T n absorption band is observed at -620 

nm, which is in agreement with that reported for £rans-PhC=CPt(PBu3)2C=CPh. The transient 

lifetime is 36 |is and compares very favourably to that of the phosphorescence lifetime (35.8 

^s) confirming the assignment. 

0.02 

0 

d -°-02 

-0.04 

-0.06 
Wavelength (nm) 

Figure 6. Transient absorption spectrum of ?ran5-PhC=CPt(PEt3)2C-CPh in 2MeTHF at 77 K 
(A,exc = 355 nm, delay - 0.1 fis). The negative signal at 430 nm is due to phosphorescence. 
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b) Transient absorption spectra and lifetimes of the intermediates 2b-13. The transient 

absorption spectra for Zn(P)-containing compounds, 2b, 5, 7, 9, 11, 12 and 13, in 2MeTHF at 

298 K (Figure 7) exhibit two distinctive features. The first one is a strong absorption 

characteristic of the porphyrin macrocycle at ~ 470 nm as well exemplified by the spectrum of 

compound 2b. This feature is accompanied by a "valley" located at ~ 535 nm resembling a 

bleach of a Q-band. 

500 600 700 
Wavelength (nm) 

900 400 500 600 700 
Wavelength (nm) 

900 

Figure 7. 
using 355 

Transient absorption spectra of 2b, 5, 7, 9,11, and 12 in 2MeTHF at 298 K (A,e 

nm; delay = 0.1 us). The arrow indicates the absorption band for Zn(P)+. 
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The second feature is the presence of a broad band at - 640 nm. This broad feature 

differs that of the narrow one at ~ 620 nm for the fran5-PhC=CPt(PEt3)2C=CPh parent 

compound, but more convincingly this broad signal is absent from the spectra of the Pd(P)-

containing analogues (the spectra are provided in the Supporting Information; SI 10). All in all, 

this broad feature is not the Ti-Tn absorption of the spacer, although it may be hidden under 

the stronger signal. Instead, this new signal is associated with the presence of the known 

Zn(P)+ cation based upon the comparison of the spectra generated by a Zn(P) in the presence 

of a strong electron acceptor such as C6o.74 The second product of this photo-induced electron 

transfer is the radical anion [frans-Ce^C^CPtL^C^CCeELJ-. Based on the literature,75 the 

transient absorption spectrum exhibits a low-energy feature between 1000 and 1400 nm, a 

range that is not accessible on our instrument. It also exhibits a higher energy band at 540 nm, 

but in our spectra this position falls at a place where a bleach of a Q-band takes place. This is 

particularly true for the Pd(P)-containing compounds where the bleach is more pronounced 

(i.e. exhibiting a negative signal; SI). 

This competitive electron transfer takes place well within the time scale of the laser 

pulse (<13 ns), and so it occurs while sitting on the Si state prior to relax to the triplet. 

Considering the generally very efficient intersystem crossing associated with the heavy atom 

effect (here Pt), the competition between intersystem crossing and electron transfer on the Si 

manifold indicates that the rate for photo-induced electron transfer must be very fast (i.e. ps 

time scale). The overall reaction scheme is presented in Scheme 7. The ~ 640 nm signal (i.e. 

Zn(P)+) relaxes in the ns time scale, corresponding to the charge recombination process with 

rates (krec= l/x(Zn(P)+); Table 7) ranging in the 10V1. This rate of recombination is 

considered slow, but compares favorably to that for other Zn(P) systems (see the system 

with C60 in reference 74 for example). 
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Scheme 7 

Table 7. Transient lifetimes for compounds 5, 7, 9,11,12 and 13.a 

Compound t(Zn(P)+) (|is)a krecCs"1) 

~5~ 0.435 • 2.3 x 10b 

7 0.72 1.4 xlO6 

9 0.71 1.4 xlO6 

11 0.61 1.6 xlO6 

12 0.75 1.3 xlO6 

13 1.01 0.99 xlO6 

aIn 2MeTHF at 298K. The uncertainties are + 5 % based on multiple measurements 

The trend for krec approximatively follows the number of rrans-C6H4C=CPtL2C=C-

C6H4 units in the molecule: 5 (-0.5 unit) > 7, 9, 11 (1 unit) > 12, 13 (2 units). As the number 

of sites for the charge to be placed increases, krec is slower, indicating that the stability of the 

radical anion increases. This behaviour could be associated with an excitonic process where 

the charge is delocalized over the Pt-containing fragment. However, these experiments cannot 

address this hypothesis with a firm certainty since the number of trans-

C6H4C=CPtL,2C=CC6H4 units should be varied more. Unfortunately, solubility prevented the 
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preparation of other longer oligomeric systems. We also find curious that the trend did not 

follow the number of Zn(P) macrocycles in the molecules, particularly for compounds 12. It is 

concluded that the gain in stability in this excitonic process does not overpass the kinetic 

barrier. The Zn(P)+ cation appears relatively stable. 

The transient absorption spectra of the Pd(P)+ was also previously investigated.76 The 

absorption band is located at about 1000 nm, a range that is not accessible to us, Its presence is 

not ruled out but could not be investigated in this work. 

Conclusion 

A series of linear monomers (spacer-M(P)), dimers (M(P)-spacer-M'(P)), and trimers 

(M(P)-spacer-M'(P)-spacer-M(P)) of spacer/metalloporphyrin systems, including mixed 

metalloporphyrin compounds, where the spacer is the rigid and conjugated Pt-containing 

trans-C^U^=C^\L2C=CC^U fragment were synthesized and characterized. Both the spacer 

and the metalloporphyrin macrocycle are luminescent allowing monitoring the photophysical 

behaviour as a function of structural changes. The excitation in the Q-region of the Pd(P) 

chromophores leads to Si and Ti energy transfers to the Zn(P) units {i.e. Pd(P)*—>-Zn(P)). The 

rates are found slow (~2 x 109 s"1, Si, and 0.15 x 103 (slow component) and 4.3 x 103 s"1 (fast 

component), Ti), which is consistent with the presence of the spacer, a spacer where the 

conformation is limited to a quasi-perpendicular orientation of the aryl and porphyrin planes 

(due to the presence of two P-methyl groups). Importantly, it is concluded that the Pt atom 

slows down the transfer when comparing to related dyad that does not exhibit a Pt-atom in the 

conjugated chain. The excitation in the absorption band of the trans-C^!UC^CViiLaC=CC^U 

spacer in the 300-360 nm range also leads to Ti energy transfer (spacer* —*• M(P); M = Zn, 

Pd) and a decrease in the phosphorescence intensity is observed. The rates for energy transfer 

measured by the change in phosphorescence lifetime are in the 104 s"1. This time scale lies on 

the slow side "of the list of rates for what is known for porphyrin-containing molecules.68 This 

time frame is faster than that for the Ti Pd(P)*—>Zn(P) transfers above, hence corroborating 

that the spacer-metalloporphyrin single bond located on meso-C atom is not the major barrier 

slowing down the transfer (but rather the Pt atom in "this case). While analyzing the Ti-Tn 
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transient absorption spectra for Zn(P)-containing compounds, new species were observed, 

notably the radical cation Zn(P)+ by comparison with the literature. The concomitant product, 

[rrans-C6H4C=CPtL2C=CC6H4]~ absorbing at 540 nm, is also suspected spectroscopically as 

the bleach of the Q-band of the species in the ground state (at this same wavelength) does not 

exhibit strongly negative values as observed for the Pd(P)-containing analogues. Because both 

species Zn(P)* (TO and Zn(P)+ (very likely arising from a fast photo-induced electron transfer 

from the upper Si state) are observed simultaneously at the early stage of the transient 

absorption spectra indicates that the event occurs well within the excitation pulse (<13 ns). In 

such a case, the rate for electron transfer would range in the 10V1 at least, which compares 

favorably to the Zn(P)™C60 (~4 x 109 s"1) and Pd(P')-Q systems (~2 x 1010 s"1) (P = tri(di-3,5-

t-butylbenzene)porphyrin, P' = tetraphenylporphyrin; Q - quinone).74'76 The rate for back 

electron transfer exhibits a slight dependence upon the number of trans-C^UC=CV\L2-

C=CCeH4 units in the oligomer, suggesting the presence of an exciton process. 

These non-radiative processes (Si and Ti energy transfers, photo-induced electron and 

back electron transfers) in these monodisperse oligomers bear direct relevance with the 

corresponding metalloporphyrin-containing polymers, (-spacer-M(P)-)n, as potential materials 

for photonic applications (i.e. solar cells). We find particularly interesting that the rate for 

charge recombination is conjugated oligomer length dependent. As the conjugated chain gets 

longer, charge recombination is slow, providing a better chance for charge transport across the 

materials. 

Finally, this work stresses the interesting resemblance between the LH II system (for 

example) in the purple photosynthetic bacteria discussed in the introduction. Among the 

phenomena, the energy transfer process B800* —• B850 which is very fast (~1.2 ps time scale) 

despite the long center-to-center separation (~ 18 A) was suspected to use the carotenoid as 

relay. This work demonstrate that this phenomenon is indeed possible since Si energy transfer 

(Pd(P)* —> Zn(P)) is possible with a relatively good rate (~ 100 ps time scale). The difference 

in rates in this comparison is due to the larger change in dipole moment of the 

bacteriochlorophyll chromophore in comparison with the symmetric metalloporphyrin unit. 

This choice was based for synthetic convenience. 
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The presence of Pt in the spacer allowed to monitor the rates of transfer in the Ti state. 

The slow rates observed, remind us that nature elected not to use the Ti energy transfer as 

pathway of energy migration. Indeed, one of the roles of the carotenoid is to quench the Tx 

state in LH H In addition, the excitation in the absorption band of the organometallic spacer 

here allowed us to observed an electron transfer (as stated) where slight dependence in charge 

recombination is noted. This dependence is small because the structural change between a 

dimer and a trimer may not be enough for this phenomena but the suspected exciton process, 

here charge derealization, is also a behaviour that bears resemblance with the exciton (energy 

migration or energy derealization) processes in LH II. Although the comparisons made here 

appear "stretched", synthetic hmitations prevent us to provide closer examples for the moment. 

A study of the chain length dependence on the photophysical properties of longer oligomers is 

in progress and will be published in due course. 
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(Figure SI 1 and SI 2); and intermediates Zn(P)-C6H4C=CPtL2Cl (5) and Pd(P)-

CeH4C=CPtL2Cl (6) (Figure SI 3 and SI 4). Emission, excitation and absorption spectra of 

Zn(P)-C6H4C=CPtL2C=GC6H6 (7), Pd^-CeH^CPtLsOCCeHe (8) (Figure SI 5), Zn(P)-

C6H4C=CPtL2C=CC6H4-Zn(P) (9), Pd(P)-C6H4C=CPtL2C=CC6H4-Pd(P) (10) (Figure SI 6), 

Pd(P)-C6H4C=CPtL2C=CC6H4-Zn(P) (11) (Figure SI 7), Zn(P)-C6H4C=C-PtL2C=CC6H4-

Zn(P)-C6H4C=CPtL2C-CC6H4-Zn(P) (12) and Pd(P)-C6H4C<:PtL2C=C-C6H4-Zn(P)-

C6H4C=CPtL2C=CC6H4-Pd(P) (13) (Figure SI 8). Also a typical example for fluorescence 

decay of compounds 11 and 13 in 2MeTHF at 77 K (Figure SI 9) and transient absorption 

spectra in MeTHF at 298 K of Pd(P)-C6H4C=CH (3b), Pd(P)-C6H4C=CPtL2Cl (6), Pd(P)-

C6H4C-CPtL2C=CC6H6 (8), Pd(P)-C6H4C=CPtL2C=CC6H4-Pd(P) (10), and Pd(P)-

C6H4C=GPtL2C=CC6H4-Zn(P)-C6H4C=CPtL2C=CC6H4-Pd(P) (13) (Figure SI 10). This 

material is available free of charge via the Internet at http://pubs.acs.org. 
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77 K (red) against the lamp profile (black) 
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Figure SI 7. Emission (blue), excitation (red) and absorption (black) spectra of Pd(P)-
C6H4OCPtL2C=CC6H4-Zn(P) (11) in 2MeTHF at 298 K. 
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Figure SI 9. Typical example of fluorescence decay of compounds 11 and 13 in 2MeTHF 
at 77 K (red) against the lamp profile (black). 
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CHAPTER 4 

The First organometallic version of 

polyaniline in its emaraldine form 

Recently, our research group reported an article on novel class of organometallic 

conjugated polymers built upon the cis- and fraws-PhC=CPt(PEt3)2C=CPh unit and the 

quinone diimine (see Chart 1 below)(83). The metal-containing fragment trans-

bis(ethynylbenzene)bis(phosphine)platinum(II) is known to be a photo- and 

electroluminescent chromophore. On the other hand, while the quinone diimine is a non-

luminescent molecule, it exhibits reversible electrochemical oxidations in acidic solutions. 

PR3 N ^ 
trans-bis(ethynylbenzene)bis(phosphine)platinum (II) trans-quinone diphenyldiimine 

R = alkyl group 

Chart 1 

These polymers exhibit conjugation along their backbone as witnessed by the red-shift of 

the absorption band with the extension of the Tt-system. Moreover, the values of the 

absorption coefficients were found to be a function of the 7t-orbitals alignment; the 

absorption bands become more intense with more Jt-orbitals alignment. On the other hand 

such efficient conjugation is absent in the excited state of the polymers suggesting that 

there is localized excited states responsible for the detected upper excited state emissions 

arising from the cis- or frans-PhC=CPt(PEt3)2C=CPh units. 

In line with our interest in organometallic polymers with promising photophysical 

properties for photonic applications, the current chapter outlines one example in this area. 

The polymers investigated in this chapter incorporate the above two interesting building 

blocks of Chart 1 in their backbone. The polymer contains another fragment which is the 

reduced form of the quinone diimine (i.e. N, Af'-l,4-diphenyl-l,4-phenylenediamine). This 

fragment is randomly placed in the backbone of the polymer. This unit is expected to 
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isolate the non-luminescent conjugated poly(quinonediimine-frarcs-bis(phenylethynyl)bis-

(triethylphosphine)platinum(II)) in small segments of various sizes, and hence modify the 

photophysical properties of the polymer. In fact, while the polymer containing the quinone 

diimine is not luminescent either at 77 or 298 K, the corresponding analogue with the 

reduced diamine was found to be unexpectedly luminescent at 77 K. Based on the 

comparison with our previously reported examples, the observed emissions are assigned to 

upper excited state fluorescence and phosphorescence (Sn—»So and Tn—•So) arising from 

the ?ran5,-C6H4C=C-Pt(PEt3)2-C=CCeH4 unit. The examination of the time-resolved spectra 

recorded for the emission showed the presence of a longer-lived red-shifted emission 

observed with increasing the delay time. This new feature is readily assigned to the 

NHC6H4C=CPt(PEt3)2C=CC6H4NH chromophore where the red-shift is ought to the fact it 

is different from the -C6H40CPt(PEt3)2C=CC6H4- chromophore. The red-shift may be due 

to the derealization of the lone pair placed on the N atom onto the 7i-system of the 

chromophore. 

