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SOMMAIRE
La conception de nouveaux matériaux fonctionnels a une longue histoire. Durant les deux
dernières décennies, le domaine des polymères organiques et inorganiques a attiré l'attention des
chercheurs. Plus important encore, les matériaux poreux tels que les Metal Organic Frameworks
(MOFs), en anglais, Covalent Organic Frameworks (COFs), en anglais, ainsi que des polymères
de coordination poreux sont maintenant étudiés de manière intensive en raison de leurs
applications potentielles, comprenant le stockage de gaz, la séparation de gaz, la catalyse et la
détection. D'un autre côté, les polymères contenant du Pt ont montré l'application potentielle dans
les cellules solaires et les diodes électroluminescentes. Le mémoire est divisé en trois sections
principales présentant des résultats nouveaux.
Dans la première section, le chapitre 2 traite essentiellement de la formation de polymères de
coordination (CP) avec des sels CuX (X = Cl, Br, I) et trans-[p-MeSC6H4C≡C-Pt(PMe3)2C≡CC6H4SMe] (L1), soit dans le PrCN ou PhCN. Les polymères résultants sont soit 2D
(bidimensionel) ou 1D (unidimensionel). Cependant, en presence de PrCN ou de PhCN, le CP 2D
obtenu avec le CuBr n'a pas incorporé de solvant dans ses espaces vides. D'autre part, le CP 2D et
le reste des CP 1D obtenus avaient soit des molécules de solvant de cristallisation dans leurs cavités
ou coordonnés au cuivre sur la chaîne. Les unités cuivre-halogénures étaient soit des rhomboïdes
Cu2X2 ou le cubane Cu4I4. Leurs mesures photophysiques en présence et en l'absence de molécules
de solvant de cristallisation ont été effectuées. En outre, la porosité du CP a été évaluée par BET
(N2 à 77 K). Le vapochromisme du CP 2D sans solvant et des CP 1D ont été étudiés, ainsi que les
mesures de sorption du CO2 ont été effectuées.
De plus, nous avons utilisé CuCN et L1 dans MeCN pour former de nouveaux CP’s. Ceci est
rapporté dans la deuxième section, le chapitre 3. Le CP obtenu était inattendu : L1 s’est rompu et
du cyanure CN‾ s’est coordonné sur le Pt. Ceci a conduit à la formation d’un CP 1D zigzag.
Généralement, les CP sont formés avec L1 via des liens Cu-S ou/et Cu(2-C≡C), mais pas dans le
cas du CuCN qui lui forme une chaîne 1D (CuCN) n où le L1 rompu se lie avec cette chaîne via un
lien Cu-N. Les propriétés photophysiques et de stabilité thermique ont été étudiées.
La troisième section (Chapitre 4) traite d'une exploration des CP formés par la reaction des sels
CuX (X = Cl, Br, I) et le trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe] (L1) ou le trans-[pMeSC6H4C≡C-Pt(PEt3)2-C≡CC6H4SMe] (L2) dans du MeCN afin de trouver des tendances.
iv

L'utilisation de L1 a donné lieu à un CP 2D ou 1D CPs avec le MeCN piégé à l'intérieur des cavités,
il y a de l’espace vide. L2 a conduit uniquement à des CP 1D sans molecules de solvant de
cristallisation. Des analyses thermogravimétriques, photophysique et des mesures d’adsorption de
gaz (uniquement pour ceux avec du solvant) ont été étudiées.
MOTS CLÉS:
Metal Organic Frameworks (MOFs) (en anglais), Covalent Organic Frameworks (COFs) (en
anglais), Polymères de coordination poreux, Les clusters cuivre-halogénures, vapochromisme,
propriétés photophysiques et stabilité thermique, adsorption de gaz.
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SUMMARY
The design of new functional materials has a long history. For the past two decades, the field of
organic and inorganic polymers has attracted attention of researchers. More importantly, porous
materials such as Metal Organic Frameworks (MOFs), Covalent Organic Frameworks (COFs) as
well as porous coordination polymers are now being intensively studied due to their potential
applications including gas storage, gas separations, catalyst and sensing. On another hand, Ptcontaining polymers have shown potential applications in solar cells and light emitting diodes. The
masters’ thesis is mainly divided into three main sections presenting new results.
In the first section; Chapter 2 mainly discusses the formation of coordination polymers with CuX
salts (X= Cl, Br, I) and trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe] (L1), in either PrCN or
PhCN. The resulting polymers obtained were 2D (bidimensional) CPs or 1D (unidimensional) CPs
in all cases. However, 2D CPs obtained when CuBr salt is used by either using PrCN or PhCN did
not incorporate the solvents in their cavities. On the other hand, the 2D CP and the rest of 1D CPs
obtained had either the crystallization molecules in the cavities or coordinated to the copper cluster.
The copper-halide clusters were either the rhomboids Cu2X2 fragments or the step cubane Cu4I4.
The photophysical measurements in the presence and absence of solvent crystallization molecules
were performed. In addition, the porosity of the CPs was evaluated by adsorption isotherms. The
vapochromism of the solvent-free 2D and 1D CPs were investigated as well as CO2 sorption
measurements were perfomed.
Furthermore, we then attempted to use CuCN and L1 in MeCN which is reported in the second
section as Chapter 3. The obtained CP was unexpected as L1 broke and a cyanide (CN‾) ion
coordinated to the Pt atom leading to the formation of zigzag 1D CP. The coordination bonds CuS or/and Cu(2-C≡C) were generally observed with L1, but not in the CuCN case. Instead a 1D
chain of (CuCN) n was made and the broken L1 now binds the chain via a Cu-N bond. The
photophysical and thermal stability properties were studied.
Lastly, the third section, Chapter 4 deals with a potential predictability of CP formation by using
CuX salts (X= Cl, Br, I) and either trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe] (L1) or
trans-[p-MeSC6H4C≡C-Pt(PEt3)2-C≡CC6H4SMe] (L2) in MeCN as the solvent. The use of L1
resulted in either 2D or 1D CPs with the MeCN trapped inside of the cavities while L2 resulted in
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1D CPs without MeCN being present in their cavities. The thermogravimetric, photophysical as
well as gas sorption measurements (only for those with crystalisation molecules) were perfomed.
KEY WORDS:
Metal Organic Frameworks (MOFs), Covalent Organic Frameworks (COFs), Porous coordination
polymers, copper-halide clusters, vapochromism, photophysical and thermal stability properties,
gas sorption measurements.
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INTRODUCTION
I.1.General background on coordination polymers
In recent years, coordination polymers have become a hot topic. The increasing interest is not only
due to their amazing as well as captivating molecular structure but also due to their potential
applications including gas storage,1 luminescence,2 sensors,3 gas separations4 and catalysis.5
Despite the long history of coordination chemistry; the term coordination polymer was first used
by Shibata in 1916.6 However, the field was first reviewed in 1964 by Bailar. 7
A coordination polymer (CP) is defined as a compound that contain a coordination entity which
can be formed by organic ligand or inorganic building blocks connected through different types of
bonds to form infinite one-, two- and three-dimensional structures (Figure 1).8 These structures
can be obtained by metal-ligand coordination bonding. The structures of the materials can be
dictated by either the symmetry of the ligand or the coordination number with the geometry of the
linking metals (metal ions). These CPs might be synthesized using a solvent, organic or organicinorganic linkers, and a metal ions or clusters.

Figure 1. Illustration of 1-, 2-, and 3-dimensional coordination polymers.
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On another hand, some CPs can also be synthesized in the absence of solvent by mechanochemical
method whereby grinding is involved and the polymers obtained are usually non-porous. Therefore,
the CPs can further be divided into two categories including porous and non-porous.

I.2. Porous Coordination Polymers (PCPs) / Materials
I.2.1. General overview
Porous materials are very important in our daily lives. The most commonly used porous material
for example include a sponge which is now used for cleaning dishes in almost every household
today as well as soil which is also essential for agricultural purposes (Figure 2).

Figure 2. Two examples of most used porous materials. Left: artificial and right: natural
Therefore, artificial porous materials play such an important role as mentioned above. Before 1989,
porous materials (generally known as microporous materials / polymers) generally consisted of
zeolites, alumina, graphite and silica.9 Zeolites for instance became vital as they were porous upon
removal of water molecules leading to more potential applications such as commercial adsorbents
and catalysts.9 Hoskins and co-workers were the first to publish on porous coordination polymers
(PCPs), which is believed to be the set basis for the future of microporous coordination polymers. 10
They synthesized the porous coordination polymer using a rigid ligand with copper cation by slow
evaporation of the solvent from the mixture containing all the starting materials, which yielded
infinite network.
Interestingly, when coordination polymers are synthesized using solvent, some extended networks
are formed without the guest (solvent or small molecules) molecule in their cavity while others are
formed with the crystallization guest present in their cavities. The guest molecules can be removed
through vacuum and or slightly heating and thus leaving free spaces (voids) which is a
characteristic of porosity for those CPs with some rigid ligands. In addition; the voids can later be
replaced with another different solvent or another guest molecule including small molecules such
as gases. On the other hand, when the ligands are not rigid enough, the CPs may shrink or collapse
(Figure 3).
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Figure 3. Representation scheme for the classification of the PCPs with respect of the adsorptiondesorption behaviour of guest molecules. (Modified from Ref. 11)
Kitagawa and co-workers classified microporous coordination polymers in three different
categories including 1st, 2nd, and 3rd generations.11
The 1st generation compounds: These materials are porous in nature, which means that they have
microporous frameworks. However, the cavities of these PCPs are usually filled with guest
molecules such as solvents and these cavities show an irreversibility behavior upon guest removal
and reintroduction of the guest molecules. When the guest molecules are removed, the framework
usually collapses (Figure 3). Thus, they are not considered to be very proper porous materials after
guest removal.
The 2nd generation compounds: The PCPs of this category have very robust and stable porous
frameworks such that when the guest molecule is removed, the frameworks do not collapse. These
PCPs will have voids (or cavities or permanent pores) upon guest removal.
The 3rd generation compounds: These have flexible frameworks and may either respond to
different external stimuli including guest molecules, light, and change of pore shapes and sizes
upon solvent removal (Figure 3).
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The 3rd generation compounds are also subdivided into three sub-categories including:
Guest-induced crystal-to-amorphous transformation: these types of compounds are encountered
when the framework collapses upon guest removal indicating the presence of close-packing forces.
However, under initial conditions, it forms back to the original structure (Figure 3).
Guest-induced crystal-to-crystal transformation: removal or exchange of different guest
molecules results in a structural change of the network. However, the crystallinity is maintained.
This robust framework is very useful as they can also act as sensors of small molecules.
Guest-induced crystal-to-crystal reformation: upon guest removal, the framework may shrink thus
changing the structure. This implies that the ligands that make up this type of frameworks are
flexible and not very rigid. However, the framework is obtained back after the reintroduction of
the guest molecules.
Over the past decade, some porous coordination polymers were divided in different types including
Metal Organic Frameworks (MOFs), Covalent Organic Frameworks (COFs) as well as Zeolitic
Imidazolate Frameworks (ZIFs). For simplification purposes and in relevance with this thesis, only
MOFs will be discussed further.

I.2.2. MOFs (Metal Organic Frameworks)
A ‘MOF’ may be defined as a rigid porous polymer with the ability to adsorb small molecules and
the structure is usually made up of organic linker and metal atoms including zinc, copper as well
as magnesium. These porous crystalline compounds form generally three dimensional structures
with the use of metal ions and they usually consist of a metal ion and an organic molecule, often
called ligand. However, 2D and 1D CPs can also act as pseudo MOFs as they may absorb small
molecules reversibly.
The term ‘MOF’ became very popular in 1995 when Yaghi and co-workers reported different
MOFs with their potential application. 12,13 A well-known example of porous material is MOF-5,
also known as IROMOF-1 (Iso-Reticular Metal Organic Framework-1) reported by Yaghi’s
research group and this is composed of Zn4O-based IRMOF with 1,4-benzenedicarboxylic acid
(Figure 4) as a ligand. MOF-5 (Figure 5) has been intensively studied.14,15 This group subsequently
4

later modified MOF-5 by substituting 1,4-benzenedicarboxylic acid with many other dicarboxylic
acids in order to obtain several other IROMOFs which also had similar frameworks to that of the
skeleton of MOF-5. The 3D type of MOFs have pore sizes in the mesoporous range ((i.e: > 20 Å
(> 2 nm)) as well as very low crystal density. 16

Figure 4. An example of 1,4-benzenedicarboxylic acid ligand which is used to make MOF-5.

Figure 5. The porous coordination polymer [Zn4O(bdc)3] (bdc = benzene-1,4-dicarboxylate;
MOF-5 or IRMOF-1. left: Representation of 2D showing the voids. Right: view of a 3D
representation of the MOF in a perspective view showing the voids. Note: The cif file was obtained
from ref. 17 and the image was generated using the Vesta software.
Although most of the synthesized MOFs are mainly composed of zinc metal atoms, a MOF can
also be obtained by using other metal ions including copper, lead as well as cobalt as reported in
the literature.18-19,24 Ki-Min Park and co-authors reported a very uncommon three dimensional (3D)
calix[4]arene-based MOF containing lead (Pb) showing a shrunken 3D framework after removal
of the guest solvent (DMF) (Figures 6 and 7).18 In addition, the CO2 adsorption was also
investigated and this showed a linear adsorption and non-linear desorption indicating that the 3D
calix[4]arene-based MOF is not very porous if compared with those with very rigid framework.
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Figure 6.Illustration of single-crystal to single-crystal transformation upon solvent removal. The
DMF solvent does not seem to go back in the cavity upon removal. Calix [4] arene are shown in
dark brown polyhedral. Colour codes: O= red, C= black, N= sky blue, Pb= purple. Note: The cif
file was obtained from ref. 18 and the images were generated using the Vesta software.

Figure 7. CO2 adsorption pattern showing hysteresis loop at 273 K for calix[4]arene-based MOF.
(Modified from ref. 18)
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I.2.3. Applications of MOFs
I.2.3.1. General overview
MOFs have several potential applications which have been explored in the past decades. A few
applications including gas storage, catalysis and sensing will be discussed in the following section.
I.2.3.2. Gas storage
The continuous threat of global warming has recently put many researchers to focus their interest
towards the search of clean energy which can be used in vehicles in order to reduce carbon dioxide
emission (Figure 8). The focus has been to find an effective way to store a large amount of gas
including hydrogen, methane as well as to capture carbon dioxide, which may reduce their
emission in the atmosphere. This issue can be addressed by the use of the highly porous materials
to trap these gases. Zhou and coworkers constructed different MOFs in 2010 and the authors
focused on the concept of creating clean energy, which might be used as either fuel or for gas
capture / storage.20

Figure 8. Illustration of how MOF can be useful in storage of methane, hydrogen, carbon
monoxide and carbon dioxide gases. (Modified from ref. 20).

One of the emerging class of porous materials is MOF which proved to have a very high surface
area as compared to other porous materials which have proved to be very effective in storing a
large amount of gas within a given small area container. The huge surface area in these porous
materials can be well above 5000 m2g-1.21-23 In addition, the group of Zhou and collaborators also
illustrated the gas storage capacity of copper containing MOF which shows the selective
adsorption of different gases at the same temperature in the year 2007 (Figure 9).24
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Figure 9. a) Representation of Cu(Fumarate)(4,4’-trans-bis-(4-pyridyl) ethylene). Colour codes:
Cu= blue, C= black, O= red, N= sky blue. The hydrogen atoms are omitted for clarity. b) View of
a 3D perspective of the MOF without water molecules in the cavities. (c) Gas sorption isotherms
of [Cu(Fumarate)(4,4’-trans-bis-(4-pyridyl) ethylene))0.50•5H2O] at 195 K. (Modified from ref. 24)
CO2= red; CH4= pink; N2= blue. Note: The cif file was obtained from ref. 24 and the images a and
b were generated using the Vesta software.
Nevertheless, different gases are adsorbed depending on different parameters which include
temperature, pressure as well as the kinetic diameters of the gas, which is very important when
considering the highest gas adsorptivity. 25 Kinetic diameters is defined as a measure applied to a
molecule, which expresses the possibility of collision of that molecule in a gas phase with another
identical molecule. Table 1 illustrates some of the kinetic diameters of some gases. The kinetic
diameters can be noted as the sizes of gases which were reported by Mehio and coworkers.25 These
kinetic diameters of gases have a tremendous effect on the absorptivity into porous materials as
those porous materials with small pores will only allow the gases with small kinetic diameters
diffuse in and out of the cavity.
Table 1. Gases with their kinetic diameters
Gas

Kinetic diameter (Å)

H2
CO2
N2
CO
CH4

2.89
3.30
3.64
3.76
3.80
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I.2.3.3. Catalyst
MOFs with a potential to act as catalysts should possess big pores sizes or cavities ranging between
3 to 35 Å and they should also have some relatively big surface areas in the range of 500–6500
m2 g−1.26 In addition, the ligand should be very rigid so that after the solvent is removed, the
framework does not collapse.
Koyama and collaborators reported a very good example of a MOF which acts as an electrocatalyst
for the ethanol oxidation (Figures 10 and 11). 27 The synthesized MOF was composed of copper
and a ligand as illustrated in Figure 10. The one hydrogen atom of the ethanol was thought to have
coordinated with the copper atom while the H atom on the OH group of ethanol is suggested to
interact through hydrogen bonding with the O and N atoms of [(HOC2H4)2dtoaCu].

Figure 10. a) Crystal structure of [(HOC2H4)2dtoaCu]. The HOC2H4− group has been omitted for
clarity. b) Overview of [(HOC2H4)2dtoaCu] with colour codes for each atom. Dtoa=
dithiooxamidato. (Modified from ref. 27).

Figure 11. An illustration of [(HOC2H4)2dtoaCu] MOF showing electrocatalyst for ethanol
oxidation. (Modified from ref. 27).
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In addition, other research groups including the group of Zhu and his co-workers also reported an
iron-containing coordination polymer, which was applied as a calatyst for the oxidation of benzyl
alcohol into an aldehyde.28
I.2.3.4. MOF sensors
By definition, a sensor is a device which can be used to detect a signal by either receiving or
transmitting a signal. In this category, there are several ways on how MOFs can act as sensors.
However, only solvatochromism / vapochromism and gas-based sensing will be discussed.
When selecting MOFs for sensing applications, there are several factors to consider as discussed
below.
Sensitivity: the selection of MOF sensors is very critical as one should make sure that they are
sensitive to either gas or vapour detection. The MOF should be able either to sense gases or solvent
vapor/molecules. Sensitivity may be triggered by host-guest interactions that may provoke a
change to a given property (i.e: optical, electrochemical properties).
Selectivity: since different MOFs have different pore sizes, the analyte (guest molecule) should
be small enough to be absorbed through the pores. For instance, kinetic diameters of different
gases will play a role in the adsorption of the gases depending on the pores.
Stability: the MOF should be stable when removing the solvent molecules as high vacuum will be
applied to remove the guest. The structural stability of the MOF is essential to prevent the
framework from collapsing.
Response time: this is dependent on the sorption kinetics and this facilitates easy removal of the
guest molecules by either a vacuum alone or with slight heating.
I.2.3.4.1 Solvatochromism / vapochromism
Vapochromism as the name suggests is the ability for the MOF to respond to the external
environmental conditions such as contact to vapour of different solvents. Porous metal organic
frameworks have attracted a large attention in the research field of material science. The most used
MOFs for chemical sensing applications are those that are luminescent in nature, which preferably
contain the solvent in their pores. Dan Li and co-workers synthesized a MOF using CuCN salt and
2,6-bis((3,5-dimethyl-1H-pyrazol-4-yl) methyl) pyridine ligand.29 This 3D MOF is luminescent
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and exhibits some microporous channels (Figure 12). In addition, the MOF reversibly changes
colour when exposed to different solvent molecules (Figure 12).

Figure 12. a) Illustration of a 3D MOF with guest molecules incorporated in the channels. b) View
of 3D MOF after guest molecules removed. c) Photographs showing the luminescence responses
of the MOF sensor after immersing in EtOH solvent under UV lamp (365 nm). (d) Emission spectra
of MOF with or without solvent molecule. H atoms are omitted for clarity. Colour codes: Cu =
brown, N = sky blue, O= red, C = gray. (Modified from ref. 29). Note: the cif file was obtained
from ref. 29 and the image was generated using the Vesta software.
I.2.3.4.2. Gas sensing
Over the past few decades, a few number of publications in the literature have surfaced where
MOFs have been used to sense oxygen gas molecules.30 Xie and co-workers reported highly
phosphorescent MOFs, which are based on Ir[3-(2-pyridyl)benzoate]3 derivatives, and their
potential applications in oxygen sensing using luminescence quenching was investigated. 30 The
phosphorescence of the CPs is quenched by oxygen and one of the CP showed reversible
luminescence quenching by oxygen due to the high permanent porosity which allowed the facile
diffusion of oxygen gas through the channels in the MOFs (Figure 13).
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Figure 13. (a) Illustration for high diffusion of oxygen gas in the {[Zn4(μ4-O) (methyl-3-(2pyridyl)benzoate)2] •6DMF•H2O} CP after guest molecules removal (DMF and H2O). Colour
codes: N= sky blue, Ir= Pink, O= red, Zn= brown, C= black. (b) Graph showing reversible
phosphorescence quenching of CP upon exposure to 0.1 atm of O 2 after vacuum. (Modified from
30) Note: The cif file was obtained from ref. 30 and the image was generated using the Vesta
software.

I.3. Coordination Polymers based on CuX (X = Br, Cl, I, CN) salts
The following section describes coordination polymers based on Cu(I) ions with halides and the
pseudo-halide CN‾. However, these are not considered to be MOFs as they are not porous.
However, some CPs exhibit cavities in their frameworks (1D or 2D) occupied by solvent
crystallisation molecules, which collapse when the solvent is removed.
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I.3.1. Overview of copper cluster complexes
Coordination polymers based on CuX salts have been the topic of long standing interest. The early
investigations of their photophysics and photochemistry started to surface in 1973 from the works
of Hardlt and coworkers who reported the emission thermochromism of pyridine copper iodides.31
This work was revisited later in 2006 by De Angelis and co-wokers who explored the absorption
spectrum and the dual luminescence of tetranuclear cubane [Cu 4I4(pyridine)4] cluster.32 The
properties of the clusters as well as their nature were studied using density functional theory (DFT)
as well as time-dependent density functional theory (TDDFT). 32 They concluded that the highenergy emissive state was dominated by iodide-to-pyridine charge transfer (XLCT); while the lowenergy band was assigned to originate from a cluster-centred (3d → 4s) excited state, possibly
mixed with iodide-to-copper charge transfer (XMCT).32 For over a decade now, our group has
reported different CPs composed of copper-halides.33 Below are some of the clusters that can be
formed when CuX salts is used (Figure 14)

Figure 14. Some examples of clusters (CuX)n (X= Br, Cl, I) encountered in CP networks.
I.3.2. Monothioether or dithioether ligands
I.3.2.1. Presence of guest molecules in the cavity of CPs

Figure 15. Structures of some mono- and dithioether ligands.
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Cho and co-workers reported an interesting series of CPs and MOFs in 2015 which were
synthesized from one ligand. L1 reacts with CuI in either MeOH/MeCN mixture or MeCN to
obtain a 3D CP of formula ((Cu4I4) L12•MeOH)n and a 1D CP of the formula
(((Cu4I4)L12(MeCN)2)n.34 The X-ray crystallography data reveal the presence of a MeOH
crystallization molecule in the cavity of the 3D CP. The cluster formed is a closed cubane Cu 4I4
and is used as a Secondary Building Unit (SBU) which is either coordinated by two Cu-S or by
two Cu-N bonds (Figure 16b). On the other hand, the 1D CP shows stair-step cubane Cu4I4 clusters
with two MeCN coordinated to two different copper atoms and two ligands (Figure 16a). The
group also reported the vapochromism for the CPs. For instance, upon exposing 1D CP to MeOH,
the 1D CP transforms into a 3D network and the 3D CP transforms back to 1D upon exposure to
MeCN. The CPs were found to have luminescent properties but no emission lifetimes were
recorded. In addition, gas adsorption measurements were not done as the crystals were transformed
upon changing the external environment.

Figure 16. X-ray structure of the 1D (((Cu4I4) (L1)2(MeCN)2)n and a 3D ((Cu4I4)(L1)2•MeOH)n
CPs. (Cu= brown; S=yellow, I= mangeta, O=red, N=sky blue, C= black). The solvent molecules
are circled and hydrogen atoms are omitted for clarity. Note: the cif files were obtained from ref.
34 and the image was generated using the Vesta software.
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Peng

and co-workers also

reported a CP

in 2005 with ligand

L2

(1,4-bis(2-

pyrimidinesulfanylmethyl)benzene) which has a thioether and a N-containing residue and both can
coordinate to Cu(I). The 3D CP with a formula of ([Cu6I5(L2)3] (BF4)•H2O)n was obtained by
reacting L2 with CuI and [Cu(MeCN)4]BF4 in a ratio of 1:1:1 using MeCN as the solvent.35 The
X-ray analysis reveals a 3D structure with organic sheets connected by L2 whereby Cu-N as well
as Cu-S coordination bonds formed the network. The counter anion BF4‾ and H2O molecules are
found to be present in the voids of the 3D network (Figure 17). An emission spectrum exhibiting
a maximum at 535 nm was also provided indicating that the CP is luminescent. No attempt was
made to prove that this CP can be porous upon removal of the H 2O guests’ molecules.

Figure 17. X-ray structure of a 3D ([Cu6I5(L2)3] (BF4)•H2O)n. The Cu-Cu distanges are in a range
from 3.674 to 3.754 Å. Colour code: (Cu = blue, S = yellow, I = mangeta, O = red, N = sky blue,
C = black, B = green, F = orange. The guest molecules are included in the structure and hydrogen
atoms are omitted for clarity. Note: the cif file was obtained from ref. 35 and the image was
generated using the Vesta software.
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Kim and co-workers also reported a 3D Cu(I) coordination polymer [Cu3I3(L3)] n. The CP was
obtained by reacting the CuI salt with the ligand 1,4-bis((cyclohexylthio)acetyl)piperazine L3.36
The X-ray crystallography structure reveals the presence of a cluster with the formula of Cu3I3 and
the copper atom coordinates the sulfur atom. The network also can accomodate some guest
molecules

inside

the

cavities

including

MeCN,

CH2Cl2

and

2H2O:

[(Cu3I3)

(L3)(MeCN)(CH2Cl2)(2•H2O)]n (Figure 18). The resulting CP is luminescent and its emission
spectra were measured. However, no further study such as vapochromic behaviour was performed
for this CP.

Figure 18. X-ray structure of the 3D CP [(Cu3I3)(L3)(MeCN)(CH2Cl2)(2H2O)]n with Cu-Cu
distances of 2.62 and 3.17Å. Colour code Cu = blue, S = yellow, I = mangeta, O = red, N = sky
blue, C = black. The solvent molecules are not shown and hydrogen atoms are omitted for clarity
Note: the cif file was obtained from ref. 36 and the image was generated using the Vesta software.

Munakata and co-workers reported the CP 2,11-dithia[3.3]paracyclophane, L4 with Cu(I) salts in
1996.37 The reaction of L4 with CuI in a MeCN/THF solvent mixture produces a 2D material of
composition [(Cu2I2)(L4)2•THF]n (Figure 19). The THF solvent molecule is seen to be present in
the large circle-like cavity of the 2D CP. Noteworthy, each Cu atom is coordinated to two S atoms.
In addition, the group of Munakata reported in 2004 another interesting CP which they claimed to
be porous.38 The reaction of L4 with CuCl in MeCN resulted in a porous 2D framework
[(Cu2Cl2)(L4)2·MeCN]n (Figure 19). The resulting 2D sheets formed incorporated the solvent
molecule in the cavity. The term porous for this CP is adequately used because the material
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contains solvent molecules in the cavities like MOFs. Even though the authors claimed that the
CP is porous, there was no further attempt to conduct experiments to prove the porosity after the
solvent removal (i.e. BET measurements for example). In addition, no luminescence property
study was performed. However, one cannot safely assume that these CPs were not luminescent.

Figure 19. X-ray structure of the 2D CP. Left: [(Cu2Cl2)(L4)2•MeCN]n with (Cu-Cu = 2.98 Å) and
right: [(Cu2I2)(L4)2•THF]n (Cu-Cu distance = 3.18 Å). Colour code: Cu = blue, S = yellow, Cl =
green, I = mangeta, O = red, N = sky blue, C = black. The solvent molecules are circled in red and
hydrogen atoms are omitted for clarity. Note: The cif files were obtained from ref. 37 and 38 and
the images were generated using the Vesta software.

I.3.1.2. Absence of guest molecules in the cavity of some CPs

Figure 20. Structures of some mono- and dithioether ligands.

Harvey’s group and collaborators have also reported a 3D network formed when 1,4bis(phenylthio)but-2-yne ligand L5 (Figure 20) reacts with CuI in MeCN in a 2:1 ratio. 39-40 The
crystals appear to be colorless in nature and the X-ray crystallography confirmed the presence of
a 3D structure with a general formula of [(Cu6I6)(L5)3]n (Figure 21).39-40 The CP shows that there
is a coordination bond between S-atoms with Cu-atoms which appear to form a hexagonal core.
The luminescence properties of the CP were studied supported by DFT computations to further
understand the nature of the cluster in the polymer. It is noteworthy to indicate that despite the
network being 3D in nature, the porosity of this interesting CP was not reported.
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Figure 21. X-ray structure of 3D [(Cu6I6) (L5)3]n. Colour code: C = black, S = yellow, Cu = brown,
I = magenta. The hydrogen atoms are omitted for clarity. Note: The cif file was obtained from ref.
39 and the image was generated using the Vesta software.
In 2009, Chen and collaborators reported a 3D network obtained from the reaction of ligand, 1,4bis(benzylthio)butane, L6 with CuI in MeCN/CH2Cl2 solvent mixture with 1:1 ratio of the
mentioned solvents.41 The X-ray crystallography also reveals a 3D structure without any
crystallization solvent in the crystal (Figure 22). The photophysical properties were also reported
and thus illustrating the CP is luminescent. The porosity of the CP was not reported by this group.
As a result, one can not conclude whether the CPs formed from Cu(X) salts with flexible ligands
are porous or not.41

Figure 22. X-ray structure of the 3D framework [(Cu4I4) (L6)1.5]n. The Cu-Cu distances within the
Cu4I4 cluster are 2.72(1) and 2.893 (4) Å. Colour code: C = black, S = yellow, Cu = brown, I =
magenta. The hydrogen atoms are omitted for clarity. Note: the cif file was obtained from ref. 41
and the image was generated using the Vesta software.
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In addition, one of the flexible ligand L7 is also reported by Harvey’s group and collaborators
indicating an interesting two sides of coordination on S- and O- atoms with copper.42 L7 reacts
with CuI in MeCN to form a 3D CP with a formula of ([Cu4I4(L7)])n as confirmed by X-ray
crystallography (Figure 23). The 3D CP is reported to be luminescent at both room temperature as
well as at 77 K and the emission spectra were measured as well as lifetimes. No further
measurements were conducted to confirm the porosity of the CP.

Figure 23. X-ray structure of the 3D framework of [(Cu4I4)(L7)]n. The Cu-Cu distances within the
cubane Cu4I4 cluster range between 2.72(1) and 2.89 (4) Å. Colour code: C = black, S = yellow,
Cu = blue, O= red, I = purple. The hydrogen atoms are omitted for clarity. Modified from ref. 42.
Note: the cif file was obtained and the image was generated using the Vesta software.
I.3.1.3. Coordination polymers based on CuX (X= CN) salt.
Su and collaborators reported the presence of a 2D sublayer inside a 3D CP composed of the CuCN
chains which was constructed from the reaction of 1,10’-phenanthroline as a ligand, L8 and
CuBr2•2H2O with K4Fe(CN)6•3H2O.43 The CP contains a 1D zigzag chain with a formula of
{[Cu(CN)]3(L8)} which is illustrated below (Figure 23). The luminescent properties of the CP
were studied.
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Figure 24. X-ray structure in perspective view of a 2 D layer of {[Cu(CN)]3(L8)} with Cu-N
distances of 2.62 Å. The hydrogen atoms are omitted for clarity. Note: The cif file was obtained
from ref. 43 and the image was generated using the Vesta software.
The increasing interest in either coordination polymers or Metal Organic Frameworks by the
scientific community is illustrated in Table 2 below.44 The term coordination polymer started to
appear in scientific literature in early 1950’s and now one can see a continuous increase in the use
of this term since that year. On another hand, MOFs began to surface in the early 1990’s with
only 8 publications in the 1991-2000 period. Despite this short history, it has recently become a
popular field in the past five years where more than 4700 publications on MOFs appeared in the
literature (Table 2).44
Table 2. Number of publications reporting CPs and MOFs (Sci-Finder Database Search; August
20th August, 2016).44
Coordination
Metal Organic
Years
polymers
Frameworks
< 1950
1
0
1951-1960
12
0
1961-1970
178
0
1971-1980
130
0
1981-1990
154
0
1991-2000
542
8
2001-2010
6564
1483
2011-2015
9153
4788
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I.4. OBJECTIVE OF THE THESIS
The aim of the master thesis is to design luminescent CPs from copper(I) salts and Pt(II)-containing
ligands for potential sensing applications using modulations in their luminescent behaviour upon
vapour uptake of different solvents such as MeCN, MeOH, PrCN and PhCN. The platinum metal
was chosen because platinum-containing polymers have recently shown the potential for
applications in light emitting diodes83 and solar cells.84 Thus, showing the potential luminescent
of the CPs. In addition, flexible ligands have shown to have unstable framework upon removal of
the guest molecules as discussed in the introduction, leading to collapsing of the framework.
Therefore, platinum was used to increase the rigidity of the ligands to obtain rigid frameworks.
These SBU’s and organometallic ligands are shown in Figure 25.

Figure 25. Top: some of the common formed clusters from copper halide salts. Below: Two Ptcontaining ligands (L1 and L2)
In order to achieve the main objective, the CPs were synthesized using CuX (X = Cl, Br, I or CN)
and an organometallic thioether ligands in either MeCN, PrCN or PhCN. Then, their thermal
stability and physical properties of the CPs were investigated. Lastly, the porosity (N 2 gas
adsorption) of CPs as well as their vapochromic behaviour with small solvents such as MeCN,
PrCN and MeOH were studied after the solvent removal for those CPs with solvent in their pores.

21

CHAPTER 1

Theory
1.1. Gas sorption measurement (adsorption and desorption)
1.1.1. Overview of gas adsorption
Considering that different porous materials are crystalline in nature, a number of factors can lead
to the deviations from perfect crystalline structure. For instance, the resultant reduced pore
volumes were discussed as being a result of partial collapse upon removing the guest molecule,
and/or other activation related problems have become problematic. Therefore, to fully analyze
whether the specific material is porous or not, the porosity measurement is performed.
Porous materials may have variations in their pores based on both size and shape. Therefore, the
pore width as mentioned already has a very important role to play. It was not until the year of
1960 that Dubinin proposed a classification of porous materials based on their average pore
width.45 The pore size classification was based on the effect that the adsorption shows in each
range. This classification was later adopted by the International Union of Pure and Applied
Chemistry (IUPAC) (Table 3).46
Table 3. Classification of pores for microporous materials based on pore width.
Pore type

Pore width

Micropores

< 20 Å (2 nm)

Mesopores

20 to 500 Å (2 to 50 nm)

Macropores

>500 Å (50 nm)

1.1.2. The general concept of adsorption isotherms
Adsorption isotherm is defined as the relationship between the pressure and adsorption amount
at a constant temperature. The adsorption isotherm gives information on how much a solid
material can adsorb either a gas or any other adsorptive molecule at a standard pressure (P) and
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temperature (T). The amount of the molecules (gas) adsorbed can be used to calculate the surface
area and the pore volume of the solid matererial.

Figure 26. Top: Schematics of adsorption and desorption processes. Bottom: Illustration of
adsorption of gas molecules towards the porous solid sample.
Gas adsorption is the most used method to evaluate the amount of particular molecules that a
solid can uptake. These molecules are taken up in by a given adsorbent. It has been used for
instance to find the quantity of either a particular gas or a solvent adsorbed by a given adsorbent
material. The higher the uptake usually mean that the particular adsorbent has a good efficiency
for storage (Figure 26). The total adsorption is most of the times refered as ‘sorption/ adsorption
capacity’ and is usually investigated by the sorption (or adsorption) isotherm. The shape of
adsorption isotherm provides enough information concerning the physical as well as the chemical
properties of the particular solid material or adsorbent and how the adsorption proceeds. In
principle, various types of isotherms can be depicted depending on the nature of the material and
the kind of MOF-gas interactions that exist.
Based on the International Union of Pure and Applied Chemistry (IUPAC), six different types of
isotherms are defined (Figure 27). The first five types (I to V) were originally proposed by
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Brunauer, Deming, Deming and Teller, denoted as the BDDT classification.47 Later, type VI was
proposed by Sing and co-workers.48

Figure 27. Classification of physisorption isotherms. Six standard adsorption isotherms based
on IUPAC nomenclature (Modified from ref. 47 and 48).
Type I isotherm: This type of isotherm is obtained for microporous solids that have small external
surfaces which are observed for some MOFs, 49 some zeolites

50

and activated carbons

51

also

known as activated charcoal. The disadvantage of this type of the pore volume is that some pores
are often very small.
Type II isotherm: The type of isotherm is usually obtained from the materials that are nonporous
or that display macropores.52 The isotherm indicates the presence of monolayer adsorption when
the material has macropore. It also shows a rise on the isotherm (Figure 27), which is attributed
to multilayer adsorption.
Type III isotherm: Such isotherms are not very common in the literature. However, the reported
ones are those of water vapor adsorption on nonporous carbons.53 The other known example is
that of nitrogen adsorption on polyethylene. 54 The characteristic of this isotherm is that it does
not show any possibily of porosity (i.e: no feature of type I which is for microporous materials).
Type IV isotherm: This kind of isotherm is best known for its hysteresis loop, which is reported
for condensation of capillary in mesopores.55 By definition, a capillary condensation is when the
pores of porous materials are filled with a gas, for example, and that the pressure of that particular
24

gas is sustained so that the desorption process is slow which lead to the condensation of a gas in
the pores. However, the first segment of the graph is due to the monolayer and multilayer
adsorption at high pressures as it shows the same shape as for Type II. This type of isotherm is
associated with the mesoporous solids.
Type V isotherm: The type of isotherm is not very common. This is however known to be
obtained from a special kind of porous solids. An example of Type V isotherm is the adsorption
of water vapour on charcoal at 1000 oC.56
Type VI isotherm: This type of isotherm is very interesting as it shows a kind of step by step
shape. This means that the adsorption of a gas occurs on each type of layer and thus mean that
the layers are uniform. This is observed in isotherms for the adsorption of argon gas on carbon
57

and this can also be observed with nonporous solids.

1.1.2.1. Methods of gas adsorption measurement
There are several measurement methods of adsorption isotherm which include volumetric and
gravimetric method. The following section will mainly focus on volumetric method which is
commonly used to measure the surface area and porosity.
1.1.2.2. Volumetric gas adsorption isotherm measurement
Apparatus: Volumetric method apparatus consists of pressure sensors, valves, and vacuum
system as in the Figure 28. The valves are automated such that they open and close based on the
initial parameter settings. The inner volume is calibrated before the measurement. The adsorption
amount is calculated by subtracting the number of remaining molecules at the adsorption
equilibrium from the number of introduced molecules by using the ideal gas equation. The
volumetric method has the advantage over the gravimetric method only for sample pretreatment
to achieve the high output measurement of surface area and porosity.
Measurements: Gas sorption isotherms in this masters’ thesis were measured at low-pressure
ranging between 0 to 1100 mbar (~1.1 atm) using Micrometrics instrument ‘Accelerated Surface
Area and Porosimetry’ (ASAP 2020) analyzer. For the isotherms, warm and cold free space
correction measurements were performed using ultra-high purity He gas with 99.999 % of purity.
All gases used are of high grade with purity of 99.999 % for N2 gas and the purity grade of 99.99 %
for CO2 gas. The measurements were done at different temperatures of 77 K (using liquid
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nitrogen) for N2 gas while for CO2 gas, the measurement was done at 273 K (using ice water).
Before performing the sorption measurements, the samples were heated under a vacuum or
reduced pressure (600 mbar) at 110 oC for approximately 8 h and measured the mass. The
samples were then backfilled with N2 and transported to the analysis port where further
evacuation was done for 2 h before starting the whole analysis.

Figure 28. Schematic representation of physisorption measurement with ASAP 2020 analyzer
1.1.3. Surface area determination
The surface area, which is often reported as the specific surface area (SSA) of solids, is usually
measured per unit mass and is usually presented in the units of m2g-1. There are several models
for calculating the specific surface area of porous materials. BET (see below) and Langmuir are
the most common reported models in the literature for calculating surface area when nitrogen gas
is used. These two models produce different values most of the times. One possible explanation
for this is that the Langmuir model only considers physical adsorption in the form of a monolayer,
whereas the BET model, takes data directly from the isotherm, which would therefore include
any pores within a solid material. The BET model assumes that there is a formation of multilayers
when high pressures are used. In this project, BET was chosen as it is used even for multilayer
gas adsorption which is was available and often used at the university. In addition, one was not
completely sure on the pores of the materials concerned.
1.1.3.1. Brunauer, Emmett and Teller (BET) Theory
The BET equation was first derived by Stephen Brunauer, P.H. Emmet and Edward Teller in the
year 1938.58 It was developed based on the Langmuir theory which was used during the time.
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They came up with the idea of incorporating the concept of multilayer adsorption since the
Langmuir only focused on every adsorption layer. The BET method is based on adsorption of
gas on a surface whereby the amount of gas (usually nitrogen gas is preferred) adsorbed at a
given pressure allows to determine the surface area.
When using the BET method in order to find specific surface area from physisorption isotherm
data; there is an important parameter to be considered.
The parameter is that the BET plot must be constructed by plotting (p/ [v(po-p)] against relative
pressure (p/po) (Figure 29). This plot should give a straight line in the region of 0.05 ≤ p/po ≤ 0.3
according to the BET equation. The plot is illustrated in Figure 29.
𝑝
𝑣(𝑝𝑜 −𝑝)

=

𝑐−1
𝑣𝑚 𝑐

𝑝

1

𝑝𝑜

𝑣𝑚 𝑐

( )+

[1.1]

Where: 𝑣 = adsorbed gas quantity, 𝑣𝑚 = monolayer adsorbed gas quantity, 𝑐 = BET constant, 𝑝𝑜
= saturation pressure and 𝑝 = equilibrium pressure.

Figure 29. Illustration of BET plot.
The equation and the graph above illustrates the known linear equation where the gradient of the
𝑐−1

graph is 𝑣

𝑚𝑐

and intercept = 𝑣

1

𝑚𝑐

. The surface area can be calculated with the molecular cross-

sectional area of adsorbate molecules (equation 1.2). Therefore, the total surface area can be
expressed using the following equation:

𝑆𝐵𝐸𝑇 = (

𝑣𝑚 . 𝑁 . 𝜎
𝑉. 𝑚

) m2. g-1

[1.2]

Where: 𝜎= molecular cross-sectional area of the adsorbate (m2), 𝑣𝑚 = volume of adsorbate gas
in monolayer (cm3), 𝑁 = Avogadro constant, 𝑚= mass of the solid (g), 𝑉= molar volume of the
adsorbate gas (cm3) and 𝑆𝐵𝐸𝑇 = BET surface area (m2/g).
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The BET method which is used for assessing the specific surface area is widely known to be
essentially inaccurate when looking at microporous materials including those with small pores. 5960

This is so because the BET is mainly applied for nitrogen gas in which the kinetic diameters

of the gas is large compared with carbon dioxide or hydrogen (as discussed in introduction see:
Table 1) and thus minimizing the acces. As there are several models used to calculate the pore
volume and surface area of porous materials, only DFT model will be discussed in the following
section.s of the gas into some nanoporous as well as microporous materials. Therefore, the
nitrogen gas is adsorbed in large quantity by the porous material with large pores. However, it is
also a widely-used tool in the literature for comparison of these types of materials. This was a
problem in the project as the CPs obtained that are porous in nature have small pores and thus
leading to low N2 adsorption which is discussed in chapters 2 and 4.
There are different other models that have been commonly used to access the surface area as well
as the pore volume such as the Barrett-Joyner-Halenda (BJH) theory.61 In addition, other
techniques have been commonly used in the scientific literature to determine surface area as well
as the distribution of gas molecules in an equilibrium system. 62-68 These techniques include
molecular dynamic 62, grand canonical Monte Carlo 63 and density functional theory (DFT) 64-68
methods
1.1.3.2. Density functional theory (DFT) model.
Although molecular dynamic and monte carlo simulation have been utilised, none of the two
models allow the filling of micropores of porous materials. Olivier and coworkers have recently
suggested that the surface areas that are obtained from the two models may differ from the actual
surface area since the models mainly depend on the structure of the solid microporosity. 65 In
addition, Cote and coworkers also used DFT model to calculate the surface area as well as pove
volume of covalent organic frameworks (COFs).68 On the other hand, DFT model has recently
become an alternative other models such that the model treats experimental isotherm data as the
total uptake of the sorbate (i.e: gases) at a specific pressure within different pore sizes.
The model uses the experimental isotherms as the sum of gas uptake in various pores size (usually
noted as H) at a given pressure (Figures 31 and 32). Thus, the system being modeled for instance
may consists of one pore which can be represented by two parallel walls which are separated by
the distance H as mentioned earlier. During the analysis, the pores are open and thus enabling
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adsorbent (i.e.: gas) to go in at a fixed temperature and pressure. The above may be written in a
form of equation as an integral in the case of the pore sizes distributed as a convolution of
adsorption isotherm.
𝑄(𝑝) = ∫ d 𝐻 ∙ 𝑞 (𝑝, 𝐻) ∙ 𝑓(𝐻)

[1.3]

Where H = pore width, Q(p) = total quantity of adsorbate at a pressure p in various pore sizes H;
q (p, H) = kernel function describing the adsorption isotherm by pore width H and f (H) = surface
area distribution function by pore width H.
Since f (H) is the answer that is being solved, the above equation can be written as the sum of all
required parameters (refer to eq. 1.3 above) in a simplified matrix notation as shown below:
𝑄 (𝑝) = ∑𝑖 𝑞 (𝑝, Hi) f(Hi) or as a matrix: Q = q f

[1.4]

Where p = pressure points; Q(p) = experimental adsorption isotherm, q (p, Hi) = quantity
adsorbed; f (Hi) = surface area of the sample by pore width Hi.
Below are figures 31 and 32 obtained from ref. 67 illustrating the culmulative surface area as
well as culmulative pore volume as a function of pore width reported by Vaidhyanathan and coworkers.67

Figure 30. Left: CO2 gas sorption measurement at 273 K showing adsorption (closed shapes and
deorption (open shapes). Right: X-ray structure of 3D MOF. Colour code: C = black, N = skyblue, Zn = green, O= red, H = white. Modified from ref. 67. Note: the cif file was obtained and
the image was generated using the Vesta software.
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Figure 31. Cumulative surface area as a function of pore width calculated from adsorption
isotherm data of CO2 at 273 K using the Density Functional Theory (DFT) model. (Modified
from ref. 67 and plotted using origin software).

Figure 32. Cumulative pore volume versus pore width calculated from the adsorption isotherm
data of CO2 at 273 K using the Density Functional Theory (DFT) model. (Modified from ref. 67
and plotted using origin software).

1.2. X-ray diffraction (XRD)
1.2.1. General overview
XRD is one of the most powerful and relatively non-destructive technique that is used to
determine the crystal structure of an unknown material. Based on the name itself, the technique
uses diffraction whereby a flow of incident X-rays is diffracted by a crystalline material and will
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provide a particular image of a diffraction pattern (Figure 4). From this image, i.e. diffracted
intensity vs special position in 3D, one can obtain structural data including spacing between
layers or rows of atoms, size, shape as well as determine the orientation of the single crystal. The
orientation of the material can either be a 1D, 2D or a 3D for the crystal obtained.

Figure 33. General illustration for X-ray diffraction measurements.
During this work, two different X-ray diffraction techniques were used including single crystal
XRD and powder X-ray diffraction (PXRD).
For over century, XRD have been an important technique in obtaining the crystal structure of
any unknown crystalline material. The history of the technique started with the discovery of the
X-rays by Röntgen in 1896.69 Max von Laue was then the next to observe the first X-ray
diffraction pattern from the copper sulfate crystal in 1912. 70 However, this technique became
more popular in 1913 when two physicists named Sir W. H. Bragg and his son Sir W. L. Bragg
developed an explanation for why the crystals appear to reflect X-ray beams at certain angles of
incidence (theta, ) (Figures 33 and 34).71 They were then later awarded the Nobel Prize in
physics two years after for their work in determining crystal structure beginning with NaCl, ZnS
and diamond in 1915. This is where the popular Bragg’s law came into play.
Bragg’s Law refers to the simple equation:
n = 2d sin 
Where: n stands for a positive integer.
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Figure 34. Incident beam (X-ray 1 and X-ray 2) showing the relationship between angle and the
distance (d) obtained from diffracted rays which illustrate the derivation of Bragg’s law.
This law relates the wavelength of electromagnetic radiation to the diffraction angle and the
lattice spacing in a crystalline sample as shown in the Figure above. (Figure 34)
1.2.2. Single crystal X-ray diffraction (SCXRD)
A X-ray diffractometer usually consists of three basic elements including a sample holder, a Xray tube as well as a X-ray detector. X-rays are generally generated in a cathode tube whereby
heat is applied on the filament to generate electrons which are then accelerated towards the target
material (cathode which is situated on anode (Figure 35)) either made of molybdenum (with
MoKα radiation of 0.7107Å) which is the most common cathode material used in single-crystal
diffraction when the crystals in question have high resolution and are big along with copper
which is commonly used when crystals are small. The X-rays are collimated and directed onto
the crystalline material. The dots shown on the area detector demonstrate the detected diffraction
pattern of the crystalline material and from these patterns, one can detect the distance between
atom and then generate the structure.
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Figure 35. Scheme of 4-Circle Single-Crystal X-ray Diffraction goniometer. (Modified from
ref. 72)
1.2.3. Powder X-ray diffraction (PXRD)
Powder X-ray diffraction is a method also used to get crystal information such as lattice
parameters and occasionally crystal type. This information can also be obtained directly from Xray structure. Powder diffraction is commonly used to identify unknown solid material by
comparing the powder diffraction pattenrs with a reference, if available, or calculated patterns
from single crystal data. The powder diffraction measurements are very easy to perform as
compared with single crystal diffraction since the latter does require high quality single crystals.
A diffraction pattern is usually a graph that is ploted with intensity on the y-axis against the angle
of diffraction (2θ). The results or plots are often called diffractograms and resemble to that
presented in Figure 36.