This novel poly(quinonediimine-?rans-bis(phenylethynyl)bis(triethylphosphine)-platinum-

(II)-Af,A^'-l,4-diphenyl-l,4-phenylenediamine-rran5'-bis(phenylethynyl)bis(tri-ethyl-

phosphine)platinum(IT)) polymer exhibits decay traces that would be associated with 

luminescent C6H4C=C-Pt(PEt3)2-C=CCeH4 chromophores placed in small groups of single, 

double or triple units between the NHC6H4C=CPt(PEt3)2C=CC6H4NH ones. This 

conclusion is consistent with a statistical distribution, expected in this case. Hence, in this 

chapter another example of organometallic polymer is investigated and its photophysical 

data where the presence of the diamine unit showed an observable influence on the 

photophysical properties of the polymer rendering it unexpectedly luminescent at 77 K. 

This can open the door to the possible modification of the photophysical properties of the 

usually non-luminescent materials of large polydispersity by inserting isolation in their 

backbone. This would possibly make the photophysical properties of polydispersed 

material dominated by the short chains' components, hence blurring the overall data. 
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4.1 The First organometallic version of polyaniline in its emaraldine form 

4.1.1 Preface 

The work in this paper is result of team work. The idea and the research strategy came 

from Dr. Pierre D. Harvey and Dr. Daniel Fortin and they also offered the supervision 

during the course of the research. 

The synthesis of the molecules was done by Karl Gagnon. He carried out the synthesis and 

characterization of the polymers reported in this paper. 

My contribution to the work was the absorption spectroscopic measurements and 

photophysical measurements including the emission, excitation, lifetime, and quantum 

yields measurements under supervision of Dr. Pierre D. Harvey. Also I wrote the 

experimental part and prepared the figures in the photophysical section. Moreover, I 

participated in editing the paper in its final version. I contributed also in the data analysis 

and discussion of the photophysical part under supervision of Dr. Pierre D. Harvey. 

This work can be found in Journal of Inorganic and Organometallic Polymers and 

Materials. K. GAGNON, S.M. SHAWKAT, D. FORTIN, A.S. ABD-EL-AZIZ, AND P.D. 

HARVEY, J. Inorg. Organomet. Polym. Mat. (in press). 
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Polyaniline in its Emaraldine Form 

Karl Gagnon,a Shawkat M, Aly,a Daniel Fortin 

Alaa S. Abd-El-Aziz,b and Pierre D. Harvey*a 

Contribution from a) the Departement de chimie, Universite de Sherbrooke, 2550 Boul. 

Universite, Sherbrooke, PQ, Canada, J1K 2R1, and from b) the Department of Chemistry, 
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Canada, V1V 1V7 (email: alaa.abd-el-aziz@ubc.ca). 
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Abstract: The reaction of bis(para-ethynylbenzene)-2,3,5,6-tetramethoxyquinone diimine 

and bis(para-ethynylbenzene)-2,3,5,6-tetxamethoxyquinone diamine and trans-

Pt(PEt3)2Cl2 in a 1:1:2 ratio in the presence of Cul and iPrNH2 provides the air-stable and 

polydispersed material poly(bis(para-ethynylbenzene)-2,3,5,6-tetramethoxyquinone 

diimine)-?ran5,-bis-(triethylphosphine)platinum(II)-(bis(para-ethynylbenzene)-2,3>5,6-

tetramethoxyphenylene diamine)-?ra«5,-bis(triethylphosphine)platinum(II). Based on the 

luminescence decay traces, the distribution of the diimine and diamine residues is statistic. 

This paper is dedicated to Professor Takakazu Yamamoto. 
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Introduction 

The electric conducting organic polymers have provided many new opportunities for 

devices that combine optical, electrical, and mechanical properties/1"^ Examples of 

conducting polymers include poly(para-phenylene), polyaniline, poly(para-phenylene-

vinylene), etc, and exhibit a high degree of flexibility. These polymers can be used in light-

emitting diodes (LEDs) for which the color of the emitted light can be tuned. In particular, 

polyaniline is a semi-flexible rod polymer that has attracted a lot of interest due to its 

stability(5), tuneable electrical conductivity^, and redox properties(7)' It exists under various 

forms as indicated in Scheme 1, and their applications were reviewed many times in the 

past years.(8) 

Leucoemaraldine (insulating) 

Pernigranaline (insulating) 

Emaraldine (insulating) 

Protonated emaraldine (conducting) 

Scheme 1 

To our knowledge, the incorporation of a transition metal in the main chain of 

polyaniline appears not to have been explored so far. Recently, our group reported a Pt-

containing version of the pernigraniline form of polyaniline where the Pt atom is inserted 

between two quinone-diimine functions as a -C=C-Pt(PR.3)-C=C- spacer (R = Et; Mn = 

32400 (i.e. -38 repetitive units); Mw = 68400, polydispersity = 2.1; polymer 6, Scheme 

2).(9) The OMe groups on the quinone-diimine residue play the role of weakly solubilizing 

groups. This organometallic incorporation introduces the conjugated chromophore 
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PhC=C-Pt(PEt3)2-C=CPh into the backbone where the Pt environement is trans and the 

substitution on the benzenes is para. Noteworthy, this polymer exhibits no luminescence 

property. The rra«5-bis(triethylphosphine)bis(2,4,5-trimethylbenzeneethynyl)platinum(II) 

compound (Scheme 2) is used as model for this chromophore. 

/ MeO . , ya^n pp t \ 

\ v = = / OMe 3 / n \ PEt3 \ 

polymer 6 

Scheme 2 

We now wish to report the first version of a M-containing polyaniline in its emaraldine 

form (Scheme 3) using the same structural strategy illustrated as for the polymer shown in 

Scheme 2. It will be shown that the incorporation of diamine fragments in the main chain 

(here randomly placed) behaves as it would isolate the non-luminescent conjugated 

poly(quinonediimine-fran5-bis(phenylethynyl)bis(triethylphosphine)platinum(n)) in small 

segments of various sizes, and rendering the polymer unexpectedly luminescent at 77 K. 

Scheme 3 

Experimental section: 

Materials. Compound /ran,s-Pt(PEt3)2Cl210, and 4-((trimethylsilyl)ethynylaniline)11 were 

prepared according to literature procedures. TiCLt (Aldrich), Cul (Aldrich), 

trimethylsilylacetylene (Fluka), tetrafluoroquinone (Aldrich), 4-bromoaniline (Aldrich), 2-

(trimethylsilyl)ethynylaniline (Aldrich), tetrabutylammonium hexafluorophosphate 

(Aldrich) were commercially available and were used as received. All reactions were 
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performed in Schlenk-tube flasks under purified nitrogen. All flasks were dried under a 

flame to eliminate moisture. All solvents were distilled from appropriate drying agents. 

Bis(para-trimethylsilylethynylbenzene)-2,3,5,6-tetrafluoroquinone diimine and -phenylene 

diamine (1 and 2, respectively) The reaction proceed as stated in reference 9 except that the 

two products could not be separated. A typical procedure is shown below. 25 ml of 

chlorobenzene was placed in a three-necked round bottomed flask. 1.09 g (5.74 mmol) of 

4-((trimethylsilyl)ethynyl)-aniline, 1.17 g (11.5 mmol) of triethylamine, and 1.09 g (5.74 

mmol) of TiCLt were then added to the flask using a syringe. 0.515 g (2.86 mmol) of 

2,3,5,6-tetrafluoroquinone was then dissolved in a minimum amount of chlorobenzene and 

added drop wise to the solution. The solution was stirred at 60°C for 4 hours. The mixture 

was then left to cool to room temperature, filtered, and washed with chlorobenzene. The 

solution was evaporated and the solid dissolved in dichloromethane and washed three 

times with water, dried with K2CO3, and filtered. The dichloromethane was completely 

evaporated leaving only the product. Violet crystals were obtained by slow evaporation a 

of CH2Cl2/MeOH solution. Yield: 40% (1.50). *H NMR 5 (CD2C12): 7.42 (m, 4H, CH 

are.); 6.82 (m, 4H, CH aro.); 0.25 (s, 18 H, Si(CH3)3). IR (KBr) v: 2098 cm"1 (CsC). Anal. 

Calcd for C28H26N2F4Si2 (522.67): C, 64.34; H, 5.01; N, 5.36. Found: C, 64.49; H, 5.11; N, 

5.27. Mass spectrometry (mass m/e): 522 (M+). Based on the weak signal in the XH NMR 

(i.e. 8(NH)) spectra, compound 2 is a minor product (-5%) and could not be separated nor 

characterized. 

Bis(para-ethynylbenzene)-2,3,5,6-tetramethoxyquinone diimine (3) 0.920 g (1.760 mmol) 

of the mixture 1+2 was placed in a 250 ml round-bottomed flask and 8 g of K2CO3 was 

added to the flask as well as 200 ml of CH3OH. The reaction was stirred under Ar 

overnight until the solution had become orange. The excess K2CO3 was filtered and the 

remaining solvent was evaporated and the product then dissolved in CH2C12 and washed 3 

times with water. The CH2CI2 solution was then dried with K2CO3 and filtered. The 

product was purified on a silica column with 25% ethyl acetate and 75% hexanes as the 

solvent. Orange crystals were obtained by slow evaporation a CH2CI2 solution. Yield: 75% 

(0.75 mg). aH NMR 5 (CD2C12): 7.42 (d,4H, CH aro., JH.H= 8.05); 6.70 (d, 4H, CH aro., 

JH-H= 8.48); 4.00, 3.88, 3.38, 3.17 (all s, 12H, OCH3); 3.09 (s, 2 H, CH). DR (CHC13) v: 
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2098 cm"1 (OC) . Anal. Calcd for C26H22N204 (426.47): C, 73.22; H, 5.20; N, 6.57. Found: 

C, 73.45; H, 5.01; N, 6.68. Mass spectrometry (mass m/e): 426 + 2H (M+). 

Bis(para-ethynylbenzene)-2,3,5,6-tetramethoxyphenylene diamine (4) This product was 

obtained during the chromatography of 3 above. White product. NMR XH (CD2CI2): 6, 7.33 

(d, 4 H, Ph, 3JH-H= 8.40); 6.73 (d, 4 H, Ph, V H = 8.59); 5.85 (s, 2 H, NH); 3.71 (s, 12 H, 

OCH3); 3.02 (s, 2 H, CH). IR (KBr) y: 2104 (C=C), 3336 (NH), -1430 em"1 (N=C). SM 

(mass m/e): 428 (M+). 

Poly(bis(para-ethynylbenzene)-2,3,5,6-tetramethoxyquinonediimine)-trans-bis(triethyl-pho 

sphine)platinum(II)-poly(bis(para-ethynylbenzene)-2,3,5,6-tetramethoxy-p-phenylene 

diamine)-trans-bis(triethyl-phosphine)platinum(II) (5) 0.1294 g (0.303 mmol) of bis(para-

ethynylbenzene)-2,3,5,6-tetramethoxyquinone diimine (3) was added to a 100 ml flask 

along with 0.130 g (0.303 mmol) of bis(para-ethynylbenzene)-2,3,5,6-tetramethoxy-

quinone diamine (4), 0.3049 g (0.6069 mmol) of frans-Pt(PEt3)2Cl2 and 6 mg of Cul. 30 

mL of CH2C12 and 30 ml of (TYhNH were also added. The mixture was kept from the light 

and stirred in an Ar atmosphere for 24 hours. The solvent was evaporated and the solid was 

dissolved in CH2C12. The solution was washed 3 times with water. The solution was then 

dried using MgS04 and then filtered. The product was then precipitated with CH2C12 and 

diethyl ether. A purple product was obtained. (0.56 g, yield: 64%). JH NMR 8 (CD2C12): 

7.05 (m, 8H, CH aro.); 5.65 (s, 1 H, NH); 3.96, 3.87, 3.31, 3.19 (all s, 6 H, OCH3 on 

quinone diimine); 3.71 (s, 6 H, OCH3 on phenylene diamine); 2.19 (s br, 12H, PCH2); 1.23 

(s large, 18H, CH3) ppm. NMR 13C (CD2C12): 5, 151.3, 150.8, 145.2, 144.7, 133.0, 132.3, 

120.0, 119.5, 117.5, 18.2, 17.9, 10.0. 31P NMR 5 <CD2C12): 14.70 (24.46 and 4.89, 195Pt 

satellites), J = 1189.54). IR (KBr) v: 2099 (CHC), 3356 (NH), -1430 cm"1 (N=C). Analyses 

calculated for C38H5oN204P2Pt: C, 53.56; H, 6.14; N, 3.44. Found: C, 53.56; H, 6.10; N, 

3.55. GPC: Mn = 13400, Mw = 25700 and polydispersity = 1.92. 

. Instruments. All NMR spectra were acquired on a Bruker AC-300 spectrometer (LH 300.15 

MHz, 13C 75.48 MHz, 31P 121.50 MHz) using the solvent as chemical shift standard, 

except in 31P NMR, where the chemical shifts are relative to D3PO4 85% in D 2 0. All 
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chemical shifts (8) and coupling constants (J) are given in ppm and Hertz, respectively. 

The spectra were measured from freshly prepared samples. The IR spectra were acquired 

on a Bomem FT-IR MB series spectrometer equipped with a baseline-diffused reflectance. 

Raman spectra were recorded on a Bruker RFS 100/S spectrometerwith the 1064 nm 

excitation and a light power equal to 0.50 W. UV-visible spectra were recorded on a 

Hewlett-Packard diode array model 8452A. Emission and excitation spectra were obtained 

using a double monochromator Fluorolog 2 instrument from Spex. Fluorescence lifetimes 

were measured on a Timemaster Model TM-3/2003 apparatus from PTI. Some 

phosphorescence lifetime measurements and time-resolved spectra were also performed on 

a PTI LS-100 using a lu,s tungsten-flash lamp. The source was nitrogen laser with high-

resolution dye laser (FWHM ~ 1.5 ns) and the fluorescence lifetimes were obtained from 

high quality decays and deconvolution or distribution lifetimes analysis. The uncertainties 

were about ±10-40 ps based on multiple measurements. 

The emission quantum yields were calculated using 9,10-diphenylanthracene (<D = 1.0) as 
1 ? 

the comparative standard. 

Gel permeation chromatography. Molecular weight and molecular weight distributions of 

polymer 5 was determined using gel permeation chromatography (GPC). The GPC set-up 

consisted of a Waters 515 HPLC pump, a Waters 996 Photodiode Array Detector and a 

Waters 410 Differential Refractometer, with a Styragel HR4E column (7.8*300 mm). The 

GPC eluent was HPLC grade THF, at a flow rate of 0.5 mL.min"1. The calibration curve 

was obtained using seven polystyrene standards (Aldrich), with Mn ranging from 3400 to 

382 000g.mol"1. 