Figure 36. Left: Example of a PXRD pattern of the CP on the right-hand side (black line =
calculated and red line = measured). Right: View of crystalline unit cell of CP along b axis.
Colour codes: Cu = brown, S = yellow, Br = green, C = grey and H = white. (Modified from ref.
73).
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1.2.4. Elemental analysis
Elemental analysis which is measured by elemental analyser allow automated analysis of
different elements such as carbon, hydrogen, nitrogen, oxygen and sulfur. Elemental analyzer
convert organic compounds to gaseous molecules by high temperature decomposition. The
arrangement for the instrument that analyses carbon, hydrogen and nitrogen (which is also known
as CHN analysis) is shown in Figure 37.
The sample is heated up to 900 oC and a mixture of gases such as carbon monoxide, carbon
dioxide, nitrogen dioxide, nitrogen and water is produced. The steam of helium then forces the
products into a furnance of 750 oC where copper reduces nitrogen oxides to nitrogen and oxygen
is removed. Copper oxide then convert carbon monoxide to carbon dioxide. The resulting mixture
is then analysed by passing through three thermal conductivity detectors (Figure 37). The first
detector measures hydrogen and water is removed through a trap as shown in Figure 37. The
second detector measures carbon and carbon dioxide is removed in the second trap. Nitrogen is
measured by a third detector. The results obtained from elemental analysis are reported as mass
percentage of carbon, hydrogen and nitrogen and these data are compared to the theoretical mass
percentage.

Figure 37. Scheme for CHN elemental analysis instrument.
1.2.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) is the analysis on the change of mass of a sample upon
heating. The sample is weighed on the thermobalance which consists of microbalance while
heating the sample. The TGA analyzer has also a furnance which is programmable in nature and
as such one can make sure that the temperature of the furnance is increased linearly. In addition,
there is also a controller which makes it possible for the sample to be heated and weighed at the
same time. As shown in figure 38, the thermobalance and the furnance are situated in a closed
system to avoid external atmosphere.
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Figure 38. A layout of thermogravimetric analyzer.
As shown in figure 38 above, there is also a flowing atmosphere which may prevent the products
from condensing.
The TGA is usually performed on polymers in order to observe the stability of those particular
polymers. The heating of the sample while increasing the temperature linearly leads to the
decomposition of parts of the sample (i.e. polymer). The analysis gives a weight loss of different
fragments at a specific temperature. In addition, TGA will give the temperature at which loss of
the solvent will occur for those porous materials with solvents in their pores as discussed earlier.
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1.3. Photophysical properties
Photophysics is defined as the physical changes that may result from the interactions between a
photon and a molecule or a material. These interactions may result in light scattering (elastic or
not) or absorption. In the context of this masters’ thesis, only the effect of absorption will be
briefly discussed. Therefore, the following part will focus on the related theory as well as some
properties.
1.3.1. Absorption
Whenever light hits any sample (molecule) whether in solid, liquid or even in gases state; the
molecule may gain energy from the photons, a process that may be called absorption. Light may
also be viewed as an electromagnetic radiation in a form of waves. As a matter of fact, based on
the same model, the equation illustrating the electromagnetic radiation absorbed (or emitted)
from a molecule that is treated as a wave is shown below.
c /

[1.6]

Where  stands for the wavelength, c stands for the velocity of the light and  is the frequency
of the radiation.
When a photon is absorbed by a molecule, a photophysical or photochemical processes occurs
as proposed by Grotthus-Draper’s Law.74 This is also known as the first law of photochemistry
stating that photophysics/photochemistry effects will take place only when a photon of light is
absorbed.
The UV-vis absorption spectrum is obtained by measuring the beam passing through the sample
based on the Beer-Lambert law as shown in equation 1.7.

A  log(

I0
)  cl
I

or

I  I o10 cl

[1.7]

Where A = absorption, I0 = the intensity of the incident, I = transmitted beam, l = pathlength of
the sample, c = the molar concentration of the absorbing sample and ε = the molar absorptivity.
The latter property is a property that specifically belongs to the molecule.
The process of absorption happens when a photon is absorbed with sufficient energy which leads
to the molecule being excited. The absorption process is illustrated in the Jablonski diagram (also
called state diagram) below (Figure 39). This process is very fast since it occurs in the order of
10-15 second (or femtosecond). The molecules that are in the lowest energy level are said to be in
a ground state (singlet, S0, for diamagnetic molecules). Upon excitation (i.e. absorption of a
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photon), one electron of the frontier orbital of the electronic structure called Highest Occupied
Molecular Orbital (HOMO) is promoted to the Lowest Unoccupied Molecular Orbital (LUMO)
or a higher empty molecular orbital. Thus, this process promotes the molecule to excited states
of the type S1, S2, S3, etc, if the spins of the electrons (+1/2 or -1/2) remain magnetically coupled
(i.e. antiparallel), or of the type triplet T 1, T2, T3, etc, if the spins of the electrons are no longer
magnetically coupled (i.e. free to adopt the spin state they want regardless of the others).
Other processes occur after the absorption of a photon by the molecule, and these can be radiative
and non-radiative decays represented as a straight of broken lines, respectively, all having the
effect of relaxing the excited molecule (i.e. relaxing back to the ground state). In overall, the
absorption of a photon may lead to the emission of a photon (see fluorescence (spin-allowed
Sn→S0) and phosphorescence (spin forbidden T n→S0)) or the release of heat (briefly see
internal conversion; and

ISC

IC

for

for intersystem crossing, which are complex couplings between

electronic states that create highly excited vibronic states). These processes are shown in the
energy level diagram showing different states and transitions (Figure 39). The absorption
spectrum is then defined as the spectrum of the light absorbed by the material as the function of
the wavelength (Figure 40)

Figure 39. The Jablonski diagram describing the various electronic levels and processes.
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Figure 40. Illustration of the absorption, fluorescence and phosphorescence spectra. (Modified
from ref. 75).
According to the Jablonski diagram, the lower energy state for diamagnetic molecules (i.e. no
unpaired electron in the electronic structure) is referred to as the ground state which is
abbreviated as S0. In addition, S1 and S2 represent the first and second (excitation in LUMO+1
above the LUMO for example) singlet excited state, respectively. On another hand, T1 and T2 (a
manifold above T1 not indicated in Figure 39) represent the first and second triplet excited states.
In the singlet states, it is known that all the electrons are paired and the multiplicity of the state
is always 1. For the triplet state, the electrons are not magnetically coupled (i.e. free to adopt the
spin ½ or -½) and the multiplicity is three and this mean that the projection of the total spins can
either be -1, 0 or 1. The triplet state is more stable than the singlet because the electrons in the
singlet excited state are close to each other, which mean that Colomb repulsive energy between
them is higher and in the triplet state, the degree of freedom of the magnetic state is larger. 75
1.3.2. Fluorescence and Phosphorescence
Fluorescence is a radiative process that takes place between two electronic state of the same
multiplicity such as the ground and excited states (i.e. S1→S0 and S2→S0) (Figure 39). This
process occurs when there is a radiative relaxation from the excited states to the ground state. For
instance, the fluorescence spectrum as illustrated in Figure 40 is obtained and shows that the
emission spectrum seems to be like the mirror image of the absorption spectrum of the S0→S1
and appears red shifted compared to the absorption spectrum. The lifetime of fluorescence is
usually in the range of 10 -8 - 10-9 s (i.e. ns time scale) for organic molecules.
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Phosphorescence is also a radiative process accompanied by a change in state multiplicity (for
example arising from triplet states, i.e. Tn→S0; n = 1, 2, 3…). This process normally occurs more
slowly than the fluorescence simply because this process is spin-forbidden. The lifetime occurs
on timescale of 10 -3 s for organic molecules while for those that contain a metal (or any heavy
atom) in their molecule, the lifetime may be in timescale of 10 -5 - 10-7s. The T1 state can be
populated from the singlet excited state through the non-radiative process known as intersystem
crossing (ISC) with a timescale of 10-9 s or less if in the presence of a heavy atom. Indeed, the
presence of heavy metal atoms such as platinum for example renders the spin-orbit coupling
properties of the nuclei large and thus facilitates the molecule, through intersystem crossing, to
relax from S1 to T1 and from T1 to S0. This is due to a communication between the orbital angular
momentum and the spin angular momentum allows mixing the spin angular momentum of both
Sn to Tn states. In simple words, this occurs by mixing the nuclei spin and electronic spin
wavefunctions so that singlet and triplet state are less "pure" and consequently, the spin selection
rule becomes less rigorous (probability of a spin change between electronic states = 0). The
emission spectra of phosphorescence are always red-shifted as compared to the fluorescence,
again because of the magnetic properties of the triplet state (Figures 39 and 40).75
1.3.3. Non-radiative processes
Internal conversion (IC). As illustrated in Jablonski diagram, this process is observed when a
molecule which is lying in the excited state undergoes (through vibrational non-radiative) a
relaxation to reach lower excited states (i.e. S2 ~> S1 and S1 ~> S0). The process usually occurs
when there is a transition between two different electronic states but with the same multiplicity.
Internal conversion occurs in the 10-6-10-9 s range depending on the structure of the molecule (i.e.
flexibility, or presence of flexible group; Figure 39).
Intersystem crossing (ISC) is again a non-radiative process which occurs when an excited singlet
state passes to an excited triplet states in a non-radiative way or vice-versa. As indicated on the
state diagram (Figure 39), like the phosphorescence, ISC occurs on a timescale of 10-6-10-8 s for
organic molecules and 10 -11s for organometallics. This is an important process especially for
metal-containing compounds as they involve spin-orbit coupling. As a matter of fact, to
effectively increase the rate for intersystem crossing; one may incorporate a heavy atom in the
skeleton.75
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1.3.4. Emission Lifetime
Emission lifetime may be defined as the rate at which an excited state (i.e.: singlet or triplet) is
depopulated after the molecule is excited from the ground state. 75b
For instance, if the excitation is switched off at t = 0, the equation may take the form of
𝑑 [𝑆1](𝑡)
𝑑𝑡

= - [S1] (t) k and this equation describes the decrease in the excited molecules at all

further times. This type of integral then gives the final equation of:
[S1] (t) = [S1] (0) e [- k * t]

[1.8]

Where [S1] is number of excited elements at time (t) and k is the rate constant of all deexcitation
processes.
Therefore, basing on the equation above the lifetime 𝜏 is equal to k -1. Where k as seen above is
sum of radiative and non-radiative processes.
The overall equations for the lifetime measurements for both fluorescence, 𝜏𝐹 , as well as
phosphorencence, 𝜏𝑃 , is given by:

𝜏𝐹 =

1
𝑘𝐹+ 𝑘𝑖𝑐 +𝑘𝑖𝑠𝑐

or

𝜏𝑃 =

1
𝑘𝑃+ 𝑘𝑖𝑐 +𝑘𝑖𝑠𝑐

[1.9]

Lifetime measurements
The steady state fluorescence spectra in this masters’ thesis were recorded using capillary. These
spectra were corrected for instrument response. Phosphorescence lifetime measurements were
made with an Edinburgh Instruments FLS980 Phosphorimeter equipped with “flash” pulsed
Lamp. The repetition rate can be adjusted from 1 to 100 Hz (60 or 70 Hz was selected in most
cases) at t = 0 and the decay of the fluorescence or phosphorescence intensity is measured (Figure
41).
The decay of the fluorescence or phosphorescence intensity is given by the equation below:
I (t) = I(0) ∙ e (-t/ 
Where I = intensity, lifetime and t = time.
All lifetime values were obtained from deconvolution and distribution lifetime analysis.
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Figure 41. An example of exponetial decay (blue), instrument response function [IRF] (red) and
the fit of the decay (black).

1.3.5. Quantum yield
The quantum yield (Φ) provides information in the scale from 0 to 1 (or 0 to 100 %), on the rates
of radiative versus non-radiative processes of the excited electronic states. This can also be used
for the determination of sample purity whereby the specific sample will be compared to the
known pure sample or standard.75 The emission quantum yield can be defined as the ratio of
number of photons emitted over the number of photons absorbed (Equation 1.10).76
ΦF =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

[1.10]

The widespread method for measurement of the relative quantum yield involves the comparison
of very dilute solution of the target sample with a solution of approximately equal optical density
of compound of known quantum yield, for instance a known reference. 77 The quantum yield of
the target sample is calculated by the equation 1.11.
AR FS n S2
S  (

 )R
AS FR n R2

[1.11]
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Where subscript S = sample, subscript R = reference, Φ = quantum yield, A= absorbance at a
given excitation wavelength, F = integrated emission area across the band in a linear scale of
energy (i.e. cm-1), n = refractive index of the solvent which has the reference.
The absorption as well as the emission bands of the selected standard should be very close to
those of the sample in order to have the same refractive index of the medium through which light
travels. In this way, no correction factor is need (refraction index at a given wavelength of
emission and excitation, thus inducing more possibility of error). The absorbance of both the
standard and sample must the same and between 0.045-0.055 in order to be in the linear region
of the Beer-Lambert law, but also to minimize any auto absorption processes (in other words,
any emitted photons being reabsorbed by another molecule). Moreover, the excitation
wavelength must be the same for sample and reference, again because the refractive index n is
wavelength depedent.
The fluorescence and phosphorescence quantum yields, ΦF and ΦP, respectively, are related to
photophysical constants such as the rates of various competing processes.

The fluorescence and phosphorencence quantum yields: These parameters measure the ratio of
the rate constant for fluorescence, 𝑘𝐹 , or phosphorescence, 𝑘𝑃 , divided by the sum of all rate
constants, ∑𝑖 𝑘𝑖. Below are the general equations showing these parameters (equation 1.12).
𝑘

ΦF = ∑ 𝐹

or

𝑖 𝑘𝑖

ΦP =

𝑘𝑃
∑𝑖 𝑘𝑖

[1.12]

By expanding the above equations, as shown in the states’ diagram that the non-radiative rate
constants are both kIC and kISC and the radiative one are kF (for fluorescence) and kP (for
phosphorescene); the resulting equations are (equations 1.13).

ΦF =

𝑘𝐹
𝑘𝐹+ 𝑘𝑖𝑐 +𝑘𝑖𝑠𝑐

or

ΦP =

𝑘𝑃
𝑘𝑃+ 𝑘𝑖𝑐 +𝑘𝑖𝑠𝑐

[1.13]

In addition, using the same rate constants, one can also define the corresponding lifetimes of a
given radiative process. The equations for the lifetime measurements for both fluorescence, 𝜏𝐹 ,
as well as phosphorencence, 𝜏𝑃 , is given by:
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𝜏𝐹 =

1
𝑘𝐹+ 𝑘𝑖𝑐 +𝑘𝑖𝑠𝑐

or

𝜏𝑃 =

1
𝑘𝑃+ 𝑘𝑖𝑐 +𝑘𝑖𝑠𝑐

[1.14]

When the emission lifetimes are evaluated, one can use equations 1.10 and 1.11 to extract the
radiative rate constants kF and kP (equations 1.12).

ΦF = 𝑘𝐹 𝜏𝐹 or

ΦP = 𝑘𝑃 𝜏𝑃

[1.15]

1.3.6. Density functional theory (DFT) and time dependent density functional theory (TDDFT) calculations
Historical background.
Density functional theory (DFT) was first introduced in the scientific field in early 1960’s by
Kohn and Hohenberg. 79(a-b) There are different basis sets for density functionals including local
which is the local spin density (LSDA) functional; a nonlocal functional which is the Becke-LeeYang-Parr (BLYP) functional and a hybrid functional, the Becke 3-Lee-Yang-Parr (B3LYP)
functional. 79 (h-j)
Method.
The calculations done included the density functional theory (DFT) and time dependent density
functional theory (TD-DFT) were performed with Gaussian 0978 at the Université de Sherbrooke
with the Mammouth supercomputer supported by Le Réseau Québécois De Calculs Hautes
Performances. All. cif files from X-ray crystal structures have been used like optimized structure
for calculations except for the ligand which was optimized. A 6-31g* basis set was used for all
the calculations. The DFT (singlet and triplet energy states) and TD-DFT calculations79 were
carried out using the B3LYP method. In case of the triplet state which involve the excitation
energies from the lowest triplet energy state to higher triplet states (T 1→Tn), the UB3LYP/631g* theory level were used in the calculations. VDZ (valence double ζ) with SBKJC effective
core potentials were used for all Cu, I, Br, Cl and Pt atoms. 80 The calculated absorption spectra
were obtained from log file obtained from TD-DFT using GaussSum 3.2.81
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CHAPTER 2
Luminescent 1D- and 2D-Coordination Polymers using CuX Salts (X = Cl, Br, I)
and a Metal-containing Dithioether Ligand
2.1. Project overview
Coordination polymer chemistry is one of the continuous growing field in chemistry.
Luminescent coordination polymers have attracted much attention due to the potential
applications including sensing, 82 and light emitting diode (LED).83
The following chapter will focus on the synthesis of 1 and 2D coordination polymers obtained
from a rigid Pt(II)-containing ligand and CuX salts (X = Cl, Br, I). The resulting CPs showed
some interesting properties since some of the CPs exhibited the presence of solvent molecules
(PrCN or PhCN) trapped inside cavities. Since a rigid ligand was used, there was a possibility
that these CPs were porous. Indeed, their porosity was studied using gas sorption (CO2 and N2)
measurements. In addition, vaporchromism was also studied by removing the solvents molecules
and replacing them with vapor of other solvents such as PrCN, MeCN and MeOH.

TOC image.
This work has currently been published in journal of Inorganic Chemistry in 2016 by Frank
Juvenal, Adam Langlois, Antoine Bonnot, Daniel Fortin and Pierre D. Harvey. The project was
conducted at the University of Sherbrooke under supervision of Professor Pierre D. Harvey.
Adam Langlois obtained crystals for L1 while Dr. Antoine Bonnot helped with obtaining images
from DFT calculations and measured the emission quantum yield of L1. Dr. Daniel Fortin
44

performed the X-ray single crystal diffraction analysis of the obtained structures. I synthesized
all the CPs obtained, performed all the required characterizations including TGA analysis, IR,
quantum yields (except one as stated above), gas sorption measurements, DFT and TDDFT
calculations as well as photophysical measurements of CPs in the presence and absence of solvent
crystallization molecules. The whole first draft of the manuscript was written by me and Prof.
Pierre D. Harvey made some corrections and finalized the manuscript.

2.2. Manuscript published in Inorg. Chem. 2016, 55, 11096-11109.

Luminescent 1D- and 2D-Coordination Polymers using CuX Salts (X = Cl, Br, I) and a
Metal-containing Dithioether Ligand
Frank Juvenal, Adam Langlois, Antoine Bonnot, Daniel Fortin and Pierre D. Harvey*
Département de chimie, Université de Sherbrooke, Sherbrooke, Québec, Canada J1K 2R1
*Email : Pierre.Harvey@USherbrooke.ca

2.2.1. Abstract
The organometallic synthon trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe] (L1) reacts with
CuX (X = Cl, Br, I) in PrCN and PhCN to form 1D- or 2D-coordination polymers (CP) with a
very high degree of variability of features. The copper-halide unit can be either the rhomboids
Cu2X2 fragments, or the step cubane Cu4I4. The CP’s may also incorporate a crystallization
solvent molecule or not, which may be coordinated to copper or not. Their characterizations were
performed by X-ray crystallography, thermal gravimetric analysis (TGA), IR, absorption and
emission spectra as well as photophysical measurements in the presence and absence of solvent
crystallization molecules. The nature of the singlet and triplet excited state was addressed using
DFT and TDDFT computations, which turn out to be mainly * with some minor MLCT (Cu4I4
→ L1) contributions. The porosity of the materials has been evaluated by BET (N 2 at 77 K). The
solvent-free 1D CP’s are not prone to capture solvent molecules or CO2 but the efficiency for
CO2 absorption is best for the 2D CP, which exhibits the presence of clear cavities in the grid
structure, after the removal of the crystallization molecules.
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2.2.2. Introduction
The organometallic synthons trans-Pt(C≡C)2(PR3)2 ([Pt]; R = aryl, achiral or chiral alkyl)1 and
M-M-bonded Pt2(dppm)2(C≡C)2 ([Pt2]; dppm = (Ph2P)2CH2)2 are known to respectively form
moderately and strongly conjugated polymers. The relative amplitude of electronic coupling
between the anchoring groups attached to the ethynyl functions are well known from
electrochemical investigations, using redox-active ferrocenyl probes,3 and from photophysical
measurements.2b The redox and optically active [Pt]-containing polymers share a common
structure, ([Pt]-G)n where G is most of the time an organic fragment, 1 which found applications
in 2-photon absorption,4 solar cells,5 and light emitting diodes.6 However, the cases where G is
either composed of an organometallic residues or a coordination moities are far more scarce. This
short list can be divided into four categories: G is included (a) in the inner core of the polymer
(germanium-7 and iridium-containing unit,8 zinc(II)porphyrin9), as a side group anchored onto
the ethynyl bond (via coordinating Cu-10 or Ag-complexes11), attached as a pendent group (here
ferrocenyl) linked either to the phosphine12 or the organic residue,13 and as used as end group.14
Many of these heterobimetallic polymers have been investigated for their luminescence
properties7-9 and electrochemical activities.8,13 The common feature is that these polymers are all
1D-materials.

Chart 1. Selected examples of structures of the heterobimetallic [M]-[Pt]-containing polymers.
All these polymers are 1D-materials.
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There is an opportunity to exploit the chemistry of the already established coordination of the
ethynyl group and to incorporate a supplementary function in order to promote the formation of
2D-materials. In this respect, the use of thioether with copper halide salts (X = Cl, Br, I)
demonstrated a clear accentuated ability to form 1D- (frequent), 2D- (often), and 3D- (scarce)
coordination polymers dominantly of the type (Cu2X2)n(thioether)m (n = 1-4; m = n or n-1).15 In
relevance with this work, a recent review focussed exclusively on 2D-materials (55 structures).16
Because of the rigidity of the [Pt]-frame, there also an opportunity to form 3D-frameworks.17
We now report a new rigid dithioether ligand, trans-[p-MeSC6H4C≡CPt(PMe3)2C≡C-pC6H4SMe] (L1) along with its coordination polymers built upon CuX salts (X = Cl, Br, I)
prepared in PrCN and PhCN generating six different ([Pt]-[Cu])n CP’s. These new CP’s can be
either 1D or 2D, may include a solvent crystallization molecule in the unit cell or not, and may
be or not coordinated to a Cu atom. The photophysical properties were investigated in some detail
before and after removing the crystallization solvent molecule. The assignment for the emissive
excited state was performed with the aid of the emission signatures (Stoke shift and emisison
lifetimes) and DFT and TDDFT computations. Finally, the porosity of the CP’s and amount of
adsorption of CO2 were measured where a direct relationship between these parameters was
observed.

Chart 2. Structures of the heterobimetallic [Pt]-[Cu]-containing polymers. These polymers are
either 1D- or 2D-materials.
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2.2.3. Experimental section
Materials.

CuI,

CuBr

and

CuCl

were

purchased

from

Aldrich.

4-

(trimethylsilylethynyl)thioanisole and cis-dichlorobis(trimethylphosphine)platinum(II) were
prepared according to a known procedure.18b-c Details for this synthesis are placed in the SI for
convenience. The synthesis of cis-(PMe3)2PtCl2 to form trans- compound has previously been
reported.18c
Synthesis of L1: cis-dichlorobis(trimethylphosphine)platinum(II) (0.498 g, 1.18 mmol) and 4ethynylthioanisole (0.480 g, 3.24 mmol) were added to a round bottom flask. 50:50 distilled THF/
NHEt2 was added (10 mL: 10 mL) and the mixture was degassed with argon and stirred it for 30
min. CuI (0.004 g, 0.02 mmol) was added and degassed the mixture with argon. The solution
was left stirring at room temperature for 24 h and was placed in the fridge to settle. The product
was filtered and washed with cold water and cold methanol. Finally, the product was dried. Yield
0.664 g (87 %). 1H NMR (300 MHz, CD2Cl2) δ 7.21 (d, J = 8.4 Hz, 4H), 7.10 (d, 4H), 2.46 (s,
6H), 1.82 – 1.64 (m, 18H).
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P NMR (122 MHz, CDCl3): δ -20.46 (s, JPt−P = 2299 Hz). Anal.

Calcd. for C24H32P2PtS2: C, 44.88; H, 4.99 %. Found: C, 44.97; H, 4.86 %. IR (cm-1): 2979,
ν(CH); 2902, ν(CH); 2108, ν(C≡C); 1653, ν(C=C).
Synthesis of {[Cu4I4L1]·PrCN]}n (CP1)
L1 (20.0 mg, 0.031 mmol) and CuI (12.0 mg, 0.062 mmol) were dissolved in 5 mL of
butyronitrile. The solvent was degassed under argon prior to the reaction and the resulting
mixture was stirred for 2 hrs in a vial at room temperature. The mixture was slightly heated and
allowed to cool at room temperature, which facilitated the crystals formation. The crystals were
isolated by filtering the solution. Yield: 58%. Anal. Calcd. for C14H19.50Cu2I2N0.5PPt0.50S
(736.26): C, 22.81; H, 2.65; N, 0.95 %. Found: C, 23.03; H, 2.86; N, 1.04 %. IR (cm-1): 2970,
ν(CH); 2907, ν(CH); 2106, ν(C≡C); 1586, ν(C=C).
Synthesis of {[Cu2I2L1]·PhCN]}n (CP2)
Yield: 51%. Anal. Calcd. for C38H42Cu2I2N2P2PtS2 (1228.77): C, 37.10; H, 3.45; N, 2.28 %.
Found: C, 37.17; H, 3.87; N, 2.30 %. IR (cm-1): 2987, ν(CH); 2883, ν(CH); 2107, ν(C≡C); 1650,
ν(C=C).
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Synthesis of {[Cu2Cl2L1]·PrCN]}n (CP3)
L1 (20.0 mg, 0.031 mmol) and CuCl (6.0 mg, 0.062 mmol) were dissolved in 5 mL of
butyronitrile under argon. The mixture was stirred for 2 hrs in a vial at room temperature and
slightly heated it to completely dissolve. Slow cooling the solution at room temperature gave
clear pale yellow prism-like crystals and were isolated by filtration of the solution. Yield: 48 %.
Anal. Calcd. for C52H71Cl4Cu4NP4Pt2S4 (1748.36): C, 35.68; H, 4.06; N, 0.80 %. Found: C,
35.38; H, 4.16; N, 0.72 %. IR (cm-1): 2970, ν(CH); 2907, ν(CH); 2106, ν(C≡C); 1590, ν(C=C).
Synthesis of {[Cu2Cl2L1]·PhCN]}n (CP4)
L1 (20.0 mg, 0.031 mmol) and CuCl (6.0 mg, 0.062 mmol) were dissolved in 5 mL of
benzonitrile under argon. The resulting mixture was stirred for 2 hrs in a vial at room temperature
and slightly heated it to completely solubilize. The solution was slowly cooled at room
temperature to give clear pale yellow prism-like crystals which were isolated by filtration. Yield:
44%. Anal. Calcd. for C31H37Cl2Cu2NP2PtS2 (942.75): C, 39.45; H, 3.92; N, 1.48 %. Found: C,
40.21; H, 4.13; N, 1.67%. IR (cm-1): 2983, ν(CH); 2894, ν(CH); 2106, ν(C≡C); 1586, ν(C=C).
Synthesis of {[Cu2Br2L1]}n (CP5)
L1 (20.0 mg, 0.031 mmol) and CuBr (9.0 mg, 0.062 mmol) were dissolved in 5 mL of
butyronitrile under argon. The mixture was then stirred for 2 hrs in a vial at room temperature
and slightly heated it to completely dissolve. The solution was slowly cooled at room temperature
to give clear light yellow prism-like crystals. Yield: 52%. Anal. Calcd. for C48H64Br4Cu4P4Pt2S4
(1857.09): C, 31.01; H, 3.45 %. Found: C, 30.92; H, 3.59 %. IR (cm-1): 2970, ν(CH); 2894, ν(CH);
2106, ν(C≡C); 1594, ν(C=C).
Synthesis of {[Cu2Br2L1]}n (CP5’)
L1 (20.0 mg, 0.031 mmol) and CuBr (9.0 mg, 0.062 mmol) were dissolved in 5 mL of
benzonitrile under argon. The mixture was then stirred for 2 hrs in a vial at room temperature
and slightly heated it. The solution was slowly cooled at room temperature to give clear light
yellow prism-like crystals Yield: 50%. Anal. Calcd. for C48H64Br4Cu4P4Pt2S4 (1857.09): C, 31.01;
H, 3.45 %. Found: C, 30.78; H, 3.70 %. IR (cm-1): 2973, ν(CH); 2901, ν(CH); 2106, ν(C≡C);
1598, ν(C=C).
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Gas sorption isotherm measurements. Gas sorption isotherms at low-pressure ranging between
0 to 1100 mbar (~1.1 atm) were measured using Micrometrics instrument ‘Accelerated Surface
Area and Porosimetry’ (ASAP 2020) analyzer. For the isotherms, warm and cold free space
correction measurements were performed using ultra-high purity He gas with 99.999 % of purity.
All gases used are of high grade with purity of 99.999 % for N2 gas and the purity grade of 99.99
% for CO2 gas. The measurements were done at different temperatures of 77 K for N2 gas while
for CO2 gas, the measurement was done at 273 K. Before performing the sorption measurements,
the samples were heated under a vacuum at 110 oC for approximately 8 h and measured the mass.
The samples were backfilled with N2 and transported to the analysis port where further
evacuation was done for 2 h before starting the whole analysis. The surface area and pore
volumes were calculated by Brunauer-Emmett-Teller (BET)19, 21 and Density Functional Theory
(DFT)20 model for N2 and CO2 respectively.
Instruments. Solid state UV-vis spectra were recorded on a Varian Cary 50 spectrophotometer at
298 K and 77 K using graze-angle transmittance apparatus and a homemade 77 K sample-holder.
Steady state fluorescence and excitation spectra were measured on Edinburgh Instruments
FLS980 Phosphorimeter equipped with single monochromators. All samples were fished out as
single crystals under the microscope and were crushed prior to use. The identity of the material
was confirmed by comparing the calculated powder XRD from the single crystal data with the
experimental ones. The steady state fluorescence spectra were recorded using capillary. These
spectra were corrected for instrument response. Phosphorescence lifetime measurements were
made with an Edinburgh Instruments FLS980 Phosphorimeter equipped with “flash” pulsed
Lamp. The repetition rate can be adjusted from 1 to 100 Hz. All lifetime values were obtained
from deconvolution and distribution lifetime analysis. The latter instrument was also used to
measure the chromaticity. The quantum yield measurements were performed with the Horiba
Fluorolog III. This instrument is equipped of an integration sphere which allows the direct
measurements of emission quantum yields. The TGA traces were acquired on a Perkin Elmer
TGA 7 apparatus in the temperature range between 20 and 950 °C at 10 °C / min under argon
atmosphere. The figures have been treated by Origin software.
Computation. The density functional theory (DFT) and time dependent density functional
theory (TD-DFT) calculations were performed with Gaussian 09 22 at the Université de
Sherbrooke with the Mammouth supercomputer supported by Le Réseau Québécois De Calculs
Hautes Performances. All.cif files from X-ray crystal structures have been used like optimized
structure for calculations. The DFT (singlet and triplet energy states) as well as TD-DFT
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calculations23-31 were carried out using the B3LYP method. VDZ (valence double ζ) with SBKJC
effective core potentials were used for all Cu, I, Br, Cl and Pt atoms. 32-35 The calculated
absorption spectra were obtained from GaussSum 3.2. 36 Because these calculations are done to
figure out the electronic properties of these samples at solid state, the solvent effect may not be
considered.
X-Ray crystallography. Clear light yellow needle-like single-crystal of L1 was measured on a
Bruker Apex DUO system equipped with a Cu Kα ImuS micro─focus source with MX optics (λ
= 1.54186 Å). On another hand; clear light yellow prism-like single-crystals of CP1, CP2, CP3,
CP4, CP5 and CP5’ were measured on a Bruker Kappa APEX II DUO CCD system equipped
with a TRIUMPH curved crystal monochromator and a Mo fine-focus tube (λ = 0.71073 Å).
Diffraction data were recorded at 173 K for L1, CP1, CP2, CP3, CP4, CP5 and CP5’. A total
of 1727 frames were collected for L1 while 797 frames were collected for CP1, CP2, CP3, CP4,
CP5 and CP5’. The frames were integrated with the Bruker SAINT37 Software package using a
narrow-frame algorithm for all CPs and used wide-frame alogarithm for L1. Data were corrected
for absorption effects using the multiscan method (SADABS). 37 The structures were solved and
refined using the Bruker SHELXTL Software Package using space group P 1 21/c 1, with Z = 2
for L1, space group P -1 with Z = 2 for CP1, CP3 and CP4, space group P 1, with Z = 1 for CP5
and space group P -1, with Z = 1 for CP2 and CP5’. All non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms were placed in calculated positions and
included in final refinement in a riding model with isotropic temperature parameters set to Uiso(H)
= 1.5 Ueq(C). Crystal data, data collection, and structure refinement of all compounds are
presented in Table S1 (SI).
2.2.4. Results and Discussion
Synthesis and structures.
The

(trans-[bis(p-methylthioetherbenzeneethynyl)bis(trimethylphosphine)platinum(II)),

L1,

was prepared by reacting two equivalents of 4-ethynylthioanisole with cis-dichlorobis(trimethylphosphine)platinum(II) in the presence of CuI and Et 2NH as the base (Scheme 1).
Crystals suitable for X-ray analysis were obtained in CH2Cl2 and reveal a trans-geometry about
the Pt atom (Figure 1, the X-ray data are in Table S1 of the SI). The PtP2(C≡C)2 and C6H4 planes
make an angle of 20.88° and the CC≡C-Pt-C≡CC axis is quasi linear.
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Scheme 1. Synthesis of L1, and CP1-5’; i) cis-PtCl2(PMe3)2, CuI, Et2NH.

Figure 1. ORTEP representation of L1. The thermal ellipsoids are set at 50% probability. Yellow
= S, purple = Pt, orange = P, blue = C, white = H.

Ligand L1 reacts with CuX salts (X = Cl, Br, I) in PrCN and PhCN to form 1D and 2D
coordination polymers (CP, Scheme 1, the X-ray data are summarized in Table S1). The CuI salt
makes a 2D CP with L1 in PrCN (CP1) where the central node is a Cu4I4 cluster exhibiting a
step cubane geometry (i.e. two slipped Cu2I2 rhomboids fused in a staircase fashion, Figure 2).
The Cu4I4 clusters exhibit two tricoordinated Cu atoms by two I and one C≡C) and two
tetracoordinated ones by two I, one S, and one C≡C ligands. CP1 exhibits a mesh structure
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through a series of (Cu4I4-L1)2 macrocycles formed by S-Cu4I4-(2-C≡C) coordination networks.
The formation of these macrocycles induces a distortion in the L1 skeleton where a C-C≡C angle
of 163.3° and a C6H4•••C6H4 inter-planar distance of 1.688 Å are measured. An S-shape can be
depicted for L1 inside the CP1 2D grid. Such distortion of the -system is suspected to influence
the photophysical response of this material in comparison with the uncoordinated ligand L1.
Inside these macrocycles, a PrCN crystallization molecule is trapped. This solvent molecule is
found disordered.

Figure 2. a) ORTEP representation of a fragment of the 2D CP1. The thermal ellipsoids are set
at 50% probability. Yellow = S, purple = Pt, brown = Cu, orange = P, green = I, blue = C, white
= H. Only one PrCN molecule is represented inside a cavity. b) local environment of L1 in CP1.
c) View of the Cu4I4(2-C≡C)2(S)2 unit. d) Drawing of a segment of CP1. The X-ray data and
some further description are in the SI.

Conversely, CuI reacts with L1 in PhCN to generate a 1D material (CP2; Figure 3). The 1D chain
is composed of (Cu2I2-L1)n build upon (2-C≡C)-Cu linkages and falls in the same category of
CPs stated above (see the CPs shown in Chart 1 where the polynuclear copper unit is anchored
onto the 2-ethynyl function via the coordination of a -Cu2Br2-rhomboid10 or a -Ag2(O3SCF3)2complex11).
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Figure 3. ORTEP representation of a fragment of CP2. The thermal ellipsoids are set at 50%
probability. Yellow = S, pale purple = Pt, orange = P or Cu when attached to two I, green = I,
dark purple = N, blue = C, white = H.

In CP2, both metal atoms in the Cu2I2 rhomboid exhibit a tetrahedral geometry where one PhCN
solvent is bonded to each copper (i.e. 1:1 solvent/Cu ratio). The high boiling point of PhCN and
the presence of Cu-N coordination bond would make the removal of the solvent more difficult
(under heat and vacuum). Again, L1 undergoes a distortion where a C-C≡C angle of 156.8° and
a smaller distance (compared to L1 in CP1) between the two C6H4 planes of 0.973 Å are
measured. Noteworthy, the SMe groups are not involved in any coordination interactions. Instead,
Cu-N links are generated and explain the formation of a 1D structure rather than the 2D network
observed for CP1. The flat structure of PhCN also appears as a feature for its insertion between
two L1 ligands within the skeleton of the 1D polymer CP2.
Two 1D CPs are also formed, CP3 and CP4, when the salt is CuCl regardless of the solvent and
are of the same type as CP2 (Figure 4). The difference is that no Cu-solvent coordination bonding
is formed. Instead, the solvent is found as crystallization molecules in their lattices. The C-C≡C
bond angles are 163.3° and 166.2° and dihedral angles of 44.7° and 24.5° are measured for the
average planes between the SC6H4C and trans-PtP2C2 units for CP3. Moreover, a dihedral angle
of 58.6° is observed between the two C6H4 planes, thus contrasting with the centrosymmetric L1
in CP1 and CP2.
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Figure 4. ORTEP representation of a fragment of the 1D CP3 (left) and CP4 (right). The
thermal ellipsoids are set at 50% probability. Yellow = S, pale purple = Pt, orange = P or Cu
when attached to two Cl, green = Cl, purple = N, blue = C, white = H.

The reaction between CuBr and L1 in PrCN or PhCN leads to an isostrutural 2D network (Figure
5). However, the isolated crystals from the two solvent mixtures only slightly differ from the
d((Cu•••Cu), d(Cu-Br), d(Cu-S) and d(Br•••Br) distances (provided below), and they are called
CP5 (PrCN) and CP5’ (PhCN) for convenience. The 2D grid is generated from parallel placed
1D chains of (Cu2Br2-L1)n again build upon (2-C≡C)-Cu coordinations bonds similar to that of
CP3 and CP4 (Figure 4), interacting with the neighbouring (Cu2Br2-L1)n chains via two S-Cu
linkages in an alternated fashion (i.e.: •••Cu2Br2-L1*-Cu2Br2-L1-Cu2Br2-L1*-Cu2Br2-L1•••
where L1* and L1 are the ligands respectively involving and not involving S-Cu linkages; Figure
5). Each •••Cu2Br2-L1*-Cu2Br2-L1••• chain are doubly linked via parallel Cu-(2-C≡CC6H4S)2Cu rings where the C6H4 aromatics are placed face-to-face. This coordination scheme generates
large macrocycles (see cycles made by the [red bar/green rectangle/red bar/green] units in Figure
5) filled with two halves of L1 (i.e. the non-S-coordinated ligand). This structural feature reveals
total absence of voids, which otherwise could likely be accommodating crystallization solvent
molecules. Again, this is not the case here.
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Figure 5. ORTEP representation of a fragment of the 2D network of CP5 (which is isostructural
to CP5` except the Cu-Cu distances differ; the detail is placed in Table 1). The thermal ellipsoids
are set at 50% probability. Yellow = S, pale purple = Pt, orange = P or Cu when attached to two
Br, dark red = Br, blue = C, white = H. The red lines represent the Pt-Pt-Pt axes. The transparent
yellow and green boxes respectively highlight the non-S-coordinated and S-coordinated ligand
L1.
Similar S-shape distortions are also noted for L1 and L1* in CP5 as mentioned for the other CPs
(Figure 6). For instance, the C-C≡C bond angles are 163.4° and 158.6° for L1 and 162.7° and
163.2° for L1*. Angles of 17.0° (L1) and 4.0° (L1*) are also noted between the average C6H4
planes in L1 and L1*. The average d(Cu•••Cu), d(Cu-Br), d(Cu-S) and d(Br•••Br) distances
(Table 1) within the Cu2Br2S frame are respectively 3.215, 2.496, 2.456, and 3.735 Å for CP5,
and 3.225, 2.487, 2.459, and 3.727 Å for CP5’, showing only a minor variation whether PrCN
or PhCN is used as the recrystallization solvent. The IR spectra were also monitored for (C≡C).
These values are 2108 cm-1 for L1 and ~2106 cm-1 for CP1 to CP5’ (see Experimental Section
for detail). This very small decrease in (C≡C) also goes in the same direction of the small C≡C
bond lengthening (1.20 Å for L1, to ~1.23-1.25 Å for CP1 to CP5’; see Table S26 in SI for
detail), suggesting the expected back bonding effect.
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Figure 6. ORTEP representation of the environment around L1. The circle indicates the presence
of S-Cu coordinations from L1 (labelled L1* in the text).
Table 1. Bond distances within the Cu2Br2S rhomboids in CP5 and CP5’.
CP5 (rhomboid 1)
bonds
distances(Å)
Cu2•••Cu1
3.222(3)
Br1-Cu1
2.464(3)
Br2-Cu1
2.659(3)
Br1-Cu2
2.416(3)
Br2-Cu2
2.410(3)
Cu1-S3
2.445(6)
Br2•••Br1
3.730(2)

CP5 (rhomboid 2)
bonds
distances(Å)
Cu4•••Cu3
3.207(3)
Br3-Cu4
2.643(3)
Br4-Cu4
2.481(3)
Br4-Cu3
2.416(3)
Br4-Cu4
2.481(3)
Cu4-S4
2.466(6)
Br4•••Br3
3.740(3)

CP 5’
bonds
distances(Å)
Cu1•••Cu2
3.2251(9)
Cu1-Br1
2.6573(8)
Cu1-Br2
2.4664(6)
Cu2-Br2
2.4226(7)
Cu2-Br1
2.4020(6)
Cu1-S1#2 2.4589(10)
Br1•••Br2
3.7270(1)

These six combinations of solvents and salts generate five different CPs indicating the high
variability of outcomes upon seemingly minor changes in the synthesis procedure, and making
predictability very difficult. Table 2 compares various structural features for these CPs trying to
find correlations. The (2-C≡C)-Cu coordinations are clearly favored over Cu-S. Statistically, the
rhomboid dimer Cu2X2 is most often encountered. This observation is fully consistent with the
general trends reported for 0D, 1D, 2D and 3D CPs built upon organic mono- and dithioether and
CuX salts (X = Cl, Br, I).38 The most interesting trend is that when there is occurrence of S-Cu
bonding, the resulting CP exhibits a 2D dimensionality. In these cases, large macrocycles are
formed and can potentially accommodate solvent crystallization molecules. This was only the
case for CP1. The following sections describe the physical and photophysical properties of these
CPs.
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Table 2. Comparison of selected structural features of CP1 - CP5’
CP1

CP2

CP3

CP4

CP5

CP5’

Cu4I4

Cu2I2

Cu2Cl2

Cu2Cl2

Cu2Br2

Cu2Br2

CP dimensionality

2D

1D

1D

1D

2D

2D

crystallization mol.

PrCN

─

PrCN

PhCN

─

─

coordinated solvent

─

PhCN

─

─

─

─

nb of trivalent Cu_
nb of tetravalent Cu

2/2

0/2

2/0

2/0

1/1

1/1

nb of Cu-S bonds

2

0

0

0

1

1

nb of Cu-X bonds

4

2

2

2

2

2

nb of Cu-(2-C≡C)
bonds

2

2

2

2

2

2

cluster structure

Thermal gravimetric analysis (TGA). The thermal stability of CP1, CP3, CP5 and L1 (for
comparison purposes) were addressed using TGA (Figure 7). The loss of PrCN in CP1 (~4.6 %
weight loss) and CP3 (~3.3 %) occurs respectively at ~170 and ~115°C. No weight loss in these
regions is observed for CP5 and L1, which do not contain crystallization molecule in the lattice.
Two next weight losses are recorded near 250 and 450 °C and are clearly reminiscent of the
thermal decomposition of L1.
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Figure 7. TGA traces (black) and 1st derivative of the TGA traces (grey).
Moreover, CP1 exhibits further decomposition passed 500 °C, which appears to be associated
with the loss of I2. The key feature in this series is that the PrCN molecule in CP1 is more strongly
retained inside the macrocycles than only being surrounded by C6H4SMe and PMe3 groups within
the 1D structure of CP3. The fact that the weight loss of PrCN in CP3 resembles that of its
boiling point (117 to 119 °C) corroborates this feature. For CP2 and CP4, the situation is
different as PhCN is less volatile (T b =188-191 °C; see SI for traces). In fact, weight losses,
starting at 95 °C, are observed clearly indicating presence of decomposition, likely involving the
solvent molecule. So, no reliable interpretation is possible in these cases.
Gas sorption measurements. Gas sorption isotherms at low-pressure ranging between 0 to 1100
mbar (~1.1 atm) were measured for CP1 (PrCN), CP3 (PrCN), CP5 (no solvent; Figure 8). The
BET and DFT measurements reveal that the quantity of gas for N2 and CO2 (Table 3) being
adsorbed varies as CP1 > CP3 > CP5, which is consistent with the fact that CP5 exhibits minimal
voids and that CP1 exhibits large macrocycles in the lattice (Figure 8).
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Figure 8. Left: CO2 sorption isotherm of CP1 (red), CP3 (black) and CP5 (blue) measured at
273 K. Closed shapes = adsorption and open shapes = desorption. Right: space filling model of
CP1 illustrating the cavities available for gas sorption.
Table 3. Gas adsorption data for CP1, CP3 and CP5.a
Codes
CP1
CP3
CP5

Gas

T [K]

CO2
N2
CO2
N2
CO2
N2

273
77
273
77
273
77

P
[mbar]
1090
992
1046
991
1046
997

Quantity Adsorbed
(cm³/g STP)
12.2
4.7
5.7
1.5
1.6
-b

Surface
Area (m²/g)
57.2
6.5
-c
3.7
1.7
-b

Pore Volume
(cm³/g)
0.019
< 0.01
-c
< 0.01
< 0.01
-b

a

For CO2, the estimation of the structural parameters were made using by DFT calculations model, while
for N2 gas, the surface area was measured from BET. bToo small to be measured. cNot calculated.