Results and Discussion 

Synthesis and characterization. In our previous publication/ } the preparation of 1 was 

performed but the presence of its reduced form, 2, was not noted. In fact, it may have been 

present but in a rather small quantity, not enough to be observed in the baseline. Its 

presence can only be explained logically by a side redox reaction involving the diimine 

residue 1 with unreacted species 4-trimethylsilylaniline. Attempts to separate this product 

510 



failed, presumably due to its relatively small quantity and relatively similar polarity. So we 

decided to separate them after the desilylation step (Scheme 4). The incorporation of MeO 

group instead of F was explained previously by the formation of the corresponding MeO" 

nucleophile of methanol in the presence of a base (K2CO3). The separation of 3 (major) 

and 4 (minor product) was possible by chromatography. The presence of these two 

compounds allows one to use them as model compounds for assignment purposes. For 

example, in 3, the OCH3 signals are split into 4 signals instead of two. This is because 3 

exists into two isomers, Z- and E-. Only the Z- is shown in Scheme 4 for simplicity. For 4, 

the OMe signal is a singlet illustrating evidence for single bonds about the N-atom 

allowing rotations. Hence, the signal becomes a strong singlet. Compound 4 is then now 

being available for the synthesis of polymer 5. 

1+2 

3 4 

i = TiCl4, PhCl, NEt3; yield = 40 %, mixture 1+2 not separated 

ff = K2CO3, MeOH; yield = 75 % for 3 and ~5 % for 4 

Scheme 4 

The synthesis of polymer 5 proceeds by reacting an equal amount of spacers 3 and 4 in 

the presence of 2 equivalents of ?ran,s-Pt(PEt3)2Cl2 (Scheme 5). The evidence for the 

presence of both the quinone diimine and phenylene diamine is unambiguously seen from 

the *H NMR. Indeed, the new material exhibits the 4 singlets in the OCH3 region 

associated with the quinone diimine fragment of the polymer and a strong singlet of same 
JH integration associated with the phenylene diamine residue. The fact that the 1H 
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integration is identical to the relative proportion of the starting material indicates, that the 

polymer is stable, particularly with respect to the amine portion. In addition, the v(NH) 

peak in the IR spectra was also clearly observed for this polymer. 

This synthetic methodology leads to a polymer where the fragments originating from 

spacers 3 and 4 are placed randomly (since no precaution was taken to direct the sequence) 

and to that exhibits a polydispersity of 1.92 (GPC; Figure 1). No attempt was made to 

precipitate the longer chain polymers. In fact, we find that these properties arising from the 

nature of the materials have interesting consequences on the photophysical data below (the 

polymer is found luminescent). In this respect, we decided to prepare the poly[(bis(para-

ethynylbenzene)-2,3,5,6-tetramethoxy-quinonediimine)-rran5,-bis(triethylphosphine)-

platinum (II)] (6, Scheme 2) with variable sizes. This is achieved by not following the 1:1 

ratio of the bisethynyl spacer vs the fran,s-Pt(PEt3)2Cl2. The GPC indicates that Mn = 13400 

(i.e. ~ 15 Pt units), Mw = 25700 and polydispersity = 1.92. Based on the *H NMR 

integration of the amine proton, the ratio between amine and imine appears to be 1:1. 

i = trans-Pt(PEt3)2Cl2, Cul, CH2C12, i-Pr2NH, yield = 67% 

Scheme 5 
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Figure 1. GPC trace of polymer 5. 

Absorption spectra. The absorption spectrum of polymer 5 at 298 K is characterized by 

two absorption bands at 348 and 560 nm (Figure 2). These two features were thoroughly 

described in our previous paper using DFT computations and the comparison with model 

compounds.(9) The low energy 560 nm band is due to a charge transfer process (CT) going 

from the 7t-conjugated system of the -CeH4-C=C-Pt(PEt3)2-C=C-C6H4- chromophore to 

the 7i*-manifold of the tetramethoxyquinone diimine residue. The stronger absorption at 

348 nm contains a contribution due to the intra organometallic -C6FLt-C=C-Pt(PEt3)2-

C=C-C6H4- (MLCT Pt-+rc*(ethtynylbenzene) and LMCT n(ethtynylbenzene)->Pt),(9) and 

quinone diimine spacers (TCTC*). It is, reasonably assumed that because compound 4 is white 

(the absorption bands are located below 300 nm), that this strong absorption at 348 nm 

does not contains a major component of this diamine chromophore. The absorptivities of 

the two corresponding bands for the poly[(bis(para-ethynylbenzene)-2,3,5,6-

tetramethoxyquinone diimine)-fran5-bis(triethylphosphine)-platinum(II)] (polymer 6) are 

59300 (350; MLCT and LMCT) and 13700 M ' W 1 (560 nm; CT)(9) compared to polymer 

5 (i.e. 77700 at 350 nm (MLCT/LMCT) and 11000 M ' W 1 at 560 nm (CT), respectively). 

This relatively favourable comparison indicates that the charge transfer process is not 

greatly influenced by the incorporation of the diamine spacer originating from 4. However, 

the luminescence properties are substantially affected. 
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400 600 
Wavelength (nm) 

800 

Figure 2. Top; absorption spectrum of polymer 5 in 2MeTHF at 298 K. Bottom; 

fluorescence and phosphorescence spectra (red, A,exc = 360 nm; black, Xexc = 430 nm, 

spectrum x 50 to fit in the frame) and excitation spectrum (blue, A,exc = 513 nm) of polymer 

5 in 2MeTHF at 77 K. 

Fluorescence and phosphorescence. While polymer 6 is not luminescent either at 77 and 

298 K and whether it is in solution or in the solid state, polymer 5 exhibits fluorescence 

and phosphorescence at 77 K in 2 MeTHF (Figure 2 and Table 1). The fluorescence and 

phosphorescence are detected at about 400 and 500 nm, respectively, and are readily 

assigned to emission arising from the -C6H4-C=C-Pt(PEt3)2-C=C-CeH4- chromophore.(9) 

These assignments are confirmed by emission lifetime measurements where the 

fluorescence and phosphorescence are found in the ns and (is time scale, respectively 

(details in Table 1). No emission is detected from the charge transfer state as also 

previously detected for all polymers of this type.(9) The big question that now arises is why 

suddenly does the luminescence now appear. 
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During the course of this study a new but weak emission was detected (black line in 

Figure 3) in comparison with the homopolymer 6, by changing the excitation wavelength. 

This emission is red-shifted (485 nm) with respect to the strong peak located at 467 nm and 

turns out to be long-lived based on time-resolved spectroscopy. Indeed, upon the increase 

in delay times, the 485 nm peak becomes detectable (see line blue and green in Figure 3). 

This new feature is easily assigned to the NH-C6H4-C=C-Pt(PEt3)2-C=G-C6H4-NH 

chromophore where the red shift is ought to the fact it is different from the -CeH4-C=C-

Pt(PEt3)2-OC-C6H4- chromophore. The red-shift may be due to the derealization of the 

lone pair placed on the N atom onto the Jt-system of the chromophore. Examples of red-

shifts of the phosphorescence band for this type of chromophore upon extension of the 

conjugation exit. ~ 

10 

t 8 

. • & 

£6 

J 2 

0 
350 400 450 500 550 600 650 

Wavelength (nm) 

Figure 3. Time-resolved spectra of polymer 5 in 2MeTHF at 77 K in the (is time scale. The 

delay times are indicated in the frame (^em = 360). 
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Table 1. Absorption and photophysical data of the polymer 5. 

Absorption 
(2MTHF, 298K)a 

X(nm) eCM-W1) 

266 
300sh 
348 77700 
560 11000 

Xem(nra) 

405(F) 
467(P) 

485sh(P) 
515sh(P) 

Emission (2MTHF, 77 K)a 

<Pb xF(ns) 

p p (at4USnm)c 

0.0015 0.160+0.045 
0.0042 

Tp (|XS) 

(at 467 nm)c 

50.8+0.7 (85%)d • 
98.6+1.2 (15%)d 

a Solvent and temperature used for the study. F = fluorescence. P = phosphorescence. 

Quantum yield measured using 9,10-diphenyl anthracene as standard in 2MTHF at 77 K 

and the used X«x = 350 nm. c The wave length used for monitoring the lifetime. d The % of 

the lifetime compared to the other component. 

Photophysical properties. In an attempt to understand why emission is detected for 

polymer 5 while polymer 6 is dark, polymer 6 was prepared in different sizes (i.e. variable 

number of units; 3-4 and 10 based on GPC). This idea came from our previous work in 

which various polymers were prepared where substituted para- and ojt/io-ethynylbenzenes 

and cis- and ?rans-Pt(PEt3)2Cl2 complexes were employed to prepare four combinations of 

polymers. In these cases at maximization of the polymer length, it became clear that steric 

hindrance directed the length, the extent of conjugation and the photophysical properties. 

Overall, we observed that when the polymer was short, the quantum yield of 

phosphorescence was large while longer polymers exhibit smaller quantum yields of 

emission. Polymers 6 (n = 5 and 12) exhibits weak phosphorescence and now can be 

compared with polymer 5. 
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Figure 4. Normalized decay traces of £rans-bis(triethylphosphine)bis(2,4,5-

trimethylbenzene-ethynyl)platinum(II) (black), polymer 5 (red), and polymer 6 (n = 5, 

blue; n = 12, green). 

The decay trace of the strong phosphorescence at 467 nm of polymer 5 is not linear (Figure 

4). It was modeled using a bi-exponential in order to provide an order of magnitude of the 

time scale at which the phosphorescence decays. The two computed components are 51 

and 99 jxs, where the short component resembles that of the model compound trans-bis-

(triethylphosphine)bis(2,4,5-trimethylbenzeneethynyl)platinum(II) (50 lis; 2MeTHF, 77 K). 

This comparison is suggestive that this short component with polymer 5 may be associated 

with an "isolated" chromophore within the chain. The decay traces of polymer 6 where n = 

5 and 12 are the blue and green traces, respectively, in Figure 4. The polyexponential 

resemblance with the red decay of polymer 5 is striking. Ignoring the red curve for a 

moment, the analysis of the black (1 unit), blue (5 units) and green decays (12 units) 

indicates that as the oligomer dimension increases, the relative intensity of the slow 

component increases. The decay trace of polymer 5 is found just below the blue curve (5 

units) despite evidence for 15 units according to GPC. 

This analysis is very crude and must be taken with care. Indeed, the materials are 

more luminescent when they are of small dimension based.on our earlier work.(9) This 

means that for materials of large polydispersity, it is possible that the photophysical 

behaviour be dominated by the short chains' components, hence blurring the overall data. 

However, by comparing different typical polydispersed polymers, some conclusion may be 

drawn. Polymer 5 exhibits decay traces that would be associated with luminescent -C6H4-

j 1 1 1 1 . 1 < • • 
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C=C-Pt(PEt3)2-C=C-C6H4- chromophores placed in small groups of single, double or 

triple units between the lesser luminescent NH-C6H4-C=C-Pt(PEt3)2-C=C-C6H4-NH 

ones. This conclusion is consistent with.a statistical distribution, expected in this case. 

In conclusion, the first organometallic version of polyaniline in its emaraldine form was 

prepared from a 1:1 mixture of a bis(ethynylbenzene)quinone diimine and diamine in the 

presence of the same number of equivalents of frans-P^PEts^C^. Due to the fact that the 

obtained material was of short dimension (-15 units), luminescence was observed. The fast 

component in the emission decay traces exhibits a phosphorescence lifetime that resembles 

that of an isolated unit. All in all in this way, one may be able to tune the photophysical 

properties of this new type of material. A methodical approach is currently being used to 

prepare similar polymers, this time in an alternating fashion (diimine-diamine, i.e. (-

ABAB-)n polymers), as well as monodispersed polymers for more accurate analysis. 
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CHAPTER 5 

Cu... Cu Distance sensitive photophysical response in 

cluster-containing polymers 

This chapter reports cluster-containing coordination polymers issued from the treatment of 

Cul with the flexible PhS(CH2)4SPh dithioether ligand in MeCN solution. This reaction 

produces the strongly luminescent metal-organic 2D coordination polymer [Cu4l4{|i-

PhS(CH2)4SPh}2]„ (1). The 2D network of the cluster is built upon Cu4(|i3-I)4 cubane-like 

clusters as secondary building units (SBUs), which are interconnected via bridging 1,4-

bis(phenylthio)butane ligands. Moreover, the same reaction using the unsaturated semi-

flexible PhSCH2C=CCH2SPh ligand results in formation of the 3D metallopolymer 

[(Cu6I6){|a,-PhSCH2C=CCH2SPh}3]„ (2). The latter structure consists of discrete Cu6(M,3-I)6 

hexagon prisms, which are coordinated with bridging l,4-bis(phenythio)butyne ligands via 

Cu-S bonds. A photophysical study of both clusters has been carried on in the solid state at 

both 77 and 298K. The solid state emission spectra of both 1 and 2 at 298 and 77 K 

exhibit emission bands arising from a 3(MLCT)* where M is the cluster either CU4 or Cu6. 

The Cue-containing polymer exhibits a blue-shifted emission, whereas the Cu4-containing 

material reveals a rather red-shifted luminescence. This difference is assigned to the 

weaker and stronger d1 -d10 Cu"*Cu interactions defining the excited states. Subsequent 

works in this area, including the temperature effect on both Cu""Cu distance and the 

position of the luminescence band maxima and the effect of the number of C-atoms in the 

dithioether spacer PhS(CH2)nSPh (2<n<7), proved this hypothesis. Two other papers are 

under preparation and could not be included for the submission of this thesis. 
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5.1 Rigidity Effect of the Dithioether Spacer on the Size of the 

Luminescent Cluster (Cu2l2)n (n = 2,3) in their Coordination Polymers 

5.1.1 Preface 

This paper is a part of a project studying the effect of Cu--Cu distance and the rigidity of 

the spacer on the photophysical properties of cluster-containing polymers. The idea and 

strategy came from Dr. Pierre D. Harvey and Dr. Michael Knorr. They also are 

acknowledged for supervising all of us during the course of the work. The paper is built on 

three parts: the synthesis and characterisation of the Cu-cluster, the crystal structure 

determination, and the photophysical studies. 

The first two sections, including the synthesis, characterisation, and crystal structure 
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Treatment of Cul with the flexible PhS(CH2)4SPh dithioether ligand in MeCN solution 

affords the strongly luminescent metal-organic 2D coordination polymer [C^Ltffi-

Ph'S(CH2)4SPh}2]n (1). The interpenetrated 2D network of 1 is built upon by Cu4(H3-I)4 

cubane-like clusters as secondary building units (SBUs), which are interconnected via 

bridging 1,4-bis(phenylthio)butane ligands. In contrast, the auto-assembly reaction of the 

unsaturated semi-flexible PhSCH2C=CCH2SPh ligand with Cul results in formation of the 

3D metallopolymer [(Cu6l6){|A-PhSCH2C=CCH2SPh}3]„ (2). The SBUs of luminescent 2 

consists of discrete Cu6(fJ.3-I)6 hexagon prisms, which are coordinated with bridging 1,4-

bis(phenythio)butyne ligands via Cu-S bonds. Contrary to the other rare literature-known 

examples of metallopolymers incorporating CU6X6 SBUs as connecting nodes, the Cu—Cu 

interactions of 2 [2.8484(6) A] are markedly shorter, being close to the sum of the Van der 

Waals radii of two Cu atoms (~ 2.8 A). The photophysics of these compounds, which 

exhibit reversible luminescence thermochromism, has been investigated in detail. The 

solid-state luminescence spectra of 1 and 2 feature at room temperature intense emissions 

around 560 and 555 nm, respectively. The luminescence properties of the unusual Qi6()J.3-

1)6 hexagon prism motif are rationalized by means of DFT and TDDFT computations. 