Absorption and emission properties. The solid state absorption (from reflectance), excitation and
emission spectra of L1 and CP1-CP5 at 298 K are shown in Figure 9 (see Figures S1,2 for the
77 K data). The absorption spectra are characterized by a maximum in the vicinity of 300-350
nm, which compares favourably to that for L1 and in both solution and the solid state (Figures
S1,2). This latter signal is assigned to spin-allowed * mixed with ligand-to-metal (LMCT); an
assignment that is supported by DFT and TDDFT computations below. Indeed, based on the
computed relative atomic contributions to the frontier MOs (DFT, Figure S3 and Table S2) and
the nature of the lowest energy electronic transitions (TDDFT, Table S2) for L1, this intra-ligand
*/LMCT assignment (L = MeSC6H4C≡C) is readily corroborated.
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Figure 9. Solid state absorption (black), excitation (blue), and emission (red) spectra of L1, and
CP1-CP5 at 298 K. The chromaticity diagrams and data are placed in the SI.
The graph reporting the computed oscillator strength, f, vs the calculated position of the electronic
transition generates a bar plot. By assigning a width of 1000 cm-1 to each bar, a spectrum is
generated where the maximum matches approximately that of the experimental spectrum ( ~
300 nm, Figures 9 and S4). This computational observation is consistent with previous findings
reported by Cooper and collaborators where a mixing is also computed for the transC6H5C≡CPt(PR3)2C≡CC6H5 related complexes.39 In this case, the authors mentioned the presence
of the *-type of electronic transitions mixed with both LMCT and metal-to-ligand charge
transfer (MLCT) where M = Pt (dxy).
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For CP1-CP5, again the absorption spectra exhibit the same features as for L1 and they were
also addressed using DFT and TDDFT (Figures 10 and S5, Tables 4 and S5). CP1 is only
discussed here but the conclusions are consistent with those for CP2-CP5, except that CP2 shows
some differences presented below. Selected MO representations of CP1 exhibit two distinct types
of atomic contributions (Figure 10). The first type consists of atomic contributions concentrated
on L1 for both filled and empty MOs, whereas for the second type, the contributions are localized
on the Cu4I4 motif mainly for some filled MOs. Such a situation leads to two possible
combinations of excited states: intra-L1 (mainly */LMCT discussed above), metal-to-ligand
charge transfer (Cu4I4 → L1). TDDFT computes the positions of the first spin-allowed electronic
transitions, , and their oscillator strengths, f (Table 5).
Table 4. Relative atomic contributions (%) of the various fragments to the frontier MOs of
CP1.a
Fragments H-4 H-3 H-2 H-1 HOMO LUMO L+1 L+2 L+3 L+4
L1
50.1 78.8 68.2 67.5
61.7
85.1
88.9 88.8 87.2 84.2
Cu atoms 27.1 14.7 19.4 20.1
25.7
10.4
7.0 7.2 8.5 14.6
I atoms
22.8 6.5 12.4 12.4
12.6
4.5
4.1 4.0 4.2 1.2
a
H = HOMO, L = LUMO; the values in bold represent contributions > 50%.
Table 5. Calculated position of the first 8 electronic transitions, oscillator strengths (f) and their
major contributions (H = HOMO, L = LUMO; see Table S5 for the first 100 transitions).
 (nm)
353.0
351.4
347.2
346.5
343.9
340.3
338.4
337.2

f
0
0.8786
0.8553
0
0
0.1262
0
0.17

Major contributions (%)
H-1→LUMO (17), HOMO→L+1 (41), HOMO→L+3 (10)
HOMO→LUMO (45), HOMO→L+2 (11)
H-3→LUMO (10), H-2→L+1 (25), H-2→L+3 (14), HOMO→L+2 (18)
H-3→L+1 (11), H-2→LUMO (24), H-2→L+2 (15), HOMO→L+3 (17)
H-4→LUMO (13), H-1→LUMO (46)
H-1→L+1 (58)
H-1→L+2 (48), HOMO→L+3 (11)
H-1→L+1 (10), H-1→L+3 (48)
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H-4 (-4.891 eV)

H-3 (-4.830 eV)

H-2 (-4.812 eV)

H-1 (-4.785 eV)

HOMO (-4.766 eV)

LUMO (-0.731 eV)

L+1(-0.729 eV)

L+2 (-0.686 eV)

L+3 (-0.683 eV)

L+4 (-0.183 eV)

Figure 10. MO representations of the frontier MOs for CP1 (see SI for CP2-CP5).
The calculated positions for the transitions with f ≠0 (at 347 and 351 nm) fall just near the
maximum observed in the experimental spectrum (Figure 9). Indeed, a constructed spectrum built
upon a bar graph (again f vs ; Figure 11) shows a large concentration of transitions between 300
and 350 nm. The computational conclusion is that the lowest energy singlet excited states are
mainly * with some minor MLCT (Cu4I4 → L1) contributions.
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Figure 11. Bar graph reporting the computed oscillator strengths and their positions for the 80st
electronic transitions of CP1. The black line is generated by assigning a FWHM = 1000 cm-1 to
the transitions (H=HOMO, L=LUMO and FWHM= full width at half maximum).
The emission spectra of CP1 exhibit vibronic structures that are reminiscent of that of L1 at 298
(Figure 9) and 77 K (Figure S2), but also a broad featureless band centered near 560 nm.
Importantly, to insure that the nature of the analyzed bulk solid samples is the same as the crystal
structure, in all cases crystals were selectively chosen under the microscope and ground so the
samples fit inside capillaries. These emissions are found to arise from the triplet states because
of the large Stoke shift (~9800 cm-1) between the absorption maximum (325 nm) and emission
peak (476 nm for L1, for instance), and the s timescale for the emission lifetimes (Table 6).
Moreover, the absorption spectra for L1, CP1 and CP3 exhibit an absorption signal going from
the maximum peak all the way down to the occurrence of the emission supporting the triplet
assignment (i.e. these long tails contain S0→Tn processes visible as the Beer-Lambert law no
longer applies in the solid state). Bi-exponential decays are observed in most cases, except for
CP5 (CP5’) for which triple exponentials are observed at best fits. This biphasic behaviour is
inherent to L1 itself as it is also observed for the ligand L1 in solution at 77 K (Fig. S1). The
origin of this phenomenon is still unknown but is found reproducible for all CPs. The nature of
this excited state was addressed by DFT. The representations of the semi-occupied frontier MOs
for CP1 in its lowest energy triplet state (Figure 12) indicate that the nature of this state is intraligand mainly. The relative atomic contributions corroborate this observation, including those for
both LS-1 and HS+1 (i.e. ~85 ± 2 % are located within the -system of L1).
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Table 6. Lifetime measurements for CP1, CP2, CP3, CP4, CP5 and CP5’ at 298 and 77 K in
solid state (the uncertainties on e is ~ ± 5 %; Bi = pre-exponential factor).
em(nm)
298K

Bi

e (s)
298K

2

L1

476

0.0761
0.0091

1.11
3.14

1.042

CP1

568

0.0569

2.08

0.0208

7.45

CP2

580

0.1013
0.0121

1.08
7.64

CP3

592

CP4

605

CP5

586

CP5'

603

0.0020
0.0196
0.0219
0.0105
0.0732
0.0518
0.0041
0.0231
0.0139

2.01
14.9
2.29
12.6
0.06
1.32
9.48
1.34
10.3

1.043

e(%) em(nm)
298K
77K
20

511

15

555

12

577

1.055

25

590

1.022

18

575

1.081

16

571

1.039

15

575

1.042

Bi

e (s)
77K

2

0.0134
0.0538

10.8
50.7

1.023

0.0232

21.0

0.0166

39.7

0.0527
0.0306

8.98
30.4

0.0145
0.0222
0.0442
0.0388
0.0554
0.0173
0.0053
0.015
0.023
0.018

15.7
31.3
15.7
33.4
1.68
8.96
28.3
1.99
12.0
30.7

1.012

1.021
1.064
1.019
1.046

1.027

LSOMO (-4.873 eV)
HSOMO (-1.285 eV)
Figure 12. Representations of the semi-occupied MOs for CP1 in its lowest energy triplet state.
Table 7. Relative atomic contributions (%) of the various fragments to the semi-occupied MOs
of CP1 in its lowest energy triplet excited states. The fragments exhibiting the largest
contributions are placed in bold to allow an easy identification (LS=LSOMO, HS=HSOMO).

L1
Cu atoms
I atoms

LS-1
85.3
10.9
3.8

LSOMO HSOMO
84.6
86.9
11.5
7.4
4.0
5.7

HS+1
82.8
11.1
6.1
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The conclusion drawn for the lowest-energy triplet state is also true for the other CPs (see SI).
The discussion will not be repeated here, but a focus is now provided for the differences noted
for CP2 and between CP5 and CP5’.
For CP2, the representations of the frontier MOs indicate the presence of atomic contributions
from the coordinated benzonitrile ligands for some MOs (Figure S6). The particularity is that the
lowest energy MOs (LUMO, LUMO+1, LUMO+2 and LUMO+3) that exhibit such type of
atomic contributions show only contributions of this ligand and not or almost not from L1 and
the Cu2Br2 rhomboid (Table S6). Conversely, the highest energy filled MOs (HOMO, HOMO+1,
HOMO+2), the atomic contributions are mostly located on L1 and the Cu2Br2 rhomboid. The
computed lowest energy electronic transitions are charge transfer processes L1/Cu2Br2 →
benzonitrile. Because there is an obvious lack of MO coupling between the L1/Cu2Br2 and
benzonitrile units (as the atomic contributions are mostly placed on one side and not the other),
the computed f values for these electronic transitions are bound to be small, as computed. Their
positions are located in wavelengths exceeding ~360 nm. The most intense transitions are placed
between 300 and 350 nm (Figure S7), which are consistent with the experimental absorption
spectrum (Figure 9). Similarly, the representations of the semi-occupied MOs in the triplet states
exhibit atomic contributions in L1 almost exclusively in the LSOMO and LSOMO-1) and mainly
in the benzonitrile unit for the HSOMO and HSOMO+1 (Table S7). The emissive triplet excited
states is 3(L1→benzonitrile) *, and experimentally the position is somewhat red-shifted, which
is consistent with the red-shifted calculated positions of the electronic transitions (TDDFT). The
spectral signature (Figures 9 and S2) bears a resemblance to that of CP1 (some vibronic features
are present) and the emission lifetimes (e) are biphasic behavior (inherent to the presence of L1)
as well, and are found to be in the same order of magnitude as those for CP1.
For CP5 and CP5’, there formulae are identical but the use of different solvents (PrCN and PhCN)
leads to two slightly different structures where in the former one two slightly different rhomboids
are depicted. This difference leads to small differences in MO and semi-occupied MOs
representations (Figures S12, S14, S15 and S17), calculated atomic contributions to the MOs and
semi-occupied MOs (Tables S13, S15, S16, S18), computed positions and oscillator strengths of
the electronic transitions (Table S14 and S17), and calculated spectra (Figures S13 and S14). The
conclusion drawn from these computations is that the spin-allowed electronic transitions may
extend all the way down to 400 nm, which is even more red-shifted compared to CP1-4 and
corroborate the experimental spectra (Figures 9 and S2), are of the same nature as for CP1, CP2
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and CP4 (i.e. the lowest energy singlet excited states are mainly * with some minor MLCT
(Cu4I4 → L1) contributions). Interestingly, the calculated positions of the lowest energy spinallowed electronic transitions are 401 and 383 nm for CP5 and CP5’, respectively, and the
observed positions of the emission maxima are 606 and 590 nm at 298 K, and 576 and 570 nm
at 77 K, respectively. This corroboration brings supports for the assignment of the nature of the
emissive states. The complexity of the emission decays is specific to CP5 and CP5’ (which is
the same polymers) and the DFT computations did not bring any possible explanation for this
phenomenon. Speculatively, one may suspect that the emissive sites at the surface of the
microcrystals are different from those inside them and so the deactivation kinetics (relative
quantum yields and lifetimes) differ. Furthermore, the occasionally observed vibronic features
placed on the high energy side of the central broad emission band may also reflect a surface effect
where some 2-(C≡C)Cu bonds are present for some sites, and not for others (i.e. partially
uncoordinated L1s). This particular feature is hard to confirm unless one performs a systematic
grounding effect of the microcrystals on their photophysical properties is investigated, which is
not the purposes of this investigation.
The key information provided by this photophysical study is that L1 is emissive at 298 K, both
in the solid state and in solution, as well as its corresponding CPs. The motif
C6H5C≡CPt(PR3)2C≡CC6H540 ([Pt]) and its ([Pt]-G)n CPs (G = Cu2Br2; Ag2(CF3SO3)2),10,11 are
not emissive at 298 K. Similarly, this motif is also non-emissive in some organic conjugated
polymers ([Pt]-G)n (G = -N=C6X4=N-, X = OMe, OEt, H, F, Cl).41 Conversely in rare cases,
upon substitution of the [Pt] synthon (with PBu3) by n-C3H7 (fluo = 374 nm; F = 3.8 %) and
NO2 (fluo = 468 nm; F = 1.6 %) at the para-positions, some species are found fluorescent at
room temperature with 1.29 < F < 1.47 ns, as well as phosphorescent (NO2; phospho = 587 nm;
P = 5.2 s).42 The situation is similar for L1 (fluo = 370 nm but F < 0.09 ns; SI), but again two
P values are extracted. Interestingly, the corresponding CPs are also found emissive and the
following study concerns the effect of removing the crystallisation molecules on their
photophysical parameters.

Vapochromism of CP1. CP1 is the material that exhibits the most gas sorption properties (Figure
8, Table 3). The emission behaviour was studied upon removing the crystallization molecules
with heating under reduced pressure of 600 mbar at 110 oC and then upon exposing the material
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to vapour of acetonitrile (MeCN) and methanol (MeOH) in a desiccator for two days (Figure 13,
Figure S23 and Table S22).

Figure 13. Emission spectra of CP1 (red), after solvent removal (black), after re-introduction
of a solvent vapour: MeOH (green) and MeCN (blue) at 298 (left) and 77K (right).
Upon removing the solvent (PrCN), a clear red-shift of ~20 nm (from 568 to 583 nm) is depicted
in the emission spectra of CP1 at 298 and 77 K (see red and black traces in Figure 13). Such
photophysical behaviour is common. For example, this phenomenon was also reported by Cho
and his collaborators who observed a red-shift of emission band upon heating the samples. 43 This
small ~20 nm shift in CP1 is accompanied by an expected small change in chromaticity data (see
red and turquoise points in Figure S23). Upon exposing the material to MeCN and MeOH vapour,
the emission band now blue-shift back to the same position as for CP1 (which contains PrCN
crystallization molecule) again at 298 and 77 K. This behaviour indicates that the new solvent
molecules most likely occupy the vacant positions of the previously placed PrCN’s. The
chromaticity data also return close to the original position in the chromaticity diagram but not
exactly. This behaviour arises from a modification of the low-intensity vibronic shoulders placed
on the high-energy side of the emission band. This behaviour may reflect that the environment
of the emissive sites giving the resolved emission signal on the blue side of the spectra is not
rigorously identical upon exchanging the solvent molecules. This observation is consistent with
the speculation stated above where the resolved signal is associated with L1 missing one 2(C≡C)Cu bond at the surface. So upon re-introduction of the smaller vapour molecules, obviously
diffusing through the surface prior entering the core of the microcrystals, would modify the
surface environment (i.e. solvent molecules are placed close to the uncoordinated 2-(C≡C) site).
No major difference in emission lifetimes are noted when exposing CP1 to various solvent
conditions (Table S22 in SI). L1, CP3 and CP5 show no drastic difference in both emission
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spectra and chromaticity data upon solvent exposure (see SI (Figure S26, S27 and Table S25) for
CP3 and CP5).

2.2.5. Conclusion
The luminescent metal-containing ligand L1 exhibits two coordination sites, -S- and -(C≡C)-.
The latter function systematically favors the coordination of Cu(I). No reliable trend was noted
for the resulting cluster geometry (mainly the Cu 2X2 rhomboid, 4 examples out of 5) and
dimensionality of the CPs (two 2D and three 3D) regardless of the solvent and halide used.
However, two examples form 2D CPs and involve S-Cu coordination bonding. The resulting
photophysical spectra and data for the CPs turned out to be complex, where the emission decays
are biexponential, characteristic of L1 itself, and the spectra can exhibit some vibrational
structures, reminiscent of that observed for the uncoordinated L1, accompanied by a broad redshifted signal. These latter features may be due to L1 located at the surface of and inside the
microcrystals. The more porous CP1 was also examined when the macrocycles of the 2D mesh
structure are empty or filled with various solvent molecules incorporated by exposition to vapour.
Only a modest shift (of ~20 nm) in emission maximum is noted between the empty (red-shifted)
and filled cavity (blue-shifted), meaning that this CP cannot be used as an efficient sensor for
vapour. Similar comments can be specified when examining the emission lifetime and
chromaticity data. The small variation observed in the band maxima and chromaticity data
(empty cavity being slightly different from the filled one) and be associated to ring stress caused
by the molecule insertion and release. Future design of 2D and 3D (and MOF) materials would
obviously rely on the presence of an anchoring site onto the chromophore metal-containing
ligand. To the best of our knowledge, this Pt-containing ligand has never been exploited with this
purpose but is clearly a good candidate based on the current data.
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Synthesis of the starting materials.

Scheme 2. Synthesis of 4-(trimethylsilylethynyl) thioanisole (1), 4-ethynylthioanisole (2) and L1
Compound 1: 4-bromothioanisole (4.0 g, 20.0 mmol), Pd (PPh3)2Cl2 (0.25 g, 0.4 mmol) and CuI
(0.04 g, 0.25 mmol) were added to 45 ml of diethylamine under argon, and then
trimethylsilylacetylene (3.5 ml, 32 mmol) was also added. The reaction mixture was stirred
overnight at 55℃. The solvent was removed on a rotovap and was extracted into 80 ml of
dichloromethane. The solvent was extracted again and purified by chromatography on silica
using pure hexane first and then dichloromethane. Pure 4-(trimethylsilylethynyl) thioanisole was
obtained after removing the solvent on the rotovap. Yield = 90 %. 1H NMR (300 MHz, CDCl3)
δ 7.39 (m, 2H), 7.17 (m, 2H), 2.50 (s, 3H), 0.27 (s, 9H).
Compound 2:

4-(trimethylsilylethynyl) thioanisole (3.5 g, 16 mmol), K2CO3 and 40 mL of

methanol which was pre-plugged with argon was stirred at room temperature for overnight. The
solvent was removed on the rotovap and the remaining residue was dissolved in DCM and
dichloromethane solution was then filtered through silica gel plug. Yield: 89 %. 1H NMR (300
MHz, CDCl3) δ 7.40 (m, 2H), 7.17 (m, 2H), 3.07 (s, 1H), 2.48 (s, 3H).
Compound 3: Potassium tetrachloroplatinate (5.037 g, 0.012 mol) was placed in water (100 mL)
under argon. Then, diethyl sulfide (3.8 mL, 0.035 mol) was added and the mixture stirred for 2
h under reflux. The solution was then extracted with CH2Cl2 (3 x 60 mL) after cooling down.
The organic phase was dried on MgSO4, and the solvent was removed on the rotovap to give a
bright yellow solid. Yield = 5.24 g (98 %). Then, cis-bis (diethylsulfide) dichloroplatinum (II)
(5.24 g) was dissolved in CH2Cl2 and degassed the solution with argon. Trimethylphosphine (25
mL 23.4 mmol) was added via syringe and stirred for overnight. A white solid precipitate was
obtained and ethyl diether was added and even more precipitate formed. The white solid was
collected by filtration and dried the solid. Yield = 3.94 g (85 %). 1H NMR (300 MHz, CDCl3)
1.80 (m, 18H).
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Table S1. X-ray data for L1, CP1-CP5’.
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Figure S1. Absorption (black), excitation (blue) and emission (red) spectra of L1 in 2MeTHF.
The emission lifetimes are e = 0.11 s at 298 K (2 = 1.065) and e = 16.5 (17) and 74.6 s
(83 %) at 77 K (2 = 1.065).

Figure S2. Solid state absorption (black), excitation (blue), and emission (red) spectra of L1, and
CP1-CP5 at 77 K. The signals at 470 nm for CP2 and CP4 are instrumental artifacts. The
absorption signal extending from 400 to 500 nm (when observed) is due to S 0→T1 processes.
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H-4 (-6.222 eV)

H-3 (-6.157 eV)

H-2 (-5.290 eV)

H-1 (-5.013 eV)

HOMO (-4.776 eV)

LUMO (-0.333 eV)

L+1 (-0.218eV)

L+2 (-0.044 eV)

L+3 (0.232 eV)

L+4 (0.233 eV)

Figure S3. Representations of the frontier MOs for L1.
Table S2. Relative atomic contributions (%) of the various fragments to the frontier MOs of L1.a
Fragment
H-4 H-3 H-2 H-1 HOMO LUMO L+1 L+2 L+3 L+4
alkyne
2.0 18.2 50.3 20.8
27.0
9.5
13.3 9.5 0.1 0.1
C6H4SMe
0.3 69.5 11.4 69.2
58.9
6.0
74.4 79.2 98.4 98.4
[Pt]
97.7 12.3 38.2 10.0
14.1
84.5 12.3 11.2 1.5 1.5
a
H = HOMO, L = LUMO; the values in bold represent contributions > 50%.
Table S3. Calculated position, oscillator strength (f) and major contributions of the first 100
singlet-singlet electronic transitions for L1.
(nm)
335.3
307.8
298.8
293.0
292.2
289.9
282.2
281.7

f
0
0
0.2494
1.6179
0.0068
0
0
0.0377

Major contributions (%)
HOMO→LUMO (96)
H-1→LUMO (96)
H-2→LUMO (40), HOMO→L+1 (57)
H-2→LUMO (56), HOMO→L+1 (40)
H-2→L+1 (94)
HOMO→L+5 (93)
H-1→L+3 (19), HOMO→L+2 (15), HOMO→L+4 (56)
H-1→L+4 (22), HOMO→L+3 (67)
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281.4
279.4
277.9
272.7
267.2
261.6
254.4
254.3
252.1
252.1
243.9
242.9
242.9
241.7
235.7
231.7
231.4
229.6
227.3
225.6
224.5
221.7
219.1
218.8
217.6
217.4
214.9
213.7
213.6
213.5
212.6
212.3
212.3
211.4
211.2
210.2
207.8
207.0
207.0
206.9
205.9
205.8
205.7
203.6
203.1
203.0

0
0
0
0
0.5045
0.0435
0
0.0054
0.0001
0
0
0.0001
0
0.0526
0.0001
0
0
0
0.0069
0
0
0
0
0
0.0092
0
0.0378
0.0001
0
0
0.0001
0.0005
0.0057
0
0.0035
0.0008
0
0.0002
0
0
0.1497
0
0.0098
0.0243
0
0

H-2→L+2 (86)
H-1→L+1 (24), HOMO→L+2 (61)
H-2→L+5 (92)
H-1→L+1 (73), HOMO→L+2 (20)
H-1→L+2 (95)
H-1→L+5 (96)
H-1→L+3 (70), HOMO→L+4 (28)
H-1→L+4 (70), HOMO→L+3 (28)
H-2→L+3 (96)
H-2→L+4 (96)
H-4→L+5 (97)
H-1→L+6 (35), HOMO→L+7 (56)
H-1→L+7 (36), HOMO→L+6 (57)
H-4→LUMO (96)
H-3→LUMO (93)
H-6→LUMO (69), H-5→L+1 (16), H-3→L+2 (12)
H-4→L+1 (98)
H-5→LUMO (94)
H-5→L+2 (13), H-3→L+1 (80)
H-6→L+1 (89)
H-4→L+2 (97)
H-6→LUMO (25), H-5→L+1 (32), H-3→L+2 (29)
HOMO→L+8 (81)
H-6→L+2 (92)
H-5→L+4 (31), H-3→L+3 (62)
H-5→L+3 (29), H-3→L+4 (57)
H-9→LUMO (89)
H-7→LUMO (99)
H-8→LUMO (99)
H-5→L+1 (43), H-3→L+2 (53)
H-1→L+6 (55), HOMO→L+7 (41)
H-1→L+7 (45), HOMO→L+6 (34)
H-6→L+5 (89)
H-3→L+5 (75), HOMO→L+8 (10)
H-5→L+2 (79), H-3→L+1 (13)
H-1→L+8 (45), HOMO→L+9 (36)
H-9→L+5 (19), H-2→L+6 (20), H-2→L+8 (54)
H-4→L+3 (100)
H-4→L+4 (91)
H-9→L+5 (67), H-2→L+8 (11)
H-7→L+1 (62)
H-8→L+1 (64), H-7→L+2 (10)
H-1→L+8 (32), HOMO→L+9 (52)
H-2→L+7 (97)
H-6→L+3 (96)
H-6→L+4 (95)
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202.2
201.7
199.2
199.2

0
0.1125
0
0.0008

198.9
198.5
198.2
198.2
197.8
197.5
197.0
196.8
195.8
194.6
193.3
191.9
191.9
191.8
191.5
191.0
190.6
188.9
188.4
187.6
187.5
187.5
187.0
186.8
186.5
185.7
185.4
185.2
183.6
183.3
183.2
182.9
182.8
182.8
182.3
182.0
180.4
179.8
179.2
179.2
179.1

0.0005
0
0
0.0233
0.0042
0.0049
0
0.0001
0
0
0.0002
0
0
0.0034
0
0
0.0001
0
0.0007
0.0061
0.0007
0
0
0.8185
0
0
0.0228
0.0442
0.0004
0
0
0.0009
0.0192
0
0.0006
0.0279
0.1255
0
0.0034
0
0.3059

H-2→L+6 (69), H-2→L+8 (28)
H-5→L+5 (88)
H-5→L+3 (57), H-3→L+4 (30)
H-5→L+4 (57), H-3→L+3 (30)
H-1→L+8 (10), H-1→L+13 (12), HOMO→L+10 (44),
HOMO→L+11 (26)
H-1→L+9 (52), HOMO→L+13 (20)
H-8→L+1 (15), H-7→L+2 (71)
H-8→L+2 (67), H-7→L+1 (14)
HOMO→L+10 (43), HOMO→L+11 (38)
H-2→L+9 (88)
H-1→L+9 (40), H-1→L+11 (22), HOMO→L+13 (24)
H-9→L+1 (99)
H-10→LUMO (87)
HOMO→L+12 (73), HOMO→L+13 (14)
H-3→L+7 (13), HOMO→L+15 (42), HOMO→L+17 (15)
H-9→L+2 (32), H-7→L+5 (65)
H-9→L+2 (61), H-7→L+5 (35)
H-8→L+5 (100)
H-5→L+7 (29), H-3→L+6 (45)
H-1→L+10 (30), HOMO→L+14 (52)
H-5→L+6 (24), H-3→L+7 (38), HOMO→L+15 (18)
H-1→L+10 (53), HOMO→L+14 (38)
H-2→L+10 (86)
H-12→LUMO (85)
H-8→L+4 (46), H-7→L+3 (50)
H-8→L+3 (49), H-7→L+4 (47)
H-10→L+1 (58), H-8→L+3 (16), H-7→L+4 (18)
H-8→L+4 (35), H-7→L+3 (31)
H-1→L+15 (30), H-1→L+17 (15), HOMO→L+19 (23)
H-2→L+12 (85)
H-1→L+12 (68), HOMO→L+16 (12)
H-1→L+12 (13), H-1→L+13 (33), HOMO→L+16 (23)
H-17→LUMO (16), H-11→LUMO (76)
H-10→L+1 (12), H-1→L+11 (35), HOMO→L+13 (21)
H-13→LUMO (90)
H-2→L+14 (84)
H-1→L+14 (55)
H-10→L+1 (24), H-8→L+3 (13), H-7→L+4 (13), H-1→L+11 (19)
HOMO→L+15 (21), HOMO→L+17 (55)
H-2→L+11 (67), H-2→L+16 (10)
H-10→L+2 (74)
H-4→L+6 (18), H-4→L+8 (70)
H-8→L+6 (49), H-7→L+7 (48)
H-8→L+7 (49), H-7→L+6 (49)
H-2→L+15 (65), H-1→L+14 (11)
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179.0

0.0002

H-9→L+3 (100)

Figure S4. Bar graph reporting the calculated oscillator strength and calculated position of the 80st
electronic transitions calculated by TDDFT for L1 (bar graph; f = computed oscillator strength). The black
line is generated by assigning a FWHM = 1000 cm-1 to the transitions (FWHM= full width at half
maximum).
.

LSOMO (-4.843 eV)

HSOMO (-2.308 eV)

Figure S5. Representations of the semi-occupied MOs for L1 in its lowest energy triplet state.
Table S4. Relative atomic contributions (%) of the various fragments to the semi-occupied
MOs of L1 in its lowest energy triplet excited state. The fragments exhibiting the largest
contributions is highlighted to allow an easy identification (LS=LSOMO, HS=HSOMO).
Fragment
C≡C
2(C6H4SMe)
Pt(PMe3)2

LS-1
14.8
81.5
3.7

LSOMO HSOMO
25.3
15.7
60.5
70.3
14.1
14.0

HS+1
10.0
53.9
36.2
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Table S5. Calculated position, oscillator strength (f) and major contributions of the first 100 singletsinglet electronic transitions for CP1.
(nm)
353.0
351.4
347.2
346.5
343.9
340.3
338.4
337.2
334.0
333.6
333.4
333.2
331.3
331.0
325.0
324.9
322.6
322.5
320.6
320.6
318.4
318.4
316.8
316.8
316.0
316.0

f
0
0.8786
0.8553
0
0
0.1262
0
0.17
0
0.8285
0.2584
0.0001
0
0.1518
0.0379
0
0.0192
0
0.0002
0.0304
0.0001
0.0208
0
0.0066
0
0.0049

315.2

0.0347

315.1
313.9
313.5
312.4
312.3
311.2
311.2
309.9
309.8
306.8
306.8
306.0
305.9
304.1
304.0

0
0
0.0769
0.0253
0
0.0015
0.1198
0.0029
0.0698
0
0.0096
0
0.021
0
0.3079

Major contributions (%)
H-1→LUMO (17), HOMO→L+1 (41), HOMO→L+3 (10)
HOMO→LUMO (45), HOMO→L+2 (11)
H-3→LUMO (10), H-2→L+1 (25), H-2→L+3 (14), HOMO→L+2 (18)
H-3→L+1 (11), H-2→LUMO (24), H-2→L+2 (15), HOMO→L+3 (17)
H-4→LUMO (13), H-1→LUMO (46)
H-1→L+1 (58)
H-1→L+2 (48), HOMO→L+3 (11)
H-1→L+1 (10), H-1→L+3 (48)
H-5→L+3 (18), H-4→LUMO (10), H-3→L+1 (12)
H-5→LUMO (16), H-3→L+2 (12), H-2→L+1 (11)
H-5→L+2 (16), H-4→L+1 (27), H-1→L+3 (11)
H-5→L+1 (17), H-4→LUMO (11), H-4→L+2 (14), H-3→L+3 (10)
H-7→LUMO (13), H-7→L+2 (15), H-6→L+1 (17), H-6→L+3 (12), H-5→L+1 (11)
H-7→L+1 (13), H-7→L+3 (13), H-6→LUMO (15), H-6→L+2 (12), H-5→LUMO (13)
H-7→L+1 (21), H-7→L+3 (15), H-6→LUMO (26), H-6→L+2 (13)
H-7→LUMO (25), H-7→L+2 (13), H-6→L+1 (22), H-6→L+3 (15)
H-5→L+2 (10), H-4→L+3 (14), HOMO→LUMO (11), HOMO→L+2 (13)
H-5→L+3 (12), H-4→L+2 (12), HOMO→L+1 (10), HOMO→L+3 (14)
H-1→LUMO (13), H-1→L+2 (18), HOMO→L+1 (13), HOMO→L+3 (19)
H-1→L+1 (14), H-1→L+3 (18), HOMO→LUMO (12), HOMO→L+2 (20)
H-5→L+3 (10), H-4→LUMO (12), H-2→LUMO (27), H-2→L+2 (16)
H-5→LUMO (12), H-5→L+2 (10), H-3→LUMO (10), H-2→L+1 (24), H-2→L+3 (16)
H-11→LUMO (10), H-9→L+1 (14), H-8→LUMO (11)
H-9→LUMO (12), H-8→L+1 (15)
H-11→LUMO (10), H-2→L+2 (10)
H-11→L+1 (10), H-10→LUMO (10), H-3→LUMO (10), H-2→L+3 (12)
H-9→LUMO (10), H-8→L+3 (11), H-4→L+3 (11), H-3→LUMO (14), H-3→L+2 (22),
H-2→L+1 (10)
H-9→L+1 (12), H-3→L+1 (21), H-3→L+3 (23)
H-9→L+1 (25), H-9→L+3 (11), H-4→L+2 (12)
H-9→LUMO (36)
H-11→L+1 (18), H-11→L+3 (13), H-10→LUMO (17), H-10→L+2 (16)
H-11→LUMO (14), H-11→L+2 (15), H-10→L+1 (21), H-10→L+3 (12)
H-8→LUMO (29), H-5→L+3 (12), H-2→L+2 (14)
H-8→L+1 (26), H-5→L+2 (11), H-2→L+3 (16)
H-9→L+3 (12), H-8→L+2 (23), H-3→L+3 (12)
H-9→L+2 (12), H-8→L+3 (23), H-3→L+2 (13)
H-9→L+3 (24), H-8→L+2 (12), H-5→L+3 (10), H-4→L+2 (13)
H-9→L+2 (26), H-8→L+3 (12), H-5→L+2 (11), H-4→L+3 (12)
H-7→LUMO (20), H-7→L+2 (19), H-6→L+1 (21), H-6→L+3 (23)
H-7→L+1 (19), H-7→L+3 (22), H-6→LUMO (22), H-6→L+2 (20)
H-13→LUMO (13), H-12→L+1 (17), H-12→L+3 (11)
H-14→L+1 (12), H-12→LUMO (22)
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303.3
303.3
302.0
301.9
300.8
300.7
298.2
298.2
297.7
297.7
297.2
297.2
296.3
296.3
295.8
295.4
294.0
294.0
293.7
293.4
293.0
292.9
292.4
292.2
292.2
291.7
291.5
291.2
290.0
290.0
289.4
288.8
288.7
288.6
287.6
287.5
287.1
287.1

0.0917
0.0001
0
0.0037
0.0009
0.0001
0.0011
0.2797
0.0767
0.0001
0.0078
0.0006
0.1373
0.0083
0
0.0086
0.0003
0.0352
0
0.0347
0
0.0064
0
0.0003
0.0119
0.1664
0
0.0448
0
0.0146
0
0.0056
0
0.0017
0
0.0127
0
0.0001

H-13→L+1 (13), H-12→L+2 (11)
H-14→LUMO (10), H-12→L+1 (11)
H-9→L+3 (17), H-8→LUMO (10), H-8→L+2 (22)
H-9→L+2 (19), H-8→L+1 (12), H-8→L+3 (19)
H-7→L+1 (15), H-7→L+3 (23), H-6→LUMO (12), H-6→L+2 (20)
H-7→LUMO (13), H-7→L+2 (25), H-6→L+1 (13), H-6→L+3 (19)
H-1→L+4 (28), HOMO→L+5 (28)
HOMO→L+4 (37)
H-11→L+1 (10), H-10→LUMO (10)
H-10→L+1 (11)
H-17→L+1 (14), H-17→L+3 (10), H-16→LUMO (16), H-14→L+1 (10)
H-17→LUMO (15), H-17→L+2 (10), H-16→L+1 (16), H-14→LUMO (11)
No major contributions
No major contributions
H-13→LUMO (12), H-1→L+4 (18)
HOMO→L+4 (15)
H-11→L+2 (17), H-10→L+1 (10), H-10→L+3 (17)
H-11→L+3 (20), H-10→LUMO (12), H-10→L+2 (16)
H-4→L+4 (10)
H-18→L+2 (10), H-17→L+1 (11), H-14→L+1 (11), H-12→LUMO (14)
H-17→L+2 (10)
H-18→LUMO (14), H-17→L+3 (10)
H-13→LUMO (18), H-13→L+2 (10), HOMO→L+5 (12)
H-12→L+1 (16), H-12→L+3 (21)
H-13→L+1 (13), H-13→L+3 (18), H-12→L+2 (12)
H-2→L+7 (13), H-1→L+5 (13), HOMO→L+4 (11)
H-13→L+2 (13), H-2→L+6 (14)
H-4→L+5 (13), H-1→L+5 (32)
H-15→L+1 (20), H-15→L+3 (12)
H-15→LUMO (20), H-15→L+2 (12)
H-4→L+4 (15), H-2→L+4 (10), H-1→L+4 (12)
H-19→L+1 (16)
H-19→LUMO (14)
H-4→L+5 (17), H-1→L+5 (12)
H-1→L+6 (37), HOMO→L+7 (12)
H-5→L+4 (10), H-1→L+7 (36), HOMO→L+6 (10)
H-11→LUMO (15), H-11→L+2 (28), H-10→L+1 (17), H-10→L+3 (24)
H-11→L+1 (17), H-11→L+3 (25), H-10→LUMO (13), H-10→L+2 (24)
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H-4 (-4.936 eV)

H-3 (-4.912 eV)

H-2 (-4.645 eV)

H-1 (-4.585 eV)

HOMO (-4.408 eV)

LUMO (-1.739 eV)

L+1 ( -1.735 eV)

L+2 (-0.950 eV)

L+3 (-0.949 eV)

L+4 (-0.353 eV)

Figure S6. Representations of the frontier MOs for CP2.
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Table S6. Relative atomic contributions (%) of the various fragments to the frontier MOs of CP2.a
Fragment
H-4 H-3 H-2 H-1 HOMO LUMO L+1 L+2 L+3 L+4
Benzonitrile 7.9 0.5 0.1 1.3
0.4
87.5 89.1 87.5 87.0 4.6
L1
4.5 82.9 64.9 30.9
18.3
7.6
7.8 11.4 11.8 88.6
Cu atoms
28.6 5.7 16.6 34.0
27.7
4.5
2.1 0.9 1.2 5.6
I atoms
59.0 10.9 18.3 33.9
53.5
0.4
0.9 0.2 0.1 1.2
a
H = HOMO, L = LUMO; the values in dark represent contributions > 50%.
Table S7. Calculated position, oscillator strength (f) and major contributions of the first 80 singletsinglet electronic transitions for CP2.
(nm)
576.1
573.7
527.9
527.3
509.4
508.7
466.5
465.8
460.4
460.0
449.7
449.1
437.0
436.9
425.2
424.7
405.6
405.5
405.0
404.9
398.5
398.2
384.2
384.0
376.6
376.4
365.5
362.5
362.3
361.8
358.4
358.1
354.6
354.6

f
0
0.0009
0
0.0316
0.0006
0
0
0.0027
0
0.0006
0.001
0
0.0057
0.0005
0.0203
0
0.0001
0
0
0.0008
0.0012
0
0.0005
0
0
0.0012
0
0.0036
0
0.0183
0
0.0134
0.0044
0.0001

Major contributions (%)
HOMO→LUMO (97)
HOMO→L+1 (97)
H-1→LUMO (97)
H-1→L+1 (97)
H-2→LUMO (96)
H-2→L+1 (96)
H-4→LUMO (94)
H-4→L+1 (94)
H-5→L+1 (18), H-3→LUMO (69)
H-5→LUMO (20), H-3→L+1 (68)
H-6→LUMO (48), H-5→LUMO (46)
H-6→L+1 (47), H-5→L+1 (48)
H-7→L+1 (32), H-6→LUMO (27), H-3→L+1 (12)
H-7→LUMO (34), H-6→L+1 (28), H-3→LUMO (11)
H-8→LUMO (76), H-7→L+1 (16)
H-8→L+1 (77), H-7→LUMO (15)
HOMO→L+2 (99)
HOMO→L+3 (98)
H-7→LUMO (41), H-6→L+1 (12), H-5→L+1 (21), H-3→LUMO (12)
H-7→L+1 (43), H-6→LUMO (12), H-5→LUMO (21), H-3→L+1 (12)
H-9→LUMO (91)
H-9→L+1 (91)
H-1→L+2 (99)
H-1→L+3 (99)
H-2→L+2 (97)
H-2→L+3 (97)
H-2→L+5 (16), HOMO→L+4 (76)
H-10→L+1 (15), H-2→L+4 (15), HOMO→L+5 (54)
H-11→L+1 (24), H-10→LUMO (59)
H-11→LUMO (19), H-10→L+1 (44), HOMO→L+5 (17)
H-11→L+1 (66), H-10→LUMO (25)
H-11→LUMO (66), H-10→L+1 (25)
H-5→L+3 (23), H-3→L+2 (63)
H-5→L+2 (23), H-3→L+3 (62)
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347.1
347.0
343.8
343.1
340.4
340.3
338.8
338.6
337.1
337.0
332.0
331.9
330.6
330.5
329.2
328.9
328.8
328.0
323.1
323.0
321.4
321.4
320.6
320.6
319.6
318.8
317.7
317.6
315.8
315.6
312.8
312.8
312.2
312.1
312.0
311.5
311.5
311.1
309.5
308.8
308.1
304.9
304.1
303.9
302.9
302.1

0
0
0.187
0.0001
0
0.0006
0
0.0097
0
0.0007
0.001
0.0086
0.0443
0.0002
0.0973
0.0002
0.013
0
0.0115
0
0.0061
0.0005
0.0002
0.0001
0.0346
0
0
0.0262
0.013
0
0
0.0003
0
0
0
0
0.0006
0.0124
0
0
0.0021
0
0
0.2235
0.0596
0.1487

H-4→L+2 (97)
H-4→L+3 (97)
H-1→L+5 (73)
H-1→L+4 (73)
H-7→L+3 (11), H-6→L+2 (23), H-5→L+2 (51)
H-7→L+2 (12), H-6→L+3 (22), H-5→L+3 (51)
H-14→L+1 (10), H-12→LUMO (66)
H-14→LUMO (11), H-12→L+1 (68)
H-7→L+3 (27), H-6→L+2 (53), H-3→L+3 (11)
H-7→L+2 (26), H-6→L+3 (55), H-3→L+2 (10)
H-13→L+1 (18), H-2→L+5 (31)
H-13→LUMO (13), H-2→L+4 (35), HOMO→L+5 (13)
H-15→L+1 (17), H-13→LUMO (38), H-2→L+4 (12)
H-15→LUMO (13), H-13→L+1 (27), H-2→L+5 (20)
H-8→L+3 (10), HOMO→L+6 (49), HOMO→L+8 (26)
H-8→L+2 (78), H-7→L+3 (12)
H-8→L+3 (68), H-7→L+2 (10)
HOMO→L+7 (53), HOMO→L+9 (30)
H-17→LUMO (12), H-15→L+1 (13), H-14→LUMO (53)
H-17→L+1 (11), H-15→LUMO (13), H-14→L+1 (52)
H-18→LUMO (13), H-15→L+1 (20), H-14→LUMO (18), H-13→LUMO (22)
H-18→L+1 (11), H-15→LUMO (21), H-14→L+1 (17), H-13→L+1 (23)
H-7→L+2 (28), H-7→L+3 (10), H-5→L+3 (11), H-3→L+2 (10)
H-7→L+3 (29), H-5→L+2 (11), H-3→L+3 (10)
H-1→L+6 (57), H-1→L+8 (30)
H-1→L+7 (49), H-1→L+9 (29)
H-19→L+1 (28)
H-19→LUMO (39), H-18→LUMO (11), H-17→LUMO (12), H-15→L+1 (12)
H-6→L+4 (10), H-5→L+4 (31), H-3→L+5 (28)
H-6→L+5 (10), H-5→L+5 (27), H-3→L+4 (29), H-2→L+5 (10)
H-18→L+1 (15), H-17→L+1 (25), H-16→LUMO (46)
H-18→LUMO (15), H-17→LUMO (27), H-16→L+1 (46)
H-9→L+2 (91)
H-9→L+3 (91)
HOMO→L+7 (16), HOMO→L+9 (23), HOMO→L+12 (33)
H-21→LUMO (30), H-19→L+1 (24), H-18→L+1 (12), H-15→LUMO (11)
H-21→L+1 (28), H-19→LUMO (18), H-18→LUMO (17), H-15→L+1 (15)
HOMO→L+6 (31), HOMO→L+8 (51)
H-4→L+4 (70)
HOMO→L+7 (13), HOMO→L+9 (35), HOMO→L+12 (36)
H-4→L+5 (82)
H-2→L+6 (67), H-2→L+8 (13)
H-1→L+7 (19), H-1→L+9 (21), H-1→L+12 (42)
H-2→L+7 (50), H-2→L+9 (12), HOMO→L+13 (18)
H-1→L+6 (22), H-1→L+8 (43), HOMO→L+13 (13)
H-6→L+4 (32), H-5→L+4 (21), H-2→L+7 (13)
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Figure S7. Bar graph reporting the calculated oscillator strength and calculated position of the 80st
electronic transitions calculated by TDDFT for CP2 (bar graph; f = computed oscillator strength). The
black line is generated by assigning a FWHM = 1000 cm-1 to the transitions (FWHM= full width at half
maximum).

LSOMO (-4.930 eV)

HSOMO (-1.779 eV)

Figure S8. Representations of the semi-occupied MOs for CP2 in its lowest energy triplet
state.
Table S8. Relative atomic contributions (%) of the various fragments to the semi-occupied
MOs of CP2 in its lowest energy triplet excited state. The fragments exhibiting the largest
contributions is highlighted to allow an easy identification (LS=LSOMO, HS=HSOMO).
Fragment
Benzonitrile
L1
Cu atoms
I atoms

LS +1
0.0
98.8
0.9
0.3

LSOMO
0.1
99.2
0.4
0.3

HSOMO
78.9
11.3
9.1
0.7

HS+1
84.8
10.4
2.8
1.9
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H-4 (-5.075 eV)

H-3 (-4.960 eV)

H-2 (-4.903 eV)

H-1 (-4.810 eV)

HOMO (-4.727 eV)

LUMO (-0.807 eV)

L+1 (-0.709 eV)

L+2 (-0.330 eV)

L+3 (-0.245 eV)

L+4 (-0.195 eV)

Figure S9. Representations of the frontier MOs for CP3.
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Table S9. Relative atomic contributions (%) of the various fragments to the frontier MOs of CP3.a
Fragment H-4 H-3 H-2
H-1
HOMO LUMO L+1 L+2
L1
78.1 88.8 87.7
90.7
91.3
90.8
91.4 85.6
Cu atoms 17.3 9.0
10.0
8.1
7.1
5.4
5.3
8.4
Cl atoms 4.6 2.3
2.2
1.2
1.6
3.8
3.3
6.0
a
H = HOMO, L = LUMO; the values in dark represent contributions > 50%.

L+3
96.4
3.3
0.3

L+4
96.9
2.6
0.5

Table S10. Calculated position, oscillator strength (f) and major contributions of the first 80 singletsinglet electronic transitions for CP3.
 (nm)
356.8
349.7
347.3

f
0.3335
0.0651
0.4129

334.2
332.3
331.8
331.1
329.1
320.2
318.8
317.6
312.4
311.7
307.2
306.2
306.0
304.8
304.0
302.0
300.0
299.5
296.5
295.3
295.2
294.5
293.6
293.1
292.8
291.5
288.9
287.2
286.9
285.7
284.7
284.3

0.0104
0.1001
0.0824
0.089
0.0274
0.0118
0.0039
0.0029
0.0471
0.2711
0.0537
0.0494
0.03
0.1304
0.0146
0.1286
0.2202
0.0145
0.0153
0.0414
0.1522
0.0512
0.0984
0.027
0.4508
0.0167
0.0186
0.0372
0.1011
0.015
0.0198
0.0131

Major contributions (%)
HOMO→LUMO (18), HOMO→L+1 (67)
H-1→LUMO (54), H-1→L+2 (14)
H-2→LUMO (80)
H-3→LUMO (13), H-1→L+1 (18), HOMO→LUMO (18), HOMO→L+1
(16)
H-4→L+1 (33), HOMO→LUMO (25)
H-5→LUMO (58), HOMO→LUMO (12)
H-3→LUMO (43), H-1→L+1 (15)
H-1→LUMO (19), H-1→L+1 (37), HOMO→LUMO (11)
H-6→L+1 (11), H-3→L+1 (19), H-1→L+2 (19)
H-6→L+1 (19), H-1→L+2 (24)
H-3→LUMO (10), H-3→L+1 (40), H-2→L+1 (11)
H-3→L+1 (16), H-2→L+1 (68)
H-7→LUMO (22), H-6→LUMO (14), H-6→L+1 (10), H-4→L+1 (10)
H-6→LUMO (12), H-1→L+2 (11), HOMO→L+2 (24)
H-8→LUMO (56)
H-3→L+2 (35)
H-9→L+1 (13), H-7→L+1 (18), H-4→LUMO (25)
H-4→LUMO (25), HOMO→L+2 (29)
H-10→LUMO (11), H-7→L+1 (20)
HOMO→L+4 (72)
H-10→LUMO (11), H-6→LUMO (23), H-6→L+1 (15)
H-7→LUMO (27), H-1→L+4 (15)
H-5→L+1 (52), H-2→L+2 (12)
H-7→L+1 (20), H-2→L+3 (14), H-1→L+4 (18)
H-2→L+3 (35)
H-2→L+2 (21), HOMO→L+5 (10)
H-5→L+1 (10), H-4→L+2 (13), H-2→L+2 (25)
H-11→L+1 (16), H-1→L+4 (11)
H-1→L+3 (32), HOMO→L+3 (53)
H-6→L+4 (15), H-3→L+4 (15), H-2→L+4 (10), HOMO→L+5 (16)
H-1→L+3 (36), HOMO→L+3 (30)
H-1→L+3 (17), HOMO→L+3 (10), HOMO→L+5 (21)
H-10→LUMO (12), H-8→LUMO (12)
H-6→L+2 (12), H-4→L+2 (14)
H-2→L+8 (74)
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283.7
283.3
283.0
282.1
280.9
280.1
279.9
279.6
278.6
278.5
278.2
277.8
277.6
277.0
276.2
276.1
275.6
275.3
274.4
273.6
273.3
273.1
272.8
272.4
272.3
272.0
271.2
271.0
270.4
269.6
269.2
268.9
268.5
268.2
268.1
267.7
267.1
266.8
266.6
266.4
266.1
265.8
265.6
265.5
265.5

0.0645
0.0291
0.0606
0.0833
0.0154
0.0173
0.0036
0.0461
0.0251
0.0797
0.0075
0.0187
0.0184
0.0331
0.0122
0.0212
0.0056
0.0474
0.0373
0.0029
0.0145
0.0454
0.009
0.0918
0.0273
0.1063
0.0033
0.0327
0.0034
0.1348
0.0079
0.0423
0.1337
0.023
0.0345
0.0017
0.1376
0.0983
0.03
0.0002
0.0245
0.0097
0.0049
0.1011
0.0493

HOMO→L+10 (41)
H-2→L+4 (35), HOMO→L+10 (20)
H-3→L+4 (19), H-2→L+4 (15)
H-5→L+3 (36), H-3→L+3 (14)
HOMO→L+7 (47)
H-5→L+6 (16), H-3→L+3 (18), H-1→L+5 (29)
H-5→L+6 (12), H-3→L+3 (15), H-1→L+5 (37)
H-8→L+1 (19), H-5→L+2 (10), H-3→L+3 (17)
H-1→L+7 (20)
H-5→L+3 (10)
H-4→L+9 (23), HOMO→L+9 (33)
H-9→LUMO (10)
H-5→L+2 (12), H-3→L+4 (29)
H-7→L+2 (21), H-5→L+2 (23), H-4→L+2 (13)
H-1→L+12 (17), HOMO→L+6 (10), HOMO→L+12 (11)
H-17→LUMO (12), H-17→L+1 (47)
H-1→L+6 (21), HOMO→L+6 (42)
H-6→L+7 (12)
H-12→LUMO (18), H-8→L+1 (12)
H-3→L+8 (20), H-1→L+8 (51)
H-5→L+6 (14), H-2→L+6 (51)
H-9→LUMO (11), H-4→L+4 (10)
H-10→L+1 (11), H-6→L+4 (10), H-4→L+4 (14)
H-1→L+13 (10)
H-4→L+4 (13), H-1→L+13 (10)
H-19→LUMO (10), H-1→L+13 (12)
H-1→L+6 (49), HOMO→L+6 (29)
H-5→L+4 (16), H-2→L+7 (38)
H-20→LUMO (28), H-19→LUMO (17)
HOMO→L+14 (10), HOMO→L+17 (19)
H-3→L+5 (40), H-2→L+5 (11)
H-5→L+4 (13), H-3→L+7 (12), H-2→L+16 (11)
H-5→L+4 (10), H-3→L+7 (14)
H-5→L+4 (10), HOMO→L+9 (11)
H-4→L+9 (12), HOMO→L+9 (21)
H-6→L+3 (11), H-4→L+3 (46)
H-7→L+4 (19), H-5→L+4 (10)
H-1→L+10 (10), H-1→L+15 (10)
H-1→L+10 (16)
HOMO→L+8 (86)
H-1→L+10 (34)
H-4→L+3 (10)
H-6→L+3 (39), H-4→L+3 (19)
HOMO→L+12 (12)
HOMO→L+12 (27)
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Figure S10. Bar graph reporting the calculated oscillator strength and calculated position of the 80st
electronic transitions calculated by TDDFT for CP3 (bar graph; f = computed oscillator strength). The
black line is generated assigning a FWHM = 1000 cm-1 to the transitions (FWHM= full width at half
maximum).