Introduction 

The design of coordination compounds and metal-organic polymers with novel 

topologies and structural motifs is of much interest for their potential application as 

functional materials. One example is their incorporation in optoelectronic devices.lab Due 

to their low cost compared to devices based on expensive luminescent noble metal 

complexes, those containing copper compound seem particularly interesting. c"e The 

interactions of various donors (L) such as phosphines, anilines, pyridyl type ligands and 

thioethers with copper(I) halides afford in a self-assembly process polynuclear complexes 

of the general formula CunXnLm, which display a fascinating diversity of stoichiometrics 

and geometries.2 In the copper iodide adducts' case, the most common motifs are the 

infinite I-Cu-I-Cu-I zig-zag chains,3 ladder-like Cul ribbons,4'5b iodide-bridged rhomboid 

dimers5 and tetranuclear cubane-like CU4I4 clusters.6 The latter exhibit remarkable 

photophysical properties where intense luminescence arising from long-lived excited states 
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is detected.413'6 The structural arrangements adopted by the (Cul)2n units may be influenced 

by several parameters such as synthetic conditions or steric/electronic effects exerted by 

the ligand.7 In the context of our research interest on the coordination chemistry of 

dithioether ligands,8ae we recently reported on the influence of the spacer length of 

dithioether ligands on the solid state structures of Cul based coordination polymers.8f With 

bis(phenylthio)methane, a strongly luminescent ID necklace-like chain with composition 

[Cu4l4{|i-PhS2.CH2SPh}2L was obtained, whereas thereaction with PhS(CH2)2SPh resulted 

in formation of non-interpenetrated 2D metallopolymer [(CuI)2{|J.-PhS(CH2)2SPh}2]n, built 

upon dimeric G12I2 units. We now wish to report the effect of the spacer rigidity of the 

PhSC4SPh skeleton (C4 = (CH2)4, CH2OCCH2) on the cluster nuclearity and 

dimensionality of the formed polymeric materials. Furthermore, their photophysics is 

presented in detail along with the first theoretical study on the rare Cu6l6 cluster core by 

means of DFT and TDDFT calculations. 

Results and discussion 

Synthesis and structural description [Cu4L,{|i-PhS(CH2)4SPh}2]n (1) 

The crystal engineering with the ligand l,4-bis(phenylthio)butane (LI) on Ag(I) salts 

under different conditions (varying the solvent, metal-to-ligand ratios, and counterions) 

gives rise to a number of 2D frameworks with various structural motifs. a Very recently, 

luminescent gold polymers spanned by this flexible ligand have been synthesized by Brisse 

et al.9h We have previously shown that the complexation of PhS(CH2)4SPh on HgX2 (X = 

CI, Br) in a 1:2 ratio allows the assembly of two-dimensional coordination polymers of the 

type [{PhS(CH2)4SPh}Hg2X4]„ (X = CI, Br).8c It appeared worthwhile to extend the 

coordination chemistry of LI on copper(I) halides and to compare the topology of the 

anticipated polymeric framework with those of the material obtained with 

bis(phenylthio)methane and bis(phenylthio)ethane. 

The reaction of Cul with LI in MeCN in a 2:1 molar ratio gives air-stable crystals of 

general formula [Cu^fil-PhStCFk^SPhhL (1) (Scheme2). The modification of the molar 

ratio to 1:1 and even to 1:2 has no influence on the composition of the resulting product 

and only colourless material 1 is formed. 
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[Cu6l6(^-L2)2]n 2 

Scheme 1 

The crystal structure determination of 1 reveals that the network consists of the 

common cubane-like CU4I4 clusters as connecting nodes, which are linked by bridging 

dithioethers forming an interpenetrated two-dimensional coordination framework (Fig. 1 

and ESI). 

Fig. 1 View on the be plane of the 2D network of 1. The phenyl groups are omitted for 

clarity (C = black, S = yellow, Cu = blue, I = magenta). 
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The (4,4) topology can be described as undulated square grids, in which CU4I4 

clusters as secondary building units define the corners and the dithioether ligands the edges. 

The side length of each 32-membered square-like macrocycle is about 10.6 A. Two of 

these grids are interpenetrated in such a manner that the square centres of a net-plane are 

approximately located on the middle of the edges of the second one (Fig. 2). Each SBU is 

connected to four LI ligands with averaged Cu-S bond distances of 2.299(2) A (Fig. 3). 

Fig. 2 (Right) Schematic illustration of the interwoven square grids of 1. The 

interpenetrated layers are shown in two different colours. (Left) Crystallographic 

presentation of two fused squares within the 2D network of 1, which are interpenetrated by 

a square from a second orthogonal arranged layer. The phenyl groups, H atoms and I atoms 

are omitted for clarity. 

Within the cluster core, the Cu-I bond lengths range between 2.6391(12) and 

2.7745(14) A. The Cu-Cu distances between the four non-equivalent Cu(I) centres 

[2.6505(16)-2.7431(16) A] fall significantly below the sum of the Van der Waals radii (2.8 
o o 

A). At 173 K, the Cu—Cu bond lengths have a mean value of 2.694 A, almost identical to 

that of ID polymer [Cu4l4{H-PhS2CH2SPh}2]„ (2.678 A).8t Other recent examples of 

structurally characterized luminescent polymers incorporating CU4I4 cores and linked by 

the dithioether ligands l,4-bis(cyclohexylthiomethyl)benzene (ID) and l,12-diphenyl-5,8-

dioxa-2,ll-dithiodecane (2D) display mean Cu-Cu distances of 2.813 and 2.794 A, 

respectively. 10a'b A closer averaged Cu-Cu distance of 2.731 A has been reported for a ID 
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polymer, in which macrocyclic l,ll,21-trioxa-8,14-dithia[2,9,2]paracyclophane ligands 

interconnect cubane-like C114I4 SBUs. c' 

Fig. 3 Local structure of the tetranuclear (^4(0.3-1)4 core of 1 ligated by four LI molecules. 

The H atoms are omitted for clarity. Selected bond lengths [A]: Cu(l)-Cu(2) 2.6505(16), 

Cu(l)-Cu(3) 2.6978(17), Cu(l)-Cu(4) 2.7151(16), Cu(2)-Cu(3) 2.6700(17), Cu(2)-Cu(4) 

2.6921(14), Cu(3)-Cu(4) 2.7431(16). Symmetry transformations used to generate 

equivalent atoms: #1 -x+1, -y, -z+2 #2 x-1, y, z #3 -x+2, -y+2, -z+2 #4 x+1, y, z. 

The TGA trace for the polymer 1 (Fig. 4) exhibits two endothermic steps. A first 

weight-loss is observed over the range of 90-400 C, while a second one is observed over 

400-730° C. The first change started at ~ 180° C and was completed at ~260° C, 

corresponding to the decomposition of the organic ligand leaving the inorganic unit (CU2I2). 

The second weight loss corresponds to the gradual extrusion of the iodine from the Cul 

residue. The second decomposition was completed at ~700 C and the final product left 

behind was the metallic Cu-residue. 
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Fig. 4 TGA trace of polymer 1 
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Synthesis and structural description of [(Cu6l6){|i-PhSCH2(>CCH2SPh}3]n (2). 

Similarly, PhSCH2C=CCH2SPh (L2) reacts with Cul in MeCN in a 2:1 molar ratio to 

afford unexpectedly the colourless 3D polymer [(Cu6l6)((J--L2)3] (2) incorporating 

hexagonal Cu6l6 cluster units and crystallizing in the rhombic space group i?3 . Again, the 

use of equimolar amounts of reactants does not modify the result of the self-assembling 

process. The symmetric hexagonal Cu6(|i3-I)6 cluster SBU serves as connecting nodes to 

generate a 3D network with L2 (Fig. 5). The Cu-S bond lengths are somewhat elongated 

with respect to that observed for the Cu4Lt analogue 1 [2.3655(8) vs. 2.299(2) A]. Note 

that in contrast with other thioether ligands possessing an alkyne function, no interaction 

between the copper centres and the triple bond [2.3655(8) vs. 2.299(2) A], of L2 was 

evidenced.12 Each hexanuclear Cu6l6 core is connected through the bridging L2 to six 

others SBUs. These latters define two planes that sandwich the central node. A view down 

the c axis stresses out the presence of channels resulting from 24-membered equilateral 

triangle-like macrocycles of side length of ~ 12 A (Fig. 6 and ESI). 
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Fig. 5 Local structure of the hexanuclear Cu6(p-3-I)6 core of 2 ligated by six L2 ligands. 

The H atoms are omitted for clarity. Symmetry transformations used to generate equivalent 

atoms: #1 -x+1, -y+1, -z+1 #2 y+1/3, -x+y+2/3, -z+2/3 #3 x-y+1/3, x-1/3, -z+2/3. 

Although some other examples of metal-organic frameworks with hexanuclear copper 

halide units (open step-ladder, annealed cycles, banded ribbons, bicapped adamantoid) 

were reported in the literature,13 the discrete hexagon prism Cu6(|J.3-X)6 motif is very scarce. 

To our knowledge, only two other coordination polymers, [Cu6(jJ-3-Br)6(TTT)3]n (TTT = 

trisallyl-l,3,5-triazine-trione)I4a and [Cu6(|a3-X)6py6]n (X = CI, Br, I),14b involving this 

unusual motif have been reported so far (ESI). In the latter luminescent material, a 

pyridine-functionalized triethyl-benzene spacer links the cluster nodes. However, there are 

some striking differences in the dimensionality (3D vs. 2D) and in the Cu-Cu separations 

between 2 and the latter two literature compounds. Whereas the Cu--Cu distance in 2 
o 

[2.8484(6) A] is close to the sum of the van der Waals radii, the large Cu-Cu separation 

for the Cu6(|J.3-I)6py6 [2.9645(5) A] species suggests absence of significant bonding 

interactions. For the dissymmetric Cu6((J.3-Br)6 core in [Cu6(ja,3-Br)6(TTT)3]n, the shortest 

Cu-Cu separation is elongated even more [3.203 A]. Using these three available 

hexagonal CueXg-containing structures in comparison with the cubane-like structures, the 

longer distances reported in the Cu6 species suggests ring stress within the materials. As 
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the Cu—Cu interactions change, one may expect a change in the photophysical properties, 

hence providing the opportunity to rationally tune luminescence with the ligands. 

Fig. 6 Perspective view down the c axis of 2 (C = black, S = yellow, Cu = blue, I = 

magenta). 

The coordination polymer 2 is stable up to -200° C and the decomposition temperature 

is directed by the stability of the ligand itself based on the comparison of their TGA traces. 

As shown in Fig. 7, the thermal behaviour of 2 is similar to that observed for polymer 1 

where the decomposition of the ligand occurs first leaving the copper iodide portion, which 

in turn starts to decompose at higher temperature (~400 C) loosing iodide. The final 

product being left is the metallic copper residue. 
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Fig. 7 TGA traces of polymer 2 (red) and PhSCH2OCCH2SPh (black). 

Photophysical properties and TDDFT calculations 

The solid state absorption spectra of 1 and 2 at 298 K (Fig. 8) exhibit similar features 

notably with a long tail trailing to about 500-550 nm, but also show differences in the UV-

vis region (band at 375 nm and < 350 nm). The most intense absorption located at ~280 

nm can be assigned to a n-n* transition of the ligand while the longer wavelength 

shoulders can be attributed to the electronic transition affected by the copper, the iodide 

ligand, or both. These shoulders are assigned to metal-to-ligand charge transfer state 

(MLCT) mixed with a halogen-to-ligand charge transfer state (XLCT). Overall, the 

obtained solid-state absorptions superpose the corresponding excitation spectra for the 

polymers. 
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Fig. 8 Absorption spectra of solid 1 and 2 calculated from their reflectance spectra. 

The emission spectra of 1 and 2 recorded at both 77 and 298 K also differ in bandwidth 

and maxima from each other (Fig. 9). The low-energy band of 2 is found blue-shifted with 

respect to that of 1 (Table 1). Similar to the solid-state emission band observed for ID 

compound [Cu4l4{|i.-PhSCH2SPh}2]n,
8f the luminescence band for 1 is quite broad and 

unstructured at room temperature. At present, it is not possible to state with certainty 

whether the different positions of the emission maxima of 1 and [CvML^Li-PhSCHiSPhh],, 

(560 vs 532 nm) are due to different dimensionalities of the networks or due the dissimilar 

numbers of methylene spacer units in the dithioether ligand. The long emission lifetimes 

and the large energy gap between the absorption (and excitation) and the emission bands 

indicate the presence of phosphorescence. Time-resolved spectroscopy (Fig. 10) and 

lifetime measurements (Table 1) in the LIS timescale confirm that both emissions are 

phosphorescence. The emission spectra of L2 were also studied to ensure that the observed 

emission of 2 did not arise from the ligand itself. Indeed, the observed emission of L2 is 

blue-shifted with respect of the low-energy emission of 2 and exhibits an emission 

maximum at 540 nm (Table 1 and ESI). The presence of a high energy emission due to 

luminescence thermochromism is also evidenced, a behaviour that was noted before for 

several Cu^-containing species ligated by iV-donor ligands and rationalized theoretically 

by means of DFT and TDDFT calculations.43,6 The high and low energy luminescences 
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were assigned to be halide-to-ligand-charge transfer 3(XLCT) and cluster-centred 3(CC) 

state emission. 
6d,e 

400 500 
Wavelength (nm) 

700 

400 500 600 
Wavelength (nm) 

700 

Fig. 9 Emission and excitation spectra of solid 1 and 2 at 77 K (left) and 298 K (right). 

The resemblance of the emission spectra of 2 with that of 1 and other CU4I4-containing 

species reported in the literature (where two bands are observed) is striking (Fig. 9), 

giving the temptation to propose similar assignments to polymer 2. Apart from the case of 

CU4I4PV4 and related complexes, luminescence thermochromism has been previously 

observed for a 2D square-grid type coordination polymer assembled by the dithioether 

ligand l,12-diphenyl-5,8-dioxa-2,ll-dithiodecane.10b In this material incorporating Q14I4 

SBU's (see above), a broad emission band with a maximum at 565 nm (A,exc 325 nm) is 

observed at 298 K. Similarly to the case of our structurally related compound 1, the 

maximum is red-shifted to ~ 604 nm at 77 K; in addition, a second weaker high-energy 

band appears at - 452 nm. 
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Fig. 10 (Top) Time-resolved emission of [Cu^lia-PhStCHi^PhbL 1 at 77 K, A,ex = 350 

nm. (Bottom) Time-resolved emission of [(Cu6l6){|a-PhSCH2C=CCH2SPh}3]„ 2 at 77 K, 

Xex = 350 nm. 
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Table 1 Photophysical data for solid 1, 2 and L2 at 298 and 77 K. 