LSOMO (-4.801 eV)
HSOMO (-1.673 eV)
Figure S11. Representations of the semi-occupied MOs for CP3 in its lowest energy triplet
state.
Table S11. Relative atomic contributions (%) of the various fragments to the semi-occupied
MOs of CP3 in its lowest energy triplet excited state. The fragments exhibiting the largest
contributions is highlighted to allow an easy identification (LS=LSOMO, HS=HSOMO).
Fragment
L1
Cu atoms
Cl atoms

LS-1
87.6
10.1
2.3

LSOMO HSOMO
91.2
96.3
7.8
2.7
1.0
1.0

HS+1
91.3
5.2
3.6
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H-4 (-5.040 eV)

H-3 (-5.036 eV)

H-2 (-4.991 eV)

H-1 (-4.763 eV)

HOMO (-4.729 eV)

LUMO (-0.786 eV)

L+1 (-0.709 eV)

L+2 (-0.642 eV)

L+3 (-0.318 eV)

L+4 (-0.290 eV)

Figure S12. Representations of the frontier MOs for CP4.
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Table S12. Relative atomic contributions (%) of the various fragments to the frontier MOs of CP4.a
Fragment
H-4 H-3 H-2 H-1 HOMO LUMO L+1 L+2
L1
83.1 86.2 76.5 91.5
93.7
87.3
91.5 89.7
Cu atoms 13.2 11.5 17.6 6.8
5.0
8.1
5.4
6.7
Cl atoms
3.7 2.2
5.9
1.8
1.3
4.6
3.1
3.6
a
H = HOMO, L = LUMO; the values in dark represent contributions > 50%.

L+3
95.3
3.4
1.2

L+4
96.9
2.9
0.2

Table S13. Calculated position, oscillator strength (f) and major contributions of the first 80 singletsinglet electronic transitions for CP4.
 (nm)
356.6
355.5
341.6
337.1
334.7
332.1
331.0
329.2
320.0
318.6
317.4
316.4
315.0
313.1
310.4
310.1
307.3
306.2
304.7
304.2
302.7
299.8
299.3
298.2
297.6
296.3
295.4
295.0
293.7
292.7
291.8
290.7
289.1
288.3
287.6
286.0

f
0.4311
0.2474
0.1689
0.4845
0.0152
0.3197
0.01
0.0534
0.0045
0.0029
0.0003
0.0146
0.0425
0.0166
0.0455
0.0037
0.1866
0.0606
0.0188
0.1412
0.022
0.0016
0.008
0.1013
0.0378
0.0866
0.0113
0.0368
0.0609
0.0028
0.0033
0.0019
0.0006
0.0577
0.2316
0.154

Major contributions (%)
HOMO→LUMO (31), HOMO→L+1 (44), HOMO→L+2 (15)
H-1→LUMO (48), H-1→L+1 (33)
H-2→LUMO (55)
H-3→LUMO (31), H-3→L+1 (19), H-2→L+1 (13), H-2→L+2 (14)
H-5→LUMO (11), H-4→LUMO (47), H-4→L+2 (10)
H-5→LUMO (31), H-5→L+1 (21)
HOMO→LUMO (44), HOMO→L+2 (22)
H-1→LUMO (29), H-1→L+1 (14), H-1→L+2 (21)
HOMO→L+1 (24), HOMO→L+2 (27)
H-2→L+1 (17), HOMO→L+1 (16), HOMO→L+2 (15)
H-6→LUMO (11), H-3→L+2 (15)
H-1→L+1 (23), H-1→L+2 (27)
H-2→L+2 (12), H-1→L+2 (17)
H-3→LUMO (20), H-2→L+1 (15), H-2→L+2 (11)
H-5→LUMO (12), H-4→L+1 (30)
H-7→LUMO (12), H-4→L+2 (17), H-2→LUMO (12), H-1→L+4 (10)
H-1→L+4 (63)
H-6→LUMO (12), H-5→L+2 (10), H-3→L+1 (10)
H-4→L+1 (24)
H-4→L+2 (21)
H-7→L+2 (15), H-2→L+3 (11), HOMO→L+3 (12)
HOMO→L+3 (65)
H-3→L+1 (23), H-3→L+2 (16)
H-9→LUMO (16), H-9→L+1 (12), H-3→L+2 (10)
H-10→LUMO (31), H-6→LUMO (10)
HOMO→L+5 (69)
H-2→L+3 (11), H-1→L+3 (33)
H-7→L+2 (10), H-6→L+1 (11), H-1→L+3 (18)
H-2→L+3 (18), H-1→L+3 (38)
H-5→L+1 (30), H-5→L+2 (46)
H-6→L+1 (12)
H-10→L+1 (17), H-10→L+2 (13), H-6→L+2 (18)
HOMO→L+4 (97)
H-9→L+2 (13), H-8→L+2 (14), H-2→L+3 (15)
H-4→L+3 (63)
H-9→LUMO (13), H-8→LUMO (20)
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285.1
284.1
283.6
282.9
282.7
282.4
282.2
281.1
278.8
278.6
278.2
277.9
277.4
276.7
276.4
276.4
276.3
275.9
275.6
274.9
274.7
274.1
272.8
272.4
272.1
271.7
271.7
271.5
271.2
270.6
270.2
270.1
269.8
269.3
269.0
268.7
268.3
268.2
267.7
267.5
266.1
264.8
264.6
264.1

0.0257
0.0537
0.3736
0.0105
0.0259
0.015
0.1906
0.0269
0.0053
0.2159
0.0257
0.0038
0.0055
0.0102
0.001
0.0212
0.006
0.0062
0.0155
0.1155
0.0432
0.3045
0.0242
0.0067
0.0034
0.0012
0.0355
0.3024
0.054
0.0016
0.011
0.0786
0.0023
0.0956
0.0412
0.0093
0.1046
0.0247
0.0241
0.0011
0.0282
0.0106
0.0852
0.0116

H-1→L+11 (66)
H-6→L+1 (10), H-5→L+4 (23), H-1→L+11 (10)
H-8→L+2 (11), H-7→L+1 (16), H-6→L+2 (12)
H-3→L+3 (55)
H-5→L+4 (10), H-3→L+4 (15), H-2→L+4 (53)
HOMO→L+13 (74)
H-6→L+1 (10), H-5→L+4 (23)
H-3→L+3 (10), H-3→L+7 (26), H-2→L+7 (18), HOMO→L+7 (21)
H-3→L+8 (15), H-2→L+8 (35)
H-7→L+1 (12), H-7→L+2 (16), H-2→L+5 (10)
H-5→L+6 (27), H-1→L+6 (34)
H-5→L+3 (11), H-5→L+6 (12), H-1→L+16 (31)
H-5→L+3 (36), H-4→L+4 (19)
H-5→L+3 (13), H-4→L+4 (23), H-1→L+16 (12)
H-1→L+5 (97)
H-5→L+3 (10), H-5→L+6 (21), H-1→L+6 (37), H-1→L+16 (14)
H-4→L+4 (12), H-4→L+9 (46)
H-14→LUMO (10), H-4→L+9 (10)
H-6→L+3 (32), H-4→L+9 (10)
H-8→L+1 (11), HOMO→L+17 (22)
HOMO→L+17 (21)
H-13→LUMO (10), H-6→L+3 (12)
H-3→L+7 (12), HOMO→L+7 (53)
H-16→LUMO (17)
H-3→L+4 (53), H-2→L+4 (23)
H-7→L+4 (13), H-3→L+4 (10), HOMO→L+9 (15)
HOMO→L+9 (35)
H-17→LUMO (13)
No major Contributions
H-4→L+5 (75)
H-1→L+8 (73)
H-14→LUMO (10), H-7→L+3 (12)
H-3→L+5 (17), HOMO→L+10 (10)
H-3→L+5 (13)
H-2→L+5 (10)
H-2→L+5 (13)
H-7→L+3 (12), H-1→L+10 (11), H-1→L+12 (14), HOMO→L+6 (18)
HOMO→L+6 (75)
H-14→L+2 (10)
H-3→L+15 (10), H-2→L+15 (33)
H-9→LUMO (13), H-9→L+1 (29), H-9→L+2 (16)
H-10→LUMO (10), H-10→L+1 (40), H-10→L+2 (29)
H-7→L+3 (10), H-2→L+10 (17), HOMO→L+8 (10)
HOMO→L+8 (71)
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Figure S13. Bar graph reporting the calculated oscillator strength and calculated position of the 80st
electronic transitions calculated by TDDFT for CP4 (bar graph; f = computed oscillator strength). The
black line is generated by assigning a FWHM = 1000 cm-1 to the transitions (FWHM= full width at half
maximum).

LSOMO (-4.752 eV)

HSOMO (-1.717 eV)

Figure S14. Representations of the semi-occupied MOs for CP4 in its lowest energy triplet
state.
Table S14. Relative atomic contributions (%) of the various fragments to the semi-occupied MOs
of CP4 in its lowest energy triplet excited state. The fragments exhibiting the largest
contributions is highlighted to allow an easy identification (LS=LSOMO, HS=HSOMO).
Fragment
L1
Cu atoms
Cl atoms

LS-1 LSOMO HSOMO
75.6
91.3
97.3
18.3
6.9
2.0
6.1
1.8
0.7

HS+1
88.0
7.7
4.3
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H-4 (-4.806 eV)

H-3 (-4.719 eV)

H-2 (-4.442 eV)

H-1 (-4.432 eV)

HOMO (-4.305 eV)

LUMO (-0.892 eV)

L+1 (-0.857 eV)

L+2 (-0.617 eV)

L+3 (-0.602 eV)

L+4 (-0.534 eV)

Figure S15. Representations of the frontier MOs for CP5.
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Table S15. Relative atomic contributions (%) of the various fragments to the frontier MOs of CP5.a
Fragment H-4 H-3 H-2 H-1 HOMO LUMO L+1 L+2 L+3 L+4
Ligands 54.6 76.8 92.5 80.3
87.3
85.1 83.8 91.7 89.2 89.7
Cu atoms 28.8 20.9 5.8 16.8
10.7
9.0
9.6 6.1
6.2 6.7
Br atoms 16.5 2.3
1.7
2.9
2.0
5.9
6.6 2.3
4.5 3.7
a
H = HOMO, L = LUMO; the values in dark represent contributions > 50%.
Table S16. Calculated electronic transition energy, oscillator strength (f) and major contributions
of the first 80 singlet-singlet electronic transitions for CP5
 (nm)
400.9
399.1
394.6
385.8
383.8
383.5
376.7
374.7
374.0
371.5
369.3
368.5
365.2
362.9
361.5
358.8
353.1
351.7
350.3
350.1
349.5
347.2
346.3
344.6
344.3
343.9
343.6
343.1
341.0
340.1
338.6
337.4
336.7
336.4
336.2

f
0.0065
0.0017
0.0838
0.1135
0.0006
0.0061
0.109
0.041
0.1748
0.6506
0.0221
0.0176
0.1065
0.2503
0.5379
0.082
0.1173
0.0146
0.0005
0.0463
0.0026
0.0169
0.0198
0.0123
0.0071
0.0019
0.0007
0.001
0
0.0935
0.0092
0.0057
0.0264
0.0053
0.0043

Major contributions (%)
HOMO→LUMO (14), HOMO→L+1 (80)
H-2→LUMO (13), HOMO→LUMO (69), HOMO→L+1 (15)
H-1→LUMO (27), H-1→L+3 (38), H-1→L+4 (17)
H-2→L+2 (13), HOMO→L+2 (54)
H-1→LUMO (67), H-1→L+3 (20)
H-2→L+1 (78)
H-5→LUMO (36)
H-5→LUMO (13), H-4→L+1 (19)
H-3→L+3 (17), H-3→L+4 (21), H-1→L+1 (16), H-1→L+4 (13)
HOMO→L+5 (57)
H-2→LUMO (75), HOMO→LUMO (13)
H-1→L+1 (67)
H-12→LUMO (11), H-10→LUMO (13), H-9→LUMO (18)
H-8→L+1 (23), H-7→L+1 (10), H-4→L+1 (12)
H-6→L+4 (10), H-1→L+3 (12), H-1→L+4 (28)
H-2→L+5 (53)
H-11→L+3 (14), H-7→L+3 (14)
H-8→L+1 (25), H-6→L+1 (30), H-5→L+1 (11)
HOMO→L+3 (91)
H-9→L+2 (10), H-5→L+2 (15), H-4→L+2 (18)
H-3→L+1 (62)
H-9→LUMO (11), H-4→LUMO (21)
H-4→L+1 (16)
H-3→LUMO (25), H-2→L+2 (13)
H-7→LUMO (13), H-3→LUMO (17), H-2→L+2 (12)
H-2→L+2 (15), HOMO→L+4 (10)
HOMO→L+4 (81)
H-3→LUMO (42), H-3→L+1 (10)
H-1→L+2 (94)
H-4→L+5 (15), H-2→L+2 (14), HOMO→L+7 (24)
HOMO→L+7 (26)
H-6→LUMO (11), H-1→L+11 (38)
H-14→L+1 (11), H-5→L+1 (13)
H-6→LUMO (26), H-1→L+11 (17)
H-5→L+1 (17), H-2→L+3 (20)
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336.0
335.6
333.8
333.4
333.0
332.6
331.7
330.6
329.8
329.6
328.8
328.5
327.9
326.1
325.8
325.5
325.2
324.9

0.0126
0.0703
0.0182
0.0064
0.0005
0.0031
0.0047
0.1036
0.0274
0.0019
0.0607
0.0233
0.0971
0.0003
0.0652
0.0028
0.0046
0.0242

324.7

0.0256

324.6
323.5
323.1
322.8
321.3
321.1
320.8
320.3
319.9
319.8
319.0
318.9
318.7
318.5
317.3
316.9
316.8
316.6
315.4
314.9
314.5
314.2
313.9
313.9
313.1
312.9

0.0016
0.0044
0.0017
0.0039
0.0091
0.0155
0.016
0.0983
0.083
0.0132
0.0797
0.0572
0.0149
0.0045
0.0205
0.049
0.0701
0.008
0.0316
0.0002
0.0002
0.1508
0.0176
0.0169
0.0348
0.0041

H-2→L+3 (47)
H-14→L+1 (10), H-5→L+1 (19), H-2→L+3 (17)
H-14→LUMO (10), H-11→LUMO (17), H-6→LUMO (18)
H-9→LUMO (14), H-9→L+1 (14)
H-9→LUMO (10), H-9→L+1 (22)
HOMO→L+13 (17), HOMO→L+14 (16), HOMO→L+18 (21)
H-8→LUMO (21), H-7→LUMO (23)
H-11→LUMO (11)
H-12→L+2 (13), H-5→L+2 (21)
H-2→L+4 (82)
No major contributions
HOMO→L+6 (18), HOMO→L+18 (11)
H-16→L+1 (36), H-14→L+1 (11)
HOMO→L+6 (48)
H-12→LUMO (14), H-1→L+6 (14)
H-1→L+5 (14), H-1→L+6 (37)
H-10→L+2 (10), H-1→L+8 (15)
H-1→L+5 (10)
H-18→L+1 (11), H-10→L+1 (10), H-7→L+1 (10), H-1→L+5
(11)
H-1→L+5 (55)
H-10→L+5 (13)
H-15→LUMO (20), H-14→LUMO (15), HOMO→L+9 (11)
HOMO→L+9 (49)
H-7→L+1 (29)
HOMO→L+13 (11), HOMO→L+14 (25)
H-9→L+1 (13), H-7→L+1 (14)
No major contributions
No major contributions
No major contributions
H-4→L+2 (10)
H-3→L+8 (15), H-3→L+12 (11)
H-20→LUMO (23), H-19→LUMO (22)
HOMO→L+14 (16), HOMO→L+15 (40)
H-18→L+1 (22)
H-2→L+7 (14)
H-13→LUMO (17)
H-3→L+3 (20), H-3→L+4 (14)
H-1→L+10 (48)
HOMO→L+8 (87)
H-1→L+7 (11), H-1→L+9 (64)
H-11→L+3 (10)
H-3→L+2 (10)
H-3→L+2 (76)
H-12→L+1 (17), H-11→L+1 (37)
H-2→L+21 (19), HOMO→L+21 (19)
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Figure S16. Bar graph reporting the calculated oscillator strength and calculated position of the 80st
electronic transitions calculated by TDDFT for CP5 (bar graph; f = computed oscillator strength). The
black line is generated by a FWHM = 1000 cm-1 to the transitions (FWHM= full width at half maximum).

LSOMO (-4.322 eV)

HSOMO (-1.681 eV)

Figure S17. Representations of the semi-occupied MOs for CP5 in its lowest energy triplet
state.
Table S17. Relative atomic contributions (%) of the various fragments to the semi-occupied
MOs of CP5 in its lowest energy triplet excited state. The fragments exhibiting the largest
contributions is highlighted to allow an easy identification (LS=LSOMO, HS=HSOMO).
Fragment
L1
Cu atoms
Br atoms

LS-1 LSOMO HSOMO HS+1
80.3
86.0
96.2
85.1
16.8
11.1
2.7
9.0
2.9
2.9
1.1
5.9
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H-4 (-4.851 eV)

H-3 (-4.644 eV)

H-2 (-4.643 eV)

H-1 (-4.381 eV)

HOMO (-4.381 eV)

LUMO (-0.808 eV)

L+1 (-0.794 eV)

L+2 (-0.543 eV)

L+3 (-0.542 eV)

L+4 (-0.442 eV)

Figure S18. Representations of the frontier MOs for CP5’.
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Table S18. Relative atomic contributions (%) of the various fragments to the frontier MOs of CP5’.a
Fragment H-4 H-3 H-2
H-1
HOMO LUMO L+1 L+2 L+3
L1
44.5 89.0 88.8
83.0
83.0
85.2
85.3 88.9 88.7
Cu atoms 33.8 8.6
8.7
14.5
14.5
8.5
8.4
7.7
7.9
Br atoms 21.7 2.3
2.5
2.5
2.6
6.3
6.3
3.4
3.4
a
H = HOMO, L = LUMO; the values in dark represent contributions > 50%.

L+4
89.2
7.1
3.8

Table S19. Calculated electronic transition energy, oscillator strength (f) and major contributions
of the first 80 singlet-singlet electronic transitions for CP5’.
 (nm)
383.2
383.2
374.1
374.0
373.0
372.9
364.2
363.5
355.9
355.8
353.3
353.0
348.5
348.1
345.5
345.3
340.2
340.1
339.9
339.7
339.5
339.5
338.3
338.3
334.1
334.0
332.3
332.2
329.7
329.5
328.6
328.6
328.1
327.6
327.5
327.5

f
0.0151
0.0214
0
0.003
0.0224
0.0012
0.0007
1.2157
0.0025
0.0357
0.5162
0.0001
0.8849
0.0011
0.0007
0.082
0.3597
0.0036
0.1282
0
0.0465
0.0004
0
0.0012
0.0584
0.0009
0.0004
0.0957
0.0001
0.059
0.1598
0.0008
0
0.0046
0.0006
0.003

Major contributions (%)
H-1→LUMO (25), H-1→L+1 (11), HOMO→LUMO (31), HOMO→L+1 (29)
H-1→LUMO (30), H-1→L+1 (29), HOMO→LUMO (25), HOMO→L+1 (12)
H-1→LUMO (23), H-1→L+3 (12), HOMO→L+1 (33), HOMO→L+2 (12)
H-1→L+1 (35), H-1→L+2 (11), HOMO→LUMO (21), HOMO→L+3 (12)
H-1→L+1 (17), H-1→L+2 (16), HOMO→LUMO (16), HOMO→L+3 (16)
H-1→LUMO (16), H-1→L+3 (19), HOMO→L+1 (17), HOMO→L+2 (16)
H-1→L+5 (26), HOMO→L+2 (11), HOMO→L+4 (26)
H-1→L+2 (10), H-1→L+4 (25), HOMO→L+5 (25)
H-3→LUMO (20), H-2→L+1 (26)
H-5→L+1 (10), H-3→L+1 (18), H-2→LUMO (29)
H-5→L+1 (12), H-4→LUMO (33), H-3→L+1 (11)
H-7→LUMO (10), H-5→LUMO (17), H-4→L+1 (30), H-3→LUMO (11)
H-11→L+1 (13), H-10→LUMO (33), H-9→L+1 (18)
H-11→LUMO (19), H-10→L+1 (30), H-9→LUMO (19)
H-9→LUMO (13), H-8→L+1 (21), H-3→LUMO (12), H-2→L+1 (16)
H-9→L+1 (11), H-8→LUMO (22), H-2→LUMO (19)
H-3→L+4 (18), H-2→L+5 (18)
H-7→L+3 (12), H-6→L+2 (11), H-2→L+1 (10)
H-7→L+2 (14), H-6→L+3 (13), H-3→L+1 (10)
H-3→L+5 (18), H-2→L+4 (19)
H-3→L+1 (30), H-2→LUMO (22)
H-3→LUMO (24), H-2→L+1 (27)
H-1→L+3 (46), HOMO→L+2 (44)
H-1→L+2 (42), HOMO→L+3 (52)
H-5→L+2 (12), H-4→L+3 (10)
H-5→L+3 (11), H-4→L+2 (10)
H-13→LUMO (17), H-12→L+1 (21)
H-13→L+1 (16), H-12→LUMO (25)
H-15→LUMO (11), H-5→LUMO (12), H-4→L+1 (15)
H-15→L+1 (10), H-6→LUMO (16), H-4→LUMO (19)
H-9→L+4 (10), H-8→L+5 (12)
H-7→LUMO (10)
H-12→L+1 (10), H-7→LUMO (12), H-5→LUMO (38)
H-5→L+1 (29), H-1→L+4 (14), HOMO→L+5 (16)
H-1→L+5 (41), HOMO→L+4 (45)
H-5→L+1 (13), H-1→L+4 (33), HOMO→L+5 (28)
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325.7
325.6
324.9
324.4
323.9
323.7
321.7
321.7
320.5
320.2
318.2
318.2
317.6
317.6
317.3
316.8
316.8
316.6
315.3
315.3
314.6
314.5
313.8
313.5
313.3
313.0
312.1
311.9
311.0
311.0
310.3
310.2
308.1
308.1
307.9
307.9
305.5
305.5
304.9
304.8
304.5
304.4
303.8
303.7

0
0.0095
0.024
0
0.0066
0
0.0018
0.0116
0
0.0307
0.0006
0.0188
0
0.0008
0
0.0098
0
0.0266
0.0041
0.0018
0.0028
0.0143
0.0001
0.1311
0.0005
0.4739
0.0001
0.0492
0.0118
0.0344
0.0436
0.0005
0.0027
0
0.0046
0
0.0328
0.0004
0.0003
0.0049
0.0999
0.0006
0.0001
0.0212

H-11→LUMO (24), H-10→L+1 (12), H-6→L+1 (13), H-4→L+1 (11)
H-11→L+1 (26), H-10→LUMO (14), H-7→L+1 (11), H-6→LUMO (12)
H-16→LUMO (10), H-4→LUMO (15)
No major contributions
H-1→L+16 (10), HOMO→L+9 (10), HOMO→L+13 (12)
No major contributions
H-1→L+7 (10), HOMO→L+6 (47)
H-1→L+6 (47), HOMO→L+7 (11)
H-17→LUMO (15), H-14→L+1 (11), HOMO→L+6 (13)
H-17→L+1 (15), H-14→LUMO (14), H-5→L+1 (10), H-1→L+6 (11)
H-1→L+9 (10), HOMO→L+6 (11), HOMO→L+8 (13)
H-1→L+6 (13), H-1→L+8 (13), HOMO→L+9 (10)
H-6→L+1 (10), H-2→L+2 (10)
H-11→L+1 (11), H-10→LUMO (10), H-7→L+1 (27), H-6→LUMO (23)
H-10→L+1 (11), H-7→LUMO (18), H-6→L+1 (13)
HOMO→L+7 (42)
H-1→L+7 (57)
H-2→L+3 (13), HOMO→L+7 (13)
H-9→LUMO (14), H-9→L+1 (32), H-8→LUMO (20)
H-9→LUMO (22), H-9→L+1 (10), H-8→LUMO (13), H-8→L+1 (29)
H-3→L+2 (16), H-3→L+3 (36), H-2→L+2 (30)
H-3→L+2 (40), H-2→L+3 (32)
H-21→LUMO (11), H-20→L+1 (10), H-3→L+3 (12)
H-11→L+2 (10)
No major contributions
H-21→L+1 (12), H-20→LUMO (15), H-19→LUMO (10)
No major contributions
No major contributions
No major contributions
No major contributions
No major contributions
No major contributions
H-1→L+11 (34), HOMO→L+10 (35)
H-1→L+10 (37), HOMO→L+11 (37)
H-13→L+1 (41), H-12→LUMO (39)
H-13→LUMO (40), H-12→L+1 (42)
H-1→L+18 (11)
HOMO→L+18 (12)
H-3→L+5 (43), H-2→L+4 (44)
H-3→L+4 (45), H-2→L+5 (38)
H-9→L+2 (11), H-8→L+3 (13)
H-9→L+3 (13), H-8→L+2 (17)
H-23→LUMO (14), H-20→L+1 (13), H-17→LUMO (15), H-14→L+1 (12)
H-20→LUMO (15), H-17→L+1 (13), H-14→LUMO (13)
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Figure S19. Bar graph reporting the calculated oscillator strength and calculated position of the 80st
electronic transitions calculated by TDDFT for CP5 (bar graph; f = computed oscillator strength). The
black line is generated by assigning a FWHM = 1000 cm-1 to the transitions (FWHM= full width at half
maximum)..