545 

425 

565 

430 

600 

1.42 + 0.02(545) 

0.55 + 0.03 (425) 

3.40 ± 0.06 (565) 

0.60 ± 0.02(430) 

3.36 + 0.01 (600) 

298 K 77 K 

Compound X̂m (nm) te (us)(Xem in nm) Â m (nm) xe (us)(Aem in ran) 

L2 540 1.35 ±0.02 (540 nm) 

2 425 0.53 + 0.02 (425 nm) 

555 2.62 ± 0.03 (555 nm) 

1 _ 

575 0.85 + 0.01 (575) 

DFT calculations on the model compound Cu6le(SPhCH3)6 were used to address the 

nature of the frontier MOs, notably the HOMO, HOMO-1 and LUMO (Fig. 11). The 

HOMO and HOMO-1 are quasi-degenated (-0.125 (HOMO) and -0.127 a.u. (triply 

degenated HOMO-1) and are cluster-centered orbitals with very minor S (n) 

contributions. On the other hand, the LUMO, which is tetra-degenerated, is mostly 

located in the 7t-systems of the phenyl groups. These orbitals suggest that a cluster-to-

ligand-charge-transfer process is predicted to be the lowest energy spin-allowed 

absorption. DFT computations also suggest that the model compound, Cu6l6(SPhCH3)6, 

in its triplet state predict that the SHOMO localizes the spin density mainly on one Cu 

atom and its three I neighboring ligands, and a bit on one SPh fragment, whereas it is 

rather delocalized over the Cu and I atoms in the HOMO (Fig. 11). The SHOMO is 

located at -0.042 a.u. above the HOMO (-0.125 a.u.) and the simple arithmetic 

difference between the two levels suggests that the radiative relaxation should occur in 

the vicinity of 550 nm. Experimentally, the maxima are observed at 555 and 565 nm at 

298 and 77 K, respectively (Fig. 9). These computations predict a cluster-centred 

excited state as responsible for the observed emission, similar to other Cu^-containing 

species. In the light of these computer calculations and litterature reports on the CU4I4 

clusters, since the Cu'"Cu distances change going from the Cu6l6 core to the CU4I4 

cluster, it is not surprising that the emission maximum undergoes a blue-shift from 

systems exhibiting long separation with respect to that of short distances. 
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Fig. 11 Frontier MO's (left) and HOMO and LUMOs representations and their calculated 

energies for the model compound Cu6l6(SPhMe)6 as well as the SHOMO of the 

corresponding triplet state (right). 

Conclusion 

This work showed that the cluster nuclearity of the connecting nodes (Cu2l2)n in 

dithioether coordination polymers can be fine-tuned by modifying the spacer flexibility 

using "readily accessible" ligands. The X-ray data of this paper and those of the literature 

suggest that ring stress drives the size of the (Cu2l2)n cluster and the Cu-Cu separations, 

and consequently the photophysical properties. Besides the photophysical properties of the 
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strongly luminescent C114I4 motif, we presented a preliminary but first theoretical study on 

the unusual hexagonal prismane-like Cuel6 cluster along with the solid-state photophysics 

of the 3D polymer 2. We are currently exploring the impact of dithioether ligands 

ArS(CH2)nSAr with longer spacer units and bearing substituents at the aryl groups on the 

architecture of the network upon reaction with copper halides. In a forthcoming paper we 

will also report on the reactivity of dithioether ligands with aliphatic -SR groups towards 

CuX along with the photophysics of these materials. 

Experimental section 

L l and L2 were prepared as described in the literature.15 

Preparation of polymers 1 and 2. To a solutions of Cul (191 mg, 1 mmol) in acetonitrile 

(10 mL) was added L l PhS(CH2)4SPh (548 mg, 2 mmol). The mixture was first stirred 

overnight at room temperature. Partial precipitation of the white polymer occurred after 

several hrs. The mixture was refluxed for 5 min until all material redissolved, the solution 

was then allowed to reach room temperature slowly. After one day, colourless crystals of 1 

formed and were filtered off. A second crop could be isolated after keeping the filtered 

solution in refrigerator a 7°C. Overall yield (72%) Anal. Calcd. for C16H18CU2I2S2 

(655.30): C, 29.33; H, 2.77; S, 9.79 Found : C, 29.56 ; H, 2.85 ; S, 9.90 

Reaction of Cul with L2 under similar conditions afforded polymer 2. Yield (76%) Anal. 

Calcd. for C8H7CuIS (325.64): C, 29.51; H, 2.17; S, 9.85. Found: C, 29.82; H, 2.06; S, 

9.09 

Instruments. The UV-Vis spectra were recorded on a Varian Cary 50 spectrophotometer. 

Emission and excitation spectra were obtained by using a double monochromator 

Fluorolog 2 instrument from Spex. Fluorescence lifetimes were measured on a Timemaster 

model TM-3/2003 apparatus from PTI. The source was a nitrogen laser equipped with a 

high-resolution dye laser (fwhm ~ 1400 ps), and the fluorescence lifetimes were obtained 

from deconvolution and distribution lifetime analysis. TGA traces were acquired on a 
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Perkin Elmer TGA 7 apparatus in the temperature range between 50 and 950 °C at 3 °l min 

under a nitrogen atmosphere. 

Crystal structure determinations 

1: Stoe IPDS diffractometer; data collection: Expose in IPDS (Stoe & Cie, 1999), cell 

determination and -refinement: Cell in IPDS (Stoe & Cie, 1999), integration: Integrate in 

IPDS (Stoe & Cie, 1999); numerical absorption correction: Faceit in IPDS (Stoe & Cie, 

1999). 

2: Bruker APEX diffractometer (D8 three-circle goniometer) (Bruker AXS); data 

collection, cell determination and refinement: Smart version 5.622 (Bruker AXS, 2001); 

integration: SaintPlus version 6.02 (Bruker AXS, 1999); empirical absorption correction: 

Sadabs version 2.01 (Bruker AXS, 1999). 

The crystals were mounted at room temperature; the crystal structure determination was 

effected at -100 °C (type of radiation: Mo-Koc, X = 0.71073 A). The structures were solved 

applying direct and Fourier methods, using SHELXS-90 (G. M. Sheldrick, Universitat 

Gottingen 1990) and SHELXL-97 (G. M. Sheldrick, SHELXL97, Universitat Gottingen 

1997). Crystallographic data have been deposited with the Cambridge Crystallographic 

Data Centre as supplementary publication no. CCDC 692868 (1) and CCDC 692869 (2). 

Copies of the data can be obtained free of charge on application to Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; [fax: 

(+44) 1223-336-033; email: deposit@ccdc.cam.ac.uk). 
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Table 2 Crystal Data, data Collection and structure refinement 

Compound 
Formula 

Formula weight 
Temperature/K 
Wavelength/A 
Crystal system 

Space group 
a/A 
b/A 
c/A 
al0 

j3/° 
r/° 

Volume/ A 
z •• 

3 
Density (calculated) g/cm 

Absorption coefficient/mm 
F(000) 

Crystal size/mm 

Theta range for data collection/0 

Index ranges 

Reflections collected 
Independent reflections 

Refinement method 

Data / restraints / parameters 
Goodness-of-fit on F2 

Final R indices [7>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole/e. A 

1 
C32H36CU4I4S4 

1310.61 
173 

0.71073 
triclinic 

Pi 
11.580(2) 
11.594(2) 
15.753(3) 
92.10(3) 
99.40(3) 
111.79(3) 
1926.5(7) 

2 

2.295 

5.622 
1240 

0.40 x 0.20 x 0.20 

2.13 to 26.00 

-14</z<14, 
-14 < k < 14, 
- 1 9 < / < 19 

23034 
7075 [/?(int) = 0.0644] 

Full-matrix least-
squares on F2 

7075/0/397 
1.002 

R\ = 0.0584, 
w/?2 = 0.1426 
Rl= 0.0664 

wR2 = 0.1519 
2.796 and-3.100 

2 
C8H7CuIS 

325.64 
173 

0.71073 
trigonal 

Ri 
25.904(3) 
25.904(3) 

7.2277(15) 

120 

4200.2(11) 

18 
1.291 

5.802 
2754 

0.30x0.20x0.10 

2.72 to 27.00 

-33<h<33, 
-32<k<30, 

- 9 < / < 9 
9334 

201 l[/?(int) = 0.0464] 
Full-matrix least-

squares on F2 

2011/0/100 
1.081 

R\ = 0.0229, 
w/?2 = 0.0499 
R\ = 0.0260, 
wR2 = 0.0515 

0.484 and -0.634 

16 

Computational details 

The electronic structure was addressed using Gaussian 03 Revision C.02 10 using an Intel 

Pentium D computer. The input file was the X-ray file obtained for a single crystal. The 
17-19 20-22 23-25 . 26-27 • TD 1/_i -DFT zu"zz was calculated using the B3LYPZ J^ method using 3-21g* zt>z' basis sets 
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on all atoms and approximations for the core electrons (i.e. 3-21g* basis sets) on S, Cu, I 

and O. The same basis sets and geometry were used for the analysis of the lowest energy 

triplet state and well as the energy determination of the SHOMO. The estimated 

wavelength of the emission (phosphorescence) was made on the basis of the energy 

difference between the SHOMO of the triplet state and the HOMO of the ground state.28 
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Graphical Abstract 

Rigidity Effect of the Dithioether Spacer on the Size of the Luminescent Cluster (Cu2i2)n 

(n = 2, 3) in their Coordination Polymers 

Michael Knorr,*" Fabrice Guy on," Abderrahim Khatyr," Christian Daschlein,b Carsten 
Strohmann,b Shawkat M. Aly,c Alaa S. Abd-El-Aziz,dDaniel Fortinc and Pierre D. Harvey*' 

The luminescent 2D and 3D coordination polymers [Cu^lil-PhSCCf^SPhhL and 
[(Cu6l6){(J.-PhSCH2C=CCH2SPh}3]„ containing Cu4(|a.3-I)4 cubane-like cores or 
Cu6(|J.3-I)6 hexagon prism cores as connecting nodes have been prepared and their 
photophysics has been studied in detail. 
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GENERAL DISCUSSION 

Motivated by our interest in Harvey's research group in organic and organometallic 

oligomers and polymers with potential photonic applications, this thesis focused on the 

photophysical properties of some promising examples in this field. During the course of 

this thesis, a photophysical study of some examples of A-frame complexes as model 

compounds and their corresponding polymers. These materials were the first examples of 

this kind. Similarly, the first example of an innovative organometallic polyaniline polymer 

was reported. It was synthesized upon the tetramethoxyquinonediimine and tetramethoxy-

phenylenediamine spacers. The effect of polymerisation on the photophysical properties of 

this class of polymers was explored. Also, another interesting aspect of this research was 

the photoinduced energy- and electron-transfer in different dyads, triads and polydyads, 

which allowed the exploration of one particular process in photosynthesis (antenna effect 

and energy transfer). This natural process has inspired us to consider applications of these 

natural concepts to the man-made energy conversion devices. Furthermore, interesting 

studies on cluster-containing coordination polymers where the cluster is of the type 

CunXnLm were undertaken. In these examples, the Cu'"Cu distances are found to direct 

sensitively the position of the emission band, so that the photophysical response of these 

materials becomes very sensitive to this key distance in the chromophore, and indirectly to 

all the external conditions that influence it. 

Metal-containing macrbmolecules and polymers, especially those containing Pd and Pt, 

received special interest due to their potential applications in photonic and advanced 

materials. Despite this interest, M?-bond-containing oligomers and polymers are found to 

be scarce in the literature (35, 40, 41, 81). This motivated us to explore and examine in 

depth the photophysical properties of this important class of compounds. So, we studied a 

series of homo- and hetero-M-M'-bonded complexes, as well as A-frame complexes (both 

as model compounds) were investigated for their photophysical properties. 

Several d9-d9 terminal and d8-d8 A-frame homo- and heterodinuclear complexes were 

investigated by UV-VIS and luminescence spectroscopy. For the A-frame complexes and 

polymers, no photoinduced energy or electron transfer was observed. The excited state was 
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deactivated either by emission of light (at 77 K in rigid media such as in 2MeTHF and in 

the solid state) or by non-radiative processes. The radiationless processes play a significant 

role in the deactivation of the excited state associated with the large size of these 

macromolecules. During the course of this work, DFT calculations on "gas phase" 

complexes indicated that major triplet excited state distortion such as M-Cl bond scission, 

takes place. So, it has become apparent that the excited energy is "wasted" in breaking 

bonds and distorting the molecule very efficiently rather than transferring the energy to 

other chromophores in polyads or units in a polymer chain. The fact that most of the Pd-

containing materials exhibit much less luminescence intensity than the Pt-containing ones 

because the Pd-X bond is more labile (and photo-labile) than the Pt-analogues, which also 

argues in this same direction, brings a question about what is required to improve the 

luminescent properties of these compounds and related polymers. We examined in depth 

several systems of this class of compounds and polymers in order to build up a library of 

data that can be helpful in respect of increasing our knowledge to get closer to the answer 

of this question. 

Two systems were studied including the d9-d9 homo- and heterobimetallic complexes and 

the d8-d A-frame homo- and heterobimetallic systems. The d9-d9 binuclear complexes 1,2 

and 6a (Chart 1) do not exhibit any luminescence while 5 and 6 are luminescent at room 

temperature in the solid state and at 77 K in frozen solution. A weak luminescence was 

also detected for compounds 3a and 3b in frozen media at 77 K while at room temperature 

the compounds were not luminescent in fluid solution. The LUMO is a 71* orbital of the 

arorriatic-CN system with a minor component on the Pt binding this RNC ligand. The 

calculations also show the presence of two sets of bonding da orbitals (HOMO-2 and 

HOMO-3) built upon Pt(dx
2-y

2)-Pt(dz
2) and Pt(dx

2-y
2)-Pt(dx

2-y
2) with some bonding and 

antibonding Pt-Cl(n) interactions, respectively. The LUMO+1 is an "antibonding version" 

of the HOMO-3 (i.e. Pt(dx
2-y

2) - Pt(dx
2-y

2)). Based upon TDDFT computations, the lowest 

energy electronic transition is composed of three major components; HOMO—»LUMO, 

HOMO-2^LUMO+l and HOMO-3^LUMO+l, with relative weights of 0.57, 0.20 and 

0.31, respectively. The former transition is a metal/halide-to-ligand-charger-transfer 

(M/XLCT) process from the Pt-Cl fragment to the %* RNC component and the two latter 
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ones are the do-da* expected for the M2-bonded species. All in all, the lowest energy 

electronic transition is a mixture of M/XLCT and do-do*. 

Ph2P PPh2 P h 2 P " ^ ^ P P h 2 1 
I I | | 

C.I — M M —CI CI —Pt P t - C = N— R 
I I | | 

P h 2 P \ .PPh 2 p h , p ^ ^pph i2r. > r r n 2 

1 M = Pd 3a (R = 2,5-Me2C6H3) 
2 M = Pt 3b (R = 4-C6H4-/Pr) 

2 + 
P h 2 P " ^ ^ P P h 2 P h 2 P ' " ^ ^ P P h 2 H 

I I I I 
CI—Pd Pt —CI R — N = C —M M —C = N —R 

I I I I 
P h 2 P v S i ^ P P h 2 Ph 2 P> s >PPh2 

4 5 (M = Pd; R = 2,5-Me2C6H3) 
6 (M = Pt; R = 4-C6H4-/Pr) 

Chart 1 

Similarly, the study was extended towards the examination of the photophysical properties 

of the compounds with the isocyanide inserted into the M-M bond. This insertion leads to a 

break down of the M-M bond associated and a considerable elongation of the M»"M 

interaction. This class of d -d A-frame homo- and heterobimetallic systems are found to 

be rarely luminescent. They exhibit an absorption spectra that found to be red-shifted 

compared those observed for the d9-d9 M2-bonded complexes. For better assignment of the 

nature of this band as well as the luminescence band compounds 7a and 7b (Chart 2) were 

subject of DFT and TDDFT calculations. 

The low energy absorption band in the d9-d9 M2-bonded complexes is assigned to a 

do—±da* transition where the maxima is related to the M—M distance and to the nature of 

substituents ligated to the metal centres (82). The d -d A-frame compounds 7a and 7b 

(Chart 2) were also subject of DFT and TDDFT calculations. 
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R—1 + 

A<-7\ 
Ph2P J, PPh2 

Pd Ft . 

Ph2Px ^PPh2 x R 

7a (X = CI; R = o-anisyl) 
7b(X=l;R = o-anisyl) 

Chart 2 

Both the HOMO and LUMO exhibit rather complex atomic contributions. In both cases, 

the HOMO is composed of in plane atomic contributions: the X(n) donor orbital 

interacting in an antibonding mode with the Pd(dx
2-y

2) orbital, which interact in a bonding 

fashion with one of the sp2-hybridized n-orbital of the C bridging atom, which interact also 

in a bonding manner with the Pt(dx
2-y

2) one. This HOMO is also composed of the N(n) 

orbital owing to symmetry. Very minor contributions of the in-plane NC %* system is also 

computed. The major contributions are represented in a simple drawing in Scheme3. 

^ c ^xo <W£T ^x 

Ar^ A K _ 
HOMO LUMO 

Scheme 3 

For both 7a and 7b the LUMO exhibits also a rather complex series of atomic 

contributions with a very low contribution from the halide atom and the |i-CNR. Here, the 

atomic contribution of the Pt atom is primarily dz in nature and an observed increase of 

the electronic density on the CN %* system. Another contribution comes from the 

perpendicular P atoms with a small magnitude. The HOMO-LUMO transitions are 

essentially a charge transfer from the Pd/X centre and |i-CNR to the terminal RNC %* 

system. TDDFT calculations indicate that the lowest energy electronic transition is 
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primarily the expected HOMO—•LUMO for both complexes. This conclusion comes from 

the fact that both MO's are well isolated from other frontier MOs, so little mixing occurs. 

For both the dissymmetric d9-cf M2-bonded and (f-tf A-frame species, a lowest energy 

charge transfer character from the Pd moiety to the RNC-Pt-containing fragment is 

computed. For the A-frame complexes, computations indicate that this process passes 

through the central U.-CNR bridge. Another interesting observation is the A,raax and the non-

radiative deactivation values of dinuclear complexes 7a and 7b. The order follows 7a < 7b, 

for both parameters indicating that the nature of the excited states is clearly influenced by 

the nature of the halide (CI vs I). 

The corresponding A-frame-containing polymers are also found luminescent in the solid 

state and in solution at 77 K and the first examples of A-frame-containing organometallic 

polymer 8 (Chart 3) were reported. 

8 

Chart3(P = PPh2) 

As an example, a weak luminescence was indeed observed for polymer 8 (Chart 3) at 77 K 

in the solid state. An increase in the non-radiative processes as the emission lifetime and 

quantum yield decrease is observed in comparison with the corresponding model 

compound. This phenomenon is associated with the polymerization effect for which 

supplementary vibrational modes promote other internal conversion pathways from the 

triplet to the ground state. 

550 



Further studies focused on other polymers in order to fully address the influence of the 

halide, isocyanide and nature of the metal on the photophysical properties of the A-frame-

containing oligomers using the homo-and heterobimetallic M(|_i-dppm)2M' (M = Pd, Pt 

and M'=Pd , Pt).building blocks (Chart 4). 

R 

X I I C % J ^ 
Ph2P-^ -PPh2 ~<| 

9aR = H,X = CI R 11aR=H,X = CI R 13aR=H,X = CI R 

9bR = H,X=l 11bR = H,X=l 13bR = H,X = l 
10 R = IBu, X = CI 12 R = (Bu, X - CI 14R=fBu,X = CI 

HOMOBIMETALUCS HETEROBIMETALLICS 

POLYMERS POLYMERS 

Chart 4 

The examination of the absorption spectra for the polymers revealed the presence of two 

low energy bands in the 350-450 nm range. Using the DFT and TDDFT computations, the 

lowest energy band in the 420-465 nm range was predicted to be a M/XLCT (metal/halide-

to-isocyanide-charge-transfer). 

The investigated polymers exhibit luminescence at 77 K in PrCN, whereas no 

luminescence was observed at room temperature. The absence of luminescence at room 

temperature associated with an energy wasting process of photoinduced M2-(|X-isocyanide) 

bond scission or M-X ligand dissociation in the excited states. The luminescence at 77 K is 

most likely because the radiationless photodissociation processes are dramatically slowed 

down in rigid media at low temperature. The emission bands based on the large Stokes 

shifts and long lifetimes (LIS scale) are assigned to be phosphorescence, where the maxima 

wavelength of these dinuclear complex-containing materials in solution or in the solid state 

follows the order CI < I, indicating that the nature of the excited states is slightly 

influenced by the nature of the halide. This observation is consistent with the M/XLCT 

(metal/halide-to-isocyanide-charge-transfer) assignment The comparison of the emission 

lifetimes between the Pd-containing materials and the Pt analogues indicates clearly that 

the Pd-containing materials are at least 1 order of magnitude shorter than that for the Pt-
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analogues. Again, these differences in photophysical data may be assigned to a greater 

photo-lability of the M-L bond in the Pd-containing polymers in comparison with the Pt 

ones efficient promoting non-radiative deactivation pathways. In general, a decrease in 

emission lifetimes and quantum yields is observed in the polymers in comparison with the 

model compounds. 

Hence, a complete photophysical and spectroscopic study of organometallic complexes 

and polymers (d9-d9 terminal and d8-d8 A-frame) was carried out in Chapter 2. These 

compounds are built on diphenyphosphomethane (dppm)-spanned M-M' and M...M' 

arrays (where M, M' are Pd and Pt) assembled by isocyanide ligands. The study was 

motivated by the quest for finding new materials for photonic applications (e.g. 

photovoltaic cells). The photophyisical properties were influenced by three main factors: 1) 

the heavy atom in the backbone of the complexes; 2) the communication through the 

isocyanide bridge; 3) the excited state distortion. The presence of the heavy atom in these 

complexes promoted the spin-orbit coupling so that the triplet excited state is heavily 

populated and hence the observed emission is mainly phosphorescence. The isocyanide (-

N=C-) bridge was used to provide electronic communication between the organometallic 

part and the organic ligand. In fact it is known to provide somewhat a weaker 

communication compared to that of the ethynyl group (-OC-) but it is still large enough to 

provide conjugation. The observed emission bands of the organic ligand witnesses the 

weak communication through the isocyanide bridge. The weak conjugation between ths 

organic ligand and the organometallic chromophore provided poor electronic 

communication (i.e. energy transfer) between these two chromophores. As result of this 

weak interaction the organic chromophore relaxes radiatively instead of transferring its 

energy to the organometallic fragment. Further investigation should be made using 

different types of bridges to enhance the conjugation in the backbone of these plymers, 

since the opportunity is higher for conjugated polymers to design photonic devices. 

Moreover, upon excitation the material encountered an excited state deformation about the 

M-M and M-X bonds where the excitation energy wasted in the non-radiative bond 

cleavage rather than emission of light. This accounts for the lower or absence of emission 

for these complexes at room temperature. Generally, the photophysical data obtained for 

Pt-containing complexes were higher than their Pd-analogue. 
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The photoinduced energy and electron transfers were important topics of research 

addressed during the course of this thesis. One of the aims of this study is to establish a 

relationship between rates of transfers with the structure of the dyads, polyads and 

ultimately, the polymers. For instance, if there is a need for a molecular antenna, then we 

should design the compound or polymer that is built with the right components that 

facilitate the excitonic processes and energy transfers. The presence of a metal in the 

backbone of the compound or the polymer will increase the intersystem crossing by virtue 

of the heavy atom effect giving a better chance to study the interactions on the triplet 

manifolds. This is important because in the triplet state only the Dexter mechanism (double 

electron transfer) operates, and so, the organization of the components in the molecular 

antenna must be such that electronic communication is facilitated by a good orbital overlap. 

On the other hand, compounds prone for photoinduced electron transfer are also promising 

materials for the design of conducting polymers. Thus, it appears appropriate to study both 

molecular and polymeric systems that undergo through-bond and through-space energy 

and electron transfers. Again a full understanding in the relationship between components, 

structural organization and the rates of transfer should bring us closer to the design of a 

new material with improved rates. 

With respect to through-space Si-Si and T1-T1 energy transfers, we examined a series of 

cofacial bis(erio-porphyrins) rigidly held by a carbazoyl spacer (Chart 5). Carbazole is a 

rigid spacer allowing addressing the structure of a donor-acceptor (dyad) reliably. Indeed, 

the rigidity of the spacer allows us to know with confidence what the interchromophoric 

distance is; Cmesn-Cmeso- The rigidity of the spacer also allows the bismacrocycles to adopt a 

slipped dimer geometry keeping the transition moments perfectly parallel. In this parallel 

orientation, the Si-Si transfer via a Forster mechanism is maximized. In addition, the 

carbazoyl spacer exhibits an N-H group placed exactly between the two Cmeso-CmeSo atoms. 

This study allows establishing the effect of an atom between the donor and acceptor on the 

rate of energy transfer by comparing the data with the dibenzofurane analogue. 

The studies on Si.-Si transfers, which operate via a Forster mechanism for longer donor-

acceptor separations (i.e. > 5 A, as this is the case here), were performed using the zinc(II) 

porphyrin and the free base chromophores as energy donor and acceptor, respectively. The 
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investigation on the T1-T1 processes was performed using the palladium(II) porphyrin as 

the energy donor, and the zinc(II) porphyrin and free base chromophores as the acceptors. 

The rates for Si-Si energy transfer, ICET for H2(DPNH)Zn was successfully measured and 

these are 0.23 x 109 and and 0.16 x 109 s"1 at 298 K and 77 K, respectively. The presence of 

the H-atom (of the N-H function) exactly between the CmeSo-Cmeso exerted a significant 

effect (i.e. a decrease) on the communication between the two chromophores as observed 

from the comparison of the rates of energy transfers between dyads held by carbazole and 

dibenzofurane (no atom between the Cmeso-Cmeso). This interpretation was made upon the 

comparison with previously studied systems of zinc(II) porphyrin/corrole free base 

(Scheme 4) (55). The rate for energy transfers from the zinc(II) porphyrin to the corrole 

was expected to increase in line with the allowed rotation of the corrole about the C-Cmeso 

single bond which will decrease the closest distance between the donor and acceptor 

macrocycles. The observed rates were shorter than expected. The methyl group of the 

meso-mesityl substituent shielded the communication between the donor and the acceptor 

leading to a slower rate for energy transfer. 

Free-base Zinc derivatives Palladium derivatives 

15:H4(DPNH) 16 ; M = 2H: HafOPNHSZn 1 8 : M = 2H; H2(DPNH)Pd 
17 ; M = Zn; (DPNH)Zn2 19: iv§ = Pd, (DPNH)Pd2 

2 0 : M = Zn;(DPNH)ZnPd 

Chart 5 
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Using the same postulate one should expect the presence of the H atom between the donor 

and the acceptor chromophores should exhibit the same behaviuour of slowing down the 

rates for through-space energy transfer. 

On the other hand, the T1-T1 energy transfers were also examined for the Pd-containing 

bismacrocycles where extremely slow rates of ~ 2 x 102 s"1 (at 77 K) were measured using 

both time-resolved phosphorescence and transient absorption spectroscopy for both 

(DPNH)ZnPd and H2(DPNH)Pd. The comparison of the rate of Ti energy transfers with 

previously reported data for related systems showed an approximate agreement between 

the values (see Chart 6) (51). 

H2{DPB)Zn H2(DPX)Pd 

KET(T1"T1)'S"1 = 1-33X102 2.47X102 

Chart 6 

This suggests that the interactions between the triplet states are not affected by the H atom 

(of the N-H function). This observation is consistent with the nature of the mechanism of 

energy transfer between the triplet states which is Dexter mechanism, i.e. double electron 

exchange, and hence not affected by the electric field associated with H-atom. Indeed, this 

observation is explained by the difference in mechanisms of energy transfer involved in 

triplet energy transfer (Dexter) with that in singlet energy transfer (Forster and Dexter). In 

the triplet states, only the Dexter mechanism is operative which is a double electron 

exchange and hence not affected by the electric field associated with H-atom. An observed 

increase observed in rates of triplet energy transfer measured at 298 K which was 

attributed to the possible slipping motion (fluxion process) and a favorable ring 
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deformation in the triplet state (excited state distortion) that operates better in fluid solution 

in comparison with frozen media. 

Another series of organometallic-porphyrin dyads were also designed to investigate the 

through-space Ti energy transfers. These innovative dyads were composed of host-guest 

cluster +—"02C-C6H4-Porph(M) pairs, which are strongly but reversibly held together by 

electrostastic interations. The unsaturated clusters of the type M3(dppm)3(CO)"+ (M = Pt, 

Pd), acting as energy donors, and monocarboxylate tetraarylmetallo(II)porphyrin acting as 

the acceptors with the metal being either Zn(II) or Pd(II). The presence of heavy metals, 

here Pd or Pt, promotes the population of the triplet states. By the virtue of their ability to 

form structurally well-defined electrostatic ion pair adducts, these clusters allows the 

ligand to enter the cavity with a 90° angle with respect to the M3 plane as illustrated in 

Scheme 5. 

[<M3(c(ppm)3(CO)p+ Mft!PfP}C02-

Scheme 5 

The formed 1:1 host-guest assemblies exhibit binding constants in the order of 20000 M"1 

for all 6 cases at 298 K in 2MeTHF. The energy diagram built upon absorption and 

emission spectra at 298 and 77 K places the [M3(dppm)3(CO)]2+ clusters as Ti energy 

donors, with respect to ZnTPPC02", ZnTTPPC02" and PdTTPPC02") which act as 

acceptors. Two different situations were noted upon comparing the [Pt3(dppm)3(CO)]2+ and 

[Pd3(dppm)3(CO)]2+-containing assemblies. In the [Pt3(dppm)3(CO)]2+"-metalloporphyrin 

dyads, Ti-Ti energy transfers were induced upon photo-excitation and the estimated rates 
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for energy transfer (kET) were found to be in the 1Q 4 s"1 range which can be described to be 

on the slow side in comparison with other assemblies of polyporphyrins (20). This 

observation is in agreement with through-space process where orbital overlaps are more 

difficult as the distance between the donor and acceptor increases. On the other hand, the 

excitation spectra for the [Pd3(dppm)3(CO)]2+--- metalloporphyrin assemblies were 

compared with their absorption spectra. They showed a clear differences where the bands 

due to rPd3(dppm)3(CO)]2+ cluster were absent in the excitation spectra. The absence (or 

the weakness) of the excitation signal associated to the cluster component indicates that 

excitation in the cluster band does not contributes efficiently to the metalloporphyrin 

emission in the dyad complexes. In other words, there is no obvious energy transfer in 

these cases from the Pd3 cluster to the luminescent metalloporphyrins. And yet, there was 

decrease in fluorescence and phosphorescence lifetimes in the [Pd3(dppm)3(CO)]2+— 

metalloporphyrin dyads at 77 K. The quenching rates (kq) extracted from the lifetimes 

measured for assemblies and non-assembled systems are found to be in the order of 101-

10 s" for all three cases. These values are clearly very slow. Monitoring the change in the 

TP values of PdTTPPCCV in 2MeTHF at 298 K going from the uncomplexed compound 

PdTTPPC02" to the electrostatically held dyad [Pd3(dppm)3(CO)]2+- "02CPdTTPP allow 

us to estimate the kQ which is in the order of 0.70 x 104 s4. This is slow but still faster than 

that measured at 77 K. This key information (i.e. kQ faster at 298 K with respect to kQ at 77 

K) allow us to conclude the presence of a slow electron transfer process going from the 

metalloporphyrin centre to the [Pd3(dppm)3(CO)]2+ cluster. This difference is accounted by 

the higher solvent reorganization energy at 77 K. 

Other systems of mixed cation/anion polymer-containing materials, where the polymers 

are conjugated carbazole-containing polymers, bearing anionic side chains, arid the 

organometallic polymers where the state of charge of the metal makes them polycations 

were also subject of photophysical studies. The polymers are designed in a way that 

electrostatic interactions secure a 1:1 ratio (Scheme 6 and Chart 7). 

i 

The electrostatic coupling (most likely side-by-side) of the 1-D polyanionic and 1-D 

polycationic polymers bring the chains close to each other, resulting in hybrid materials 

These intrachain interactions, such as the heavy atom effect and the excited energy transfer 
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should operate efficiently along this arrangement. Again, by virtue of the heavy atom 

effect, intersystem crossing from the Si to the Ti state occurs efficiently, hence increasing 

the population of the triplet states. This gives rise to accentuated phosphorescence, and 

hence energy transfers and non-radiative processes can be monitored. 

The relative positions of the singlet and triplet energy levels in the studied systems is 

predicted based on the corresponding absorption and emission bands of the poly-

carbazoles anions and the cationic polymers (Scheme 6). 
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Chart 7 

^N /n 
R 

R = -CH2-CH2-CH2-CH2-S03Na 

Two cationic polymers are studied. First, for the colorless ([Ag(dmb)2]+)n polymer, the 

absorption spectra exhibit a maximum at 205 nm assigned to a charge transfer transition 

(d10 Ag+—>• 7t*-CN) in acetonitrile. This band places the Si state well above those of the 

polycarbazoles (Scheme 7). Similarly, the emission (i.e. at ~ 500 nm) of the Ti state for 

this polymer places this Ti state at a higher energy over that found for the polycarbazoles 

(Scheme 7). 
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Scheme 7 

On the other hand, the yellow-coloured M2-bonded ([Pt2(dppm)2](CNC6Me4NC)2+)n 

polymer exhibits a low-energy absorption band at 344 nm in butyronitrile at 298 K 

associated with the symmetry-allowed do—»do* transition typical for d9-d9 species. 

However, the "true" lowest energy level was addressed by DFT MO analysis and it turns 

out that a symmetry-forbidden charge transfer 7t-ArN=C —»• do* level exists. The emission 

of this polymer arises from the Ti state and suggests that this Ti state is placed at lower 

energy in comparison with that of the polycarbazoles. In the Si state, the strong quenching 

(but not total) of the fluorescence bands of the polycarbazoles in the hybrid materials 

containing this Pt-containing polymer (more than what spin-orbit coupling would induce), 

is observed. This suggests that this optically silent CT singlet state must lie below that of 

the polycarbazoles and that quenching is due to efficient Si-Si energy transfer. Because the 

fluorescence of the donor (here carbazole) is not totally quenched, the rate for Si energy 

transfer must be modest. This conclusion is consistent with the fact that through-space 

energy transfers are generally slower than that for through-bond processes. Intuitively in 

this case, the interchain interchromophore distances are expected to be long, and so the rate 

should be consequently slow. 

Subsequent studies involved one class of organometallic M-M-bond containing 

compounds, namely the d9-d9 terminally bonded [ClPt(ii.-dppm)2Pt(CN-PCP)]Cl and d8-d8 

A-frame [ClPd((j,-dppm)2((i-C=N-PCP)PdCl] isocyanide complexes bearing a fluorescent 

and phosphorescent PCP-NC ligand (PCP = [2.2]paracyclophane) as illustrated in Chart 8. 
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These two isocyanide-containing complexes in frozen glasses at 77 K exhibit weak 

fluorescence and a phosphorescence arising from the PCP unit (due to an intraligand JOT* 

excited state with some charge transfer character). Both luminescence bands are placed at 

higher energy (energy donor) in comparison with the low-energy emission of the Pt2-

containing complexes, which is assigned to a charge transfer of the type intraligand JOT* 

PCP —> da* Pt2(dppm)2Cl (the Pt2 unit is the energy acceptor). The presence of a partial 

quenching of the PCP unit (and not total quenching) indicates that both the energy transfers 

(Si-Si and T1-T1) and the heavy atom effect (since fluorescence of the PCP chromophore is 

still observed) are not efficient. This observation clearly indicates that the conjugated C=N 

linker has modest electronic communication properties. For the A-frame [CiPd(u> 

dppm)2(|J.-C=N-PCP)PdCl] complex, the same observation is made except that the 

inorganic unit is not luminescent at either temperatures (77 and 298 K). All in all, the slow 

energy transfer between the donor (PCP) and acceptor ([Pt2(dppm)2Pt(CN-PCP)]+ and 

[Pd(dppm)2(|0,-CN-PCP)Pd]) is due to a poor electronic communication across the C=N 

bridge. Moreover, upon excitation at different wavelengths, the relative intensity of the 

fluororescence and phosphorence bands for [Pt2(dppm)2Pt(CN-PCP)]+ is controllable, 

hence allowing tuning. Hence, these materials built upon a PCP skeleton may be potential 

candidates for the design of novel photonic devices (white LED for example). In a way, the 

poorer electronic communication across the C=N bridge may be convenient as the 

luminescence in the blue region of the spectra is not totally quenched by energy transfer. 

Moreover, as a part of our interest in photophysical studies of dyad systems with potential 

photonic applications, we also studied the polymers of the type (-Cz-C=C-PtL2-C=C-Cz-

X-)n along with the corresponding model compounds (Ph-PtL'.2-C=C-Cz)2-X- where Cz = 
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3,3'-carbazole, X = nothing, Cz or F (2,2'-fluorene), L = PBu3 and L' = PEt3. These 

systems allows one to characterize interesting examples of interachain electron (et) and 

energy transfers (ET) in a series of conjugated organometallic oligomers and polymers 

where evidence for singlet (Si) et and triplet-triplet ET (Ti ET) is provided as illustrated in 

Scheme 8. 

excitation 

T, ET = 

T E T emissii 

S, et = 
(Cz-=-RL2-=-Cz*-F)n^ ([Cz-=-PtL2-=-Czf-F ")n 

not luminescent 

Scheme 8 

Chart 9 

The investigated organometallic polymers exhibit the following structures: [-D-D-]n (PI) 

and [-D-A-D-]n (P2 and P3) where D (both electron and energy donor) and A (both 

electron and energy acceptor) are the Cz-C=C-PtL2-C=C-Cz and either the Cz or F 

fluorophores (Cz= 3,3'-(N-n-butyl-carbazole), F = 3,3'-9'9'-bis(n-butyl)fluorene, and L= 

triethylphosphine). 
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The absence of fluorescence arising from D in D-A-containing materials, as well as 

absence or large decrease in phosphorescence quantum yields (<|)p) and lifetimes (Tp) (in D) • 

witness intra-chain Si et and Ti ET, respectively. The lower and upper limits for ksv for 

M3 are 1.5 x 103 and 2.3 x 103 s"1, and for P3 are 1.4 x 103 and 5.1 x 103 s"1. The larger Ti 

&ET for P3 (excluding the uncertainties) agrees with a larger number of pathways for 

energy transfers (one chromophore on each side of the Cz) with respect to M3 (only one). 

While these &ET S compare favorably with other Ti energy transfer systems, these values lie 

on the lower end of the literature data. This is due to the fact that only the short distance 

Dexter mechanism operates in the Ti states, a process that involves a dual electron transfer 

and therefore D-A orbital overlap. Due to the non-zero dihedral angle between Cz and F, 

these overlaps are poorer (in comparison with fully conjugated planar systems, or D-C=C-

A for instance). The rate for Si electron transfer was estimated by using the limit of our 

emission detection (T F < 0.0001), and **= (0F°/xF°)[(l/ #F)-(1/ #F
0)] where # F and &F° 

are the fluorescence quantum yields for the donor in the dyad D-A and the model 

compounds where no electron transfer takes place (i.e. Ml (^>F°= 0.033 at /ieXC = 340 nm) 

and PI (<PF° = 0.0082 at A?xc = 340 nm with respect to 9,10-diphenylanthracene; <P? = 1.0). 

Consequently, one can evaluate the lower limit for Si fcet (M3, fcet > 10 x 10 u s"1; P3, &et > 4 

x 1011 s"1). These Si ket occurring in the low ps time scale are comparable with other rates 

measured for charge separated states of various dyads. In addition, the fact that a little bit 

of Cz phosphorescence was observed for M3 and P3 suggesting that &et competed (same 

order of magnitude) with the rate for intersystem crossing (normally in the order of 1011 -

1012 s"1), indicates that the calculated limits for ket shown above must be close to the real 

values. 

Moreover, the relative positions of the Tj state of the polycarbazole polymers in 

comparison with those of the ([Ag(dmb)2]
+)n and ([Pt2(dppm)2](CNC6Me4NC)2+)n 

polymers indicate again that the polycarbazoles act as energy acceptor and donor, 

respectively as illustrated in Scheme 8. Indeed, the emission lifetimes for the organic 

anionic polymers in the hybrid materials with ([Pt2(dppm)2](CNC6Me4NC)2+)n are found 

to be shorter than their monomelic analogues strongly suggesting Tj-Ti energy transfers. 
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There is a non-exponential behaviour in the emission decay traces, indicating the presence 

of an excitonic behavior (energy derealization) along the backbone of these polymers. 

The carbazole-centred TF (fluorescence lifetime) in the hybrids did not suffer from a 

significant decrease (consistent with the concluded slow rate of Si energy transfer). This 

observation also shows that the excitonic migration must be dominatingly faster than the 

intersystem crossing and inter polymer chain energy transfers. Consequently, the dominant 

exciton signature in the non-exponential decay traces hides these two slower processes. 

The rate for exciton migration is well-known to be faster than energy transfers as well 

exemplified in antenna devices photosynthetic bacteria. 

Another example of through-bond energy transfers lies with the porphyrin dyads and 

trimers rigidly held by a conjugated organometallic fragment (platinum acetylide: -C6H4-

C=C-PtL2-C=C-C6H4-). These systems have been prepared for the investigation of Si and 

Ti energy transfers in dyads and polyads such as the one illustrated in Scheme 9. These 

investigated systems are designed using the luminescent zinc(II) porphyrin (Zn(P)) and 

palladium(II) porphyrin (Pd(P)) moieties as the Si and Ti energy acceptors and donors, 

respectively. This assignment is based on the position of the 0-0 peaks of the fluorescence 

and phosphorescence of the two metalloporphyrins. The communication between the two 

chromophores through the spacer was confirmed by monitoring the observed decrease of 

the fluorescence lifetime of the Zn(P) chromophores in presence of the Pd(P) chromophore, 

which consistent with a Si energy transfer despite the long donor-acceptor separation of ~ 

18 A. .. 

The organometallic spacer, i.e -C6H4C=C-Pt(PEt3)2-C=CC6H4-, can adopt two different 

orientations consistent with the two possible angles formed between the aryl and 

PtP2(C=C)2 planes that are 83 and 30°, respectively, as solved by X-ray crystallography for 

two related derivatives (Chart 10) (83). These two different orientations suggest in these 

models that there may be two types of interactions between the donor and the acceptor in 

the investigated compounds as well, notably Pd(P) and Zn(P), respectively. It is expected 

that the two orientations will not promote the interactions with the same degree especially 

for the T1-T1 interactions which occurs according to a Dexter mechanism or to a double 

electron exchange mechanism, which requires orbital overlaps. 
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2) electron transfer excitation of the 
•spacer at 355 nm 

1) S, and T, energy transfer 
, energy transfer 

Scheme 9 

17.95 A 17.93 A 

Chart 10 

The existence of two (or more) rotamers in solution would lead to a different photophysical 

response in energy transfers. This situation was confirmed by studying the changes of the 

phosphorescence lifetimes in the dyads and triads where two components were identified, 

which is consistent with the relative efficiency of communication between the donor and 

the acceptor across the organometallic spacer. The rates for singlet and triplet energy 

transfers, ICET(SI) and 1CET(TI) are ~ 2 x 10V1 and 0.15 x 103 (slow component) and 4.3 x 

103 s"1 (fast component), respectively. 

For these systems, both the spacer and the porphyrins are luminescent. The position of the 

0-0 position peak of the spacer indicates that its Ti state is placed higher in energy over the 

Ti state of the porphyrin. This allows us to assign the donor-acceptor interactions with the 

spacer acting as the donor and the porphyrins (Zn and Pd) are the acceptors. The estimated 

rates for the T r Ti energy transfer between the spacer and the porphyrin were estimated 

from monitoring the change in the phosphorescence lifetime of the spacer in the dyads and 

were found to be in the range of 1.6 x 10 s" to 3.8 x 10 s" . 
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The comparison of the rates for triplet energy transfer extracted for the Pd(P)* —• Zn(P) 

with that for the spacer* —• M(P) is given in Scheme 10. The latter is clearly faster with ~ 

one order of magnitude, demonstrating that the bond between the meso-C and the aryl 

group does not slow down the Ti transfer but rather the Pt metal does (see Scheme 10). 

excitation of the 
spacer at 355 nm 

T, energy transfer 
0.15 x 103 s1 (slow componet) 
4.30 x 103 s1 (fast component) 

1 energy transfer 

(1.6-3.8)x10 s' 

Scheme 10 
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PEt 
electron 

PEt3 0 

transfer <• I 
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PEt3 charge r i J 

recomb. I I 
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Scheme 11 

Interestingly, the transient absorption spectra for these dyads exhibit a clear signal 

associated with the presence of the cation Zn(P)+ based on the spectral comparison with 
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the literature. Its presence indicates electron transfer from the Zn(P) pigment to the Pt-

contatining spacer. The process is illustrated in Scheme 11. 

This electron transfer takes place while the chromophore is sitting on the Si state prior to 

relax to the Ti state. Considering the generally very efficient intersystem crossing 

associated with the heavy atom effect (here Pt), the competition between the intersystem 

crossing and the electron transfer on the Si manifold indicates that the rate for 

photoinduced electron transfer, must be very fast as well (i.e. ps time scale). The rates for 

the charge recombination estimated from the corresponding transient lifetime were found 

to be ranging in the 106 s"1. This is considered to be slow. 

This work "screened" a series of organometallics/organics polyads and polymers for 

energy transfers, mostly in the Ti states. Some typical systems are indicated in Table 1. In 

addition to these photophysical events, Si energy and electron transfers and excitonic 

processes were noted in this work. 

Table 1. Various energy transfer systems in organometallics/organics studied in this work.a 

type of energy transfer 

through-space through-bond 

molecular M3(dppm)3(CO)2+/-02C-C6H4-P(M' )b P(Pd)C6H4C=C-Pt(PEt3)2-C=CC6H4P(Zn) 

dyads (Ph-Pt(PBu3)2-C=C-Cz)2-F
d 

polymer ([Ag(dmb)2]
+)n/ ^Cz-C6H4-)n

c (-Cz-C=C-Pt(PBu3)2-C=C-Cz-F-)n
d 

systems 
a Only typical examples are indicated for convenience. 
bM = Pt and Pd; M'= Zn, Pd; P = tetraphenylporphyrin and para-phenyltritolylporphyrin. 
cCz = 2,7-linked carbazole unit substituted by (CH2)3S03Na or (CH2)4S03Na pendant 

groups at the iV-position. 
dCz =3,3'-carbazole andF = 2,2'-fluorene. 

The conclusion is that the Ti energy transfer is found faster in through-bond processes. In 

through-bond processes, whether it is in a dyad or in a polymer, the rates remains about in 

the same range. Another conclusion, in nature the photosystems are built upon molecules 
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held by supramolecular interactions, so the energy transfers are all through-space 

automatically. So, for the organisms to survive, these rates must be very fast. So, this 

means that the "ingredients" (here the chlorophylls and carotenoids) must have been 

carefully selected to have the best results. In this work, such in depth screening was not 

performed for obvious reasons. It would require a lot of man power and time. So, the 

Harvey lab is slowly screening various families of polyads and polymers to achieve this 

task. These are selected for various reasons. The porphyrins are selected because they 

mimic the chlorophylls. The organometallics such as (C6H4)C=C-PtL2-C=C(C6H4) where 

L = PBU3, in a way, plays the role of the carotenoids. In this respect, Dr. Li Liu prepared a 

series of oligomers of the type (-(C6H4)C=C-PtL2-(>C(C6H4)--Zn(porph)-)n (Chart 11). 

n = 3, 6, and 9 

Chart 11 

The Ti energy transfer between the organometallic fragments to the porphyrin is dependent 

upon the oligomer length. The rate is faster as the oligomer size increases. This means that 

back energy transfer (not discussed in this thesis) plays a role and that it is avoided when 

the energy is dissipated away from its original donor. It is in fact delocalized among the 

porphyrin residues. This energy migration is, again, called exciton. Scheme 12 illustrates 

the photophysical processes in Dr. Liu's oligomers. 

excitation 
n-pentyl 

TA energy transfer 
n-pentyl n-pentyl 

T., excitonic energy migration 

Scheme 12 
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Relevant to these interesting results, nature uses this simple strategy to dissipate (i.e. 

delocalize) this accumulated energy efficiently, plus uses a molecular architecture 

exhibiting a downhill energy cascade flow to achieve this even more efficiently and 

irreversibly. In a way, the results obtained with these nanosized oligomers here indicate 

that the polymer strategy (or concept) for the design of new materials for photovoltaic cells 

is interesting and shows promises. 

Another organometallic polymer that was also studied was the poly(bis(/?ara-ethynyl-

benzene)-2,3,5,6-(tetramethoxyquinone diimine)-fraw5,-bis(triethylphosphine)platinum(II)-

(bis(para-ethynylbenzene)-2,3,5,6-tetramethoxyphenylenediamine)-fran5-bis (triethylphos-

phine)platinum(II)) indicated as Polymer 1 in Chart 12 and was compared to Polymer 2. 

Polymer 1 Polymer 2 

Chart 12 

The polymers are characterized by two absorption bands, where the low energy band is 

assigned to a charge transfer (CT) process going from the Jt-conjugated system of the -

C6H4C=C-Pt(PEt3)2-C=CC6H4- spacer to the 7t*-manifold of the tetramethoxyquinone 

diimine residue. Based upon DFT and TDDFT computations from the literature, the high 

energy band is associated with an intra molecular MLCT (Pt—> 7t*(ethynylbenzene)) and 

LMCT (7r.(ethynylbenzene)—>Pt) transitions localized in the -C6H4C=C-Pt(PEt3)2-

C^CCetU- unit, and a %~%* transition localized within the quinone diimine spacers (8). 

The polymers exhibited a fluorescence and phosphorescence at 77 K in frozen 2-MeTHF, 

which were readily assigned to an emission arising from the -C6H4CsC-Pt(PEt3)2-

C=CCgH4- unit and no emission was detected from the lower energy CT state. In Polymer 

1, a second and red-shifted emission (which is not present in Polymer 2) was observed by 

changing the excitation wavelength, which was assigned to the NHC6H4C=C-Pt(PEt3)2-

CSCC6H4NH chromophore where the red-shift is ought to the fact it is different from the -

C6H4C=C-Pt(PEt3)2-C=CC6H4- fragment. The red-shift may be due to the derealization of 
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the lone pair placed on the N atom onto the 7t-system of the chromophore. The decay traces 

for the strong phosphorescence of Polymer 1 have a bi-exponential nature indicating the 

presence of more than one component. The decay analysis was performed with a bi-

exponential model in order to provide an order of magnitude of the time scales at which the 

phosphorescence decays. Two components were indeed identified; one is long and the 

other is short. The short component was attributed to an "isolated" (i.e. unconjugated with 

a neighbour or of limited length) -C6H4C=C-Pt(PEt3)2-C=CCeH4- chromophore within the 

chain because of its resemblance with its parent compound C6H5C=C-Pt(PEt3)2-C=CC6H5. 

The last chapter reported the photophysical properties of another interesting class of 2D 

and 3D coordination polymers. These polymers were obtained by the reaction of Cul with 

different dithioether ligands in MeCN solution in a 2:1 ratio. The 2D polymer was obtained 

from the reaction between Cul and the flexible PhS(CH2)4SPh whereas the reaction with 

semi-flexible PhSCH2OCCH2SPh resulted in the 3D polymer (Scheme 13). The crystal 

structure of polymer 1 indicated the formation of cuban-like C114I4 clusters as connecting 

nodes where the bridging dithioethers are forming an interpenetrated 2D framework. On 

the other hand, polymer 2 exhibits a 3D network incorporating the very interesting 

hexagonal Cu6l6 cluster (a rare topology in clusters) as secondary building units with the 

dithioether ligand. A comparison between the two polymers shows while the Cu—Cu bond 

lengths have a mean value of 2.694 A in the cubane-like structure, on the other hand it is 

longer (2.8484(6) A) for the hexagonal Cu6X6-containing structures. The longer distances 

reported in the Cu6 species suggests a ring stress within the materials forcing the weakly 

interacting Cu'"Cu (ought to the dl0-d10 interactions). Consequently one should expect a 

change in photophysical properties as function of the Cu—Cu distance, hence providing the 

opportunity to rationally tune the luminescence with the ligands. The photophysical 

properties of the two polymers were investigated at 77 and 298 K in the solid state in order 

to verify this prediction. The emission spectrum for both polymers Cuglg (more blue-

shifted) and CU4I4 (more red-shifted) at both temperatures exhibit a luminescence band in 

the 500-800 nm window. The long emission lifetimes and the large energy gap (i.e. Stoke 

shift) between the absorption (and excitation) and the emission bands indicate the presence 

of phosphorescence. For both the Cu6l6- and Cu^-containing materials, DFT/TDDFT 
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1 ^ 

computes that the lowest energy excited state is a ' (MLCT)* where M is the cluster. So 

the luminescence is assigned accordingly. 

[Cu6l6(n-L2)2]n 2 

Scheme 13 

In the light of these spectroscopic results, computer calculations, and litterature on the 

CU4I4 clusters, since the Cu"'Cu distances change going from the Cu6l6 core to the 

CU4I4 cluster, it is not surprising that the emission maximum undergoes a blue-shift 

from systems exhibiting long separation with respect to that of short distances. Further 

studies were perfomed in this particular area by examining several other polymers of 

the same type, and as a function of the temperature (since the Cu'"Cu interactions are 

weak, so they are very sensitive). The experimental results have indeed confirmed this 

prediction where as the Cu"Cu distance shrinks (by effect of ligand-induced stress or 

temperature), the resulting emission red-shifts. Two articles (ligand induced shift, and 

temperature dependence) are being currently prepared to fully address the dependence 

of the maximum of the emission band on the Cu"Cu distances. These reports could not 

be included in this thesis because of time limitation. 
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CONCLUSION 

This thesis addressed a wide range of important photophysical phenomena for various 

molecular polyads and polymeric systems. These photophysical processes include all the 

expected monomolecular photophysical actions (including Ti-So phosphorescence and Ti-

Tn absorption), and many bi- and polymolecular events such as Si and Ti energy transfers, 

photoinduced electron transfers and charge recombinations, external heavy atom effects 

and exciton. Also, very "sensitive" luminescent, coordination polymers containing the 

CU4X4 clusters, were also investigated. 

This work was inspired by the photosynthesis in biological systems and by man-made 

devices for the energy conversion process such as solar cells. Enhancement of the 

performance of these man-made devices should consider two important aspects: (1) search 

for new materials with potential applications in this field and fully characterize their 

photophysical properties; (2) investigate the relationship between the structure of the 

materials and the rates for the energy and electron transfers. 

In regard with the first issue, the photophysical properties of several homo- and hetero-M-
Q 0 R S 

M bonded complexes of the type d -d functionalized at the terminal position, and d -d A-

frame homo- and heterodinuclear complexes containing various CNR ligands and 

corresponding polymers, and an example of an "organometallic version" of polyaniline, 

which uses the tetramethoxyquinonediimine and tetramethoxyphenylene-diamine spacers, 

were investigated. For these complexes and polymers, no energy or electron transfer 

processes were involved in the excited state interactions. We were able through our in-

depth investigation to demonstrate that a serious energy waste occurs in the excited state 

with a structure deformation leading to M-M and M-X (X = halide) bond cleavage and 

hence rendering these materials non-luminescent at room temperature. 

Moreover, we have investigated the photophysical properties of the organometallic version 

of polyaniline in its "unprotonated" emaraldine form using the basic fragments such as the 

tetramethoxyquinonediimine and tetramethoxyphenylenediamine spacers. The presence of 

these two different fragments in the backbone of the polymer allowed us to report one 
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interesting result which may allow us to modulate the photophysical properties of a given 

polymer. We observed that the npn-lumiescent conjugated poly(quinonediimine-rra«s-

bis(phenylethynyl)bis(triethylphosphine)platinum(II) turned out to be more luminescent 

when under the form of short oligomers. Hence, we can tune the photophysical properties 

of a "non-luminescent" polymer. This can be achieved by inserting fragments that isolate 

the luminescent diimine units inside the long polymer chain between amine-containing 

fragments. In other words, we can design a long polymer that contains segments of 

luminescing oligomers 

The second important topic investigated in this thesis was the photoinduced energy and 

electron transfer processes. The two mechanisms of energy transfer process, i.e through-

bond and through-space, were investigated. Different dyad, triad, and polyad systems were 

designed to investigate the desired processes. Moreover, the studied systems contained 

heavy atoms (Ag, Pd, and Pt) aimed at promoting the population of the Ti states giving the 

opportunity to examine the interactions of the Ti state in addition to Si state. 

Through the different systems investigated, we came to the following conclusions: 

1) Through-space energy transfer is always taking place with slower rates in 

comparison to through-bond energy transfers despite the molecular arrangement of 

the donor and the acceptor. 

2) The presence of a heavy atom in the backbone of the polymers or model 

compounds, allowed us to promote the triplet state population (by virtue of the 

heavy atom effect). This allowed us to easly follow the interactions between the 

triplet states in the mixed (donor/acceptor) systems. 

3) The through-bond communication between the donor and the acceptor through the 

metal orbitals were found to be difficult as inferred from the slower rates obtained 

for through-bond energy transfer in metal-containing systems. 

4) The fact that interactions between triplet states operate via Dexter mechanism (i.e. 

double electron transfer) would imply the possibility of a single photoinduced 

electron transfer when the "right components" are selected (i.e exhibiting 

appropriate components with thermodynamically favorable redox properties for a 

transfer of an electron). 

572 



5) Despite the generally low values obtained for energy and electron transfer rates in 

our systems, the investigated dyads, triads, and polyads exhibit all the essential 

processes required for photonic applications (i.e. light harvesting, energy transfer 

and migration, electron transfer, and electron recombination) 

6) An interesting result was observed during our investigation of the porphyrin dyads 

and triads with the organometallic Pt-containing spacer (manuscript 6, Chapter 3) 

where the rate of the charge recombination rate is conjugated oligomer length 

dependent. Thus, charge transport properties accross the corresponding polymeric 

material is anticipated. 

7) All in all, this work represents a first step towards the design of new organometallic 

and coordination polymers with potential applications in photovoltaic cells. 

Finally, coordination polymers containing the luminescent clusters of the general formula 

CunXnLm (n = 2 , 3; X = I; and L = PhSC4SPh where C4 = (CH2)4 , CH2C=CCH2) were 

investigated. Two different topologies were examined, namely the 2D [Cu+Ltda-

PhS(CH2)4SPh}2]n and the 3D [(Cu6l6){(x-PhSCH2C=CCH2SPh}3]„ polymers. The 

emission bands for both polymers are assigned to a MLCT where M is the cluster. A 

dependence of the emission band maximum on the Cu'"Cu distances has been observed 

where the polymer with the shorter distance exhibits a blue-shifted emission compared to 

that with the longer distance. Hence, a probe for the Cu'"Cu distance can be made where 

the topology of the polymer can be assigned based on the photophysical properties. 
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