LSOMO (-4.375 eV)

HSOMO (-1.448 eV)

Figure S20. Representations of the semi-occupied MOs for CP5’ in its lowest energy triplet
state.
Table S20. Relative atomic contributions (%) of the various fragments to the semi-occupied
MOs of CP5’ in its lowest energy triplet excited state. The fragments exhibiting the largest
contributions is highlighted to allow an easy identification (LS=LSOMO, HS=HSOMO).
Fragment
L1
Cu atoms
Br atoms

LS-1
89.1
9.8
1.1

LSOMO HSOMO
82.9
91.9
14.6
5.9
2.5
2.2

HS+1
85.2
8.5
6.3
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Figure S21. Chromaticity for CP2, CP3 and CP4 in solid state at 298 and 77 K.
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Figure S22. Chromaticity for CP5 and CP5’ in solid state at 298 and 77K

Table S21. Chromaticity data for CP1, CP2, CP3, CP4, CP5 and CP5’ in solid state at 298
and 77K
Chromaticity
Chromaticity
Compound
298 K
77 K
CP 1

0.41931, 0.48916

0.40106, 0.56917

CP 2

0.37581, 0.41764

0.42805, 0.49084

CP 3

0.51665, 0.44858

0.56026, 0.43842

CP 4

0.49426, 0.41025

0.43925, 0.49832

CP 5

0.43459, 0.41869

0.46136, 0.50998

CP 5’

0.53090, 0.42899

0.47186, 0.48555
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Figure S23. Chromaticity diagram of CP1 at 298 (left) and 77 K (right) (before removal; red,
after solvent removal; turquoise, and after introduction of different solvents upon exposition to
vapour (black and purple).
Table S22. Chromaticity data of CP1 upon removing PrCN and upon exposure to solvent
vapour.
CP1 composition
Cu4I4(L1) • PrCN
Cu4I4(L1) • void
Cu4I4(L1) • MeOH
Cu4I4(L1) • MeCN

Chromaticity
298 K
0.419, 0.489
0.446, 0.433
0.422, 0.463
0.416, 0.461

Chromaticity
77 K
0.401, 0.569
0.453, 0.507
0.395, 0.562
0.434, 0.550

Table S23. Emission lifetime data for CP1: before, after solvent removal and after introduction
of different solvents vapour at 298 and 77K in solid state (the uncertainties on e is ~ ± 5 %; Bi
= pre-exponential factor).
CP1 Composition

em(nm)
298K

Cu4I4(L1) • PrCN

568

Cu4I4(L1) • void

583

Cu4I4(L1) • MeOH

572

Cu4I4(L1) • MeCN

564

Bi

e(s)
298K

0.0569
0.0208
0.0177
0.004
0.0177
0.0044
0.0377
0.0073

2.1
7.5
2.1
11.2
2.1
7.1
1.5
5.1

2

em(nm)
77K

1.043

555

1.029

570

1.063

548

1.107

553

Bi

e(s)
77K

0.0232
0.0166
0.0190
0.0203
0.0153
0.0238
0.0309
0.0529

21.0
40.0
15.2
35.4
14.7
32.6
17.8
31.3

2
1.012
1.014
1.026
1.067

110

Figure S24. Comparison of the TGA traces (black) and 1st derivative of the TGA traces (grey)
of L1, CP1-CP5.
Table S24. TGA data for compounds L1, CP1–CP5 the reported temperatures correspond to the
changing of the curve behavior. The mass losses over the total mass percentages are indicated in the
column m(%); heating rate = 10°C/min; Expm(%) = experimental weight losses.
Exp
Exp
Exp
Exp
Exp
m
m
m
m
m
Compound C)
C)
C)
C)
C)
(%)
(%)
(%)
(%)
(%)
L1

-

-

~260

10

~435

25

-

-

> 900

65

CP 1

~170

5

~260

16

~436

9

~604

27

> 900

42

CP 2

~95

17

~264

16

~440

14

~615

14

> 900

39

CP 3

~119

3

~256

21

~432

10

~551

5

> 900

61

CP 4

~92

7

~259

22

~430

8

~590

5

> 900

58

CP 5

-

-

~260

20

~432

25

-

-

> 900

55
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TGA analysis
The thermal gravimetric analysis (TGA) traces and data are respectively reported in Figure S24 and
Table S24 for compounds L1, CP1, CP2, CP3, CP4 and CP5. The first derivative curves are plotted
to stress the mass variation by means of different events. Based on the curves, L1 and CP5 can be
placed within the same category since these do not contain any solvent molecule. These two
compounds exhibit a similar behaviour. They are both divided into three events. The first event is
observed starting from temperature ~260 °C, the second from ~430 °C and the last above ~900 °C,
which leads to the residue decomposition.
The first weight losses from ~260°C to ~435°C with a mass loss of 10(12) and 20%(17% calculated)
for L1 and CP5, respectively, corresponds to elimination of one and two PMe3 ligands for L1 and
CP5, respectively. The second weight losses show a very similar pattern at a plateau beginning at
~435 and 432°C with weight loss of 25(23) and 25%(28% calculated) for L1 and CP5, respectively,
and may correspond to the loss of one C≡CC6H4SMe fragment for L1 and three C≡CC6H4SMe
fragments with Br2 for CP5. The final residual at temperature above ~900°C is observed to be 65(65)
and 55% (55% calculated) for L1 and CP5, respectively.
No other reliable interpretation can be provided for remainder of these CPs.

Figure S25. Black: TGA curve of CP1 with the solvent (as synthesized) showing solvent loss.
Red: TGA curve of CP1 after the solvent removal. The latter TGA analysis was done after gas
adsorption measurements of CP1.
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Figure S26. Left: Emission spectra of CP3 before PrCN removal (red), after solvent removal
(black) and after re-introduction of MeOH(green), MeCN(blue) vapour. Right: Chromaticity of
CP3 before PrCN removal (blue), after solvent removal (black) and after re-introduction of
MeOH(teal), MeCN(green) vapour at 298K.

Figure S27. Left: Emission spectra of CP5 as synthesized without solvent (red), after
introduction of MeOH(green), MeCN(blue) vapour. Right: Chromaticity of CP5 as synthesized
without solvent (black), after introduction of MeOH(teal), MeCN(blue) vapour vapour at 298K.
Table S25. Chromaticity data of CP3 upon removing PrCN and upon exposure to solvent
vapour with chromaticity of CP5 before and after exposure to solvent vapour.
CP3 composition
Cu4Cl4(L1) • PrCN
Cu4Cl4(L1) • void
Cu4Cl4(L1) • MeOH
Cu4Cl4(L1) • MeCN

Chromaticity
298 K
0.517, 0.449
0.534, 0.437
0.511, 0.442
0.506, 0.439

Chromaticity
77 K
0.477, 0.490
Cu4Br4(L1) • void
Cu4Br4(L1) • MeOH 0.481, 0.506
Cu4Br4(L1) • MeCN 0.480, 0.507
CP5 composition
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.
Figure S28. IR spectra of L1, CP1 and CP2.
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Figure S29. IR spectra of CP3, CP4 and CP5.
Table S26. C≡C bond distances for L1, CP1-CP5
L1
CP2
CPs
CP1
C≡C bond
1.198 (6) 1.227 (3) 1.227 (3)
distances(Å)

CP3
1.232(8) and
1.237(8)

CP4
1.240(7) and
1.253(8)

CP5
1.322 (2) and
1.180 (2)
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Figure S30. 1H NMR spectrum of 4-ethynylthioanisole in CDCl3

Figure 31. 1H NMR spectrum of L1 in CD2Cl2.
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Figure S32. 31P NMR spectrum of L1 in CDCl3.
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CHAPTER 3
Unexpected Formation of Luminescent Heterobimetallic
Organometallic/Coordination Polymer with CuCN and Metallic Containing
Ligand
3.1. Project overview
Copper cyanide-containing polymers have been studied over the past decades for their interesting
photophysical properties and their applications including molecular magnetism and catalysis. 99
In addition, [Pt]-containing polymers have recently shown potential for application in light
emitting diodes and solar cells.83-84
This chapter focuses on the prepartion of 1D CP obtained from a rigid Pt(II) containing metal
ligand, L1 (trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe]) and the CuCN salt. The material
showed unexpected formation of luminescent 1D CP where the ligand breaks in a new ligand
－

trans-MeSC6H4C≡C-Pt(PMe3)2(C≡N)) where now a CN ion is coordinated on the platinum
metal. The characterization using IR, PXRD, Raman, TGA as well as the photophysical
properties of the CPs were performed.
This project was conducted at the Université de Sherbrooke under supervision of Professor Pierre
D. Harvey. Dr. Antoine Bonnot measured the IR spectrum of CP1 while Dr. Daniel Fortin
performed the X-ray single crystal diffraction analysis of the new materials. I synthesized the CP
and performed all the required characterizations including TGA analysis, IR, quantum yields,
DFT and TDDFT calculations as well as performing all the photophysical measurements of CP.
The following chapter was entirely written by me in a publication format and Pr. Pierre D. Harvey
will make some corrections before submission.
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3.2. Manuscript in preparation;
To be submitted in Organometallics, 2017.
Unexpected Formation of Luminescent Heterobimetallic Organometallic/Coordination
polymer with CuCN and Metallic Containing Ligand
Frank Juvenal, Antoine Bonnot, Daniel Fortin and Pierre D. Harvey*
Département de chimie, Université de Sherbrooke, Sherbrooke, Québec, Canada J1K 2R1
*Email : Pierre.Harvey@USherbrooke.ca
3.2.1. Abstract.
When trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe], L1 reacts with CuCN in MeCN to
form an infinite one-dimension coordination polymer (CuCN[Pt])n ([Pt] = trans-MeSC6H4C≡CPt(PMe3)2(C≡N)) with a zigzag structure. The compound was characterized by X-ray
crystallography, TGA, IR, Raman, absorption and emission spectra as well as photophysical
measurements. The DFT and TDDFT computations were performed to study the behaviour of
the CP.

3.2.2. Introduction
Over the years, the construction of CuX-coordination polymers have been performed and the
most common type is when X= I, Br and Cl. 1-3, 7 However, there have been several reports that
propose the use of copper(I) with pseudohalides (CN－, SCN－) in order to obtain different CPs.49

The metal cyanides have been studied over the past years for their interesting photophysical

properties and their applications including molecular magnetism and catalysis. 6 In addition, Ptcontaining polymers have also shown applications in light emitting diodes10 and solar cells.11
The formed CPs can either be 1D, 2D or 3D frameworks. The resulting 2D and 3D CPs have
been achieved with the use of cyanocuprate with nitrogen-containing ligands whereby, the copper
atom is coordinated to the nitrogen atom (Chart 1).4-6, 8-9 These CPs can form a 1D compound in
which a zigzag skeleton may be constructed.4,8 On the other hand, for example, the Cu(I) in a
cyanocuprate polymer was observed by the group of Sheldrick to coordinate the arseniccontaining ligand (CH3AsO) and the Cu has coordinated with the arsenic element in order to
form a 3D CP.9a The luminescent properties of most of the CPs in the literature were not studied.
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Chart 1. Examples of some of coordination polymers obtained from the reaction between CuCN
and N-containing ligand.
We herein report a 1D luminescent coordination polymer (CP1) formed when CuCN reacts with
a metal-containing ligand, trans-[p-MeSC6H4C≡CPt(PMe3)2C≡C-p-C6H4SMe] (L1). The new
CP has the formula [(CuCN)(trans-MeSC6H4C≡C-Pt(PMe3)2(C≡N)]n, CP1. Its photophysical
properties were also investigated in detail. In addition, the DFT computations of CP1 was
performed in order to further understand the photophysical properties of this new luminescent
CP1. It is believed that the Pt-containing ligand L1 broke because of the excess CuCN and the
high temperature (for solubility issues) used (3:1 CuCN/L1).
3.2.3. Experimental Section
Materials. CuCN and acetonitrile were purchased from Aldrich. All the reagents and solvents
(i.e: those used in the synthesis of L1) were used without further purification except acetonitrile
which was distilled prior to the synthesis of CP1.
Synthesis of the ligand:
L1 was synthesized as previously reported by our group.12a
Synthesis of (C15H25P2PtS[Cu(CN)2]) n (CP1)
5 mL of acetonitrile was introduced in a small vial, which was bubbled with argon for 15 min.
L1 (30.0 mg, 0.046 mmol) was added, followed by CuCN (12.6 mg, 0.14 mmol). The mixture
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was stirred for 4 h at room temperature. The mixture was slightly heated and allowed to cool to
room temperature and thus forming light yellow crystals. The solvent was removed and dried the
CP under vacuum. Yield: 62%. IR: 2990, 2976 v(C-H); 2105, v(C≡C); 1588, v(C=C).
Instruments. The solid state UV-vis spectra were measured using a Varian Cary 50
spectrophotometer at 298 and 77 K using small angle transmittance apparatus and a homemade
sample-holder. Steady state emission and excitation spectra as well as chromaticity data for CP1
were acquired on a Edinburgh Instrument FLS980 phosphorimeter equipped with single
monochromators while for the time-resolved emission spectra (TRES) of CP1, a phosphorimeter
QuantaMaster 400 instrument from Photon Technology International (PTI) was used. All
samples were crushed prior to use. These spectra were corrected for instrument response. The
lifetime measurements were performed using the same Edinburgh Instrument FLS980
Phosphorimeter equipped with “flash” pulsed lamp (FWHM = 1.2 s. The repetition rate was
adjusted from 1 to 100 Hz. All lifetime values were obtained from deconvolution and distribution
lifetime analysis. The quantum yield measurements were performed with a Horiba Fluorolog III.
This instrument was equipped with an integration sphere which allowed for the direct
measurements of emission quantum yields. The TGA traces were acquired on a Perkin Elmer
TGA 7 apparatus in the temperature range between 20 and 900 °C at 10°C / min under nitrogen
atmosphere. The figures have been treated by Origin software.
Computation. The density functional theory (DFT) and time dependent density functional
theory (TDDFT) calculations were performed with Gaussian 0913 at the Université de Sherbrooke
with the Mammouth supercomputer supported by Le Réseau Québécois De Calculs Hautes
Performances. All cif files from X-ray crystal structures have been used for the calculations. The
DFT (ground and triplet states) as well as TDDFT calculations14-21 were carried out using the
B3LYP method. VDZ (valence double ζ) with SBKJC effective core potentials were used for all
Cu and Pt atoms.22-25 The calculated absorption spectra were obtained from GaussSum 3.2. 26
Because these calculations are performed to figure out the electronic properties of these samples
in the solid state, the solvent effect may not be considered. So solvent field was applied.
X-Ray crystallography.
Clear light yellow needle-like specimen of L1 was measured on a Bruker Apex DUO system
equipped with a Cu Kα ImuS micro─focus source with MX optics (λ = 1.54186 Å). A total of
797 was collected for L1. The total exposure time was 4.80 hours. The frames were integrated
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with the Bruker SAINT27 software package using a wide-frame algorithm. The integration of the
data using a monoclinic unit cell yielded a total of 6638 reflections to a maximum θ angle of
70.88° (0.82 Å resolution), of which 2396 were independent (average redundancy 2.770,
completeness = 97.6 %, Rint = 4.63 %, Rsig = 5.36 %) and 2202 (91.90 %) were greater than
2σ(F2) for L1. Data were corrected for absorption effects using the multi-scan method
(SADABS)27. The structures were solved and refined using the Bruker SHELXTL Software
Package, using the space group P 1 21/c 1, with Z = 2 for L1.
Clear light yellow prism-like specimen of CP1 was measured on a APEX DUO system equipped
with a TRIUMPH curved-crystal monochromator and a Mo Kα fine-focus tube (λ = 0.71073 Å).
A total of 797 frames were collected. The frames were integrated with the Bruker SAINT 27
software package using a wide-frame algorithm. The integration of the data using a monoclinic
unit cell yielded a total of 11415 reflections to a maximum θ angle of 26.44° (0.80 Å resolution),
of which 4492 were independent (average redundancy 2.541, completeness = 99.5%, Rint = 9.33
%, Rsig = 11.28 %) and 2791 (62.13 %) were greater than 2σ(F2) for CP1. Data was corrected
for absorption effects using the multi-scan method (SADABS).27 The structure of the CP1 was
solved and refined using the Bruker SHELXTL Software Package, using the space group C 1 2/c
1.

3.2.4. Results and Discussion
Synthesis and structure description. L1 was used as the ligand for the synthesis of a zigzag
coordination polymer (CP1). Crystals that were suitable for X-ray analysis were obtained in
CH2Cl2 which reveals trans-geometry on the Pt atom for L1.12a

Scheme 1. Synthesis of CP1. Conditions, i) cis-PtCl2(PMe3)2, CuI, NHEt2.
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When L1 reacts with CuCN in ratio of 3:1 (CuCN: L1) in MeCN, yellow crystals were obtained.
The resulting 1D polymer (CuCN[Pt])n ([Pt] = trans-MeSC6H4C≡C-Pt(PMe3)2(C≡N)), CP1
exhibits a zigzag skeleton (Scheme 1, Figure 1). This kind of backbone is the most common form
in the literature where CuCN is used with different N-containing ligands.4,8,9 Surprisingly, L1
breaks and one CN－ ion coordinates the platinum atom, thus eliminating one MeSC6H4C≡C－
fragment. The fate of the fragment is still unknown but could be the polymeric analogue of
[CuC≡CC6H5]n.28 Unfotunately, we were not able to isolate this possible bi-product. Because 3
equivalents of CuCN was used to obtain crystals, then one equivalent is suspected to be left in
the solid as an impurity. Selected distances are placed in Table 1. The distances are found normal.

Figure 1. (a) Drawing of a segment of CP1 (b) Local environment of the new ligand transMeSC6H4C≡C-Pt(PMe3)2(C≡N)) coordinated onto the central CuCN. The H atoms are not shown
for clarity. (c) ORTEP representation of a fragment of the 1D zigzag chain in CP1. The thermal
ellipsoids are set at 50 % probability. Yellow = S, light purple = Pt, dark purple = N, brown =
Cu, orange = P, blue = C, white = H. The X-ray data and some further description are in the SI.
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Table 1. Selected distances (Å) for CP1.
CP1
Bond
C1-N1
Cu2-N1
C2-Cu2
Cu2-N2
Pt1-C1
Pt1-P2
Pt1-P1

(Å)
1.19(2)
1.977(13)
1.881(14)
1.988(13)
1.970(16)
2.281(5)
2.293 (4)

Thermal gravimetric analysis (TGA).
The thermal stability of CP1 is addressed by TGA (Figure 2). The first weight loss is observed
at~360 °C with a mass loss of 23 (20 % calculated) corresponding to the decomposition of the
ligand via the loss of MeSC6H4. The second step observed is the weight loss at a plateau
beginning at ~486 °C with weight loss of 4 (12 % calculated) correspond to loss of P(Me3) part
of the ligand. The residual at above 900 oC is the remaining part of the polymer which includes
the heavy metal Pt as well as Cu (see SI for details).

Figure 2. TGA traces (black) and 1st derivative of the TGA traces (grey) for CP1.
Photophysical properties.
The solid state absorption (which is obtained from low-razing angle reflectance spectroscopy),
excitation and emission spectra for CP1 are shown in Figure 3.
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Figure 3. Solid state absorption (black), excitation (blue), and emission (red) spectra of CP1 at
298 (left) and 77K (right). The chromaticity diagram and spectral data are placed in the SI. The
absorption features spreading from 350 to 500 nm are S 0→T1 absorptions visible because the
Beer-Lambert law does not apply adequately in the solid state. Note that the signal at 616 nm
arises from CuCN.
The emission spectrum shows a broad band between 480 and 750 nm, which exhibits a maximum
at 534 nm and a shoulder ~ 616 nm for CP1. This feature strongly suggests that there are at least
two different emitting species in the material. This fact was clearly demonstrated using TRES
below (Figure 4). The absorption spectra also illustrate the two different peaks; one which is in
a range of 280-360 nm. This feature is consistent with the simulated absorption spectrum using
TDDFT computations (presented below) for spin allowed transitions (S 0→S1), which also ranges
from 200 to 375 nm. To explain the presence of two species, one has to remember that CuCN is
not very soluble in acetonitrile as a result, there was continuous slight heating in order to facilitate
the solubility of the mixture. Combined with the excess of CuCN used, a nucleophylic attack of
the C≡N－ ion onto the Pt may have occured. So as presented in Scheme 1, there could be a
parallel polymer and an excess CuCN.
In order to validate the suggestion that there are two species in CP1, Time Resolved Emission
Spectroscopy (TRES) measurements were peformed for CP1 at 298 K in solid state (Figure 4).
Noteworthy, the excitation spectrum at emission wavelength of 532 nm is in the range of 250440 nm whereby the maximum is around 280 nm which is in contrast with the excitation spectrum
at wavelength of 616 nm in the range of 250-450 nm which is seen to be rising from 300 nm and
the maximun wavelength of 440 nm (Figure 3). The first excitation spectrum is assigned to the
first species which is speculated to be the actual polymer which is consisted as suggested in the
literature as the 1D zigzag CP obtained from CuCN.8 On the other hand, the second excitation at
616 nm is thought to be an impurity as this has not been reported in the literature.
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Figure 4. TRES measurements for CP1 at 298 K in solid state. The delay times after the
excitation pulse are placed inside the frames. Two peaks, 534 and 616 nm, exhibit different
relaxation kinetics.
As observed in the TRES measurements as well as in the absorption/ excitation spectra, CP1
exhibits two different emitting species. One species which shows rapid relaxation at 534 nm
compared to the other species that shows a slow relaxation at ~ 616 nm. These two species
(described below) do not exhibit the spectral and kinetic signatures of the starting materials trans(MeSC6H4C≡C)2Pt(PMe3)2 (max = 476 nm, e = 1.11 s, 298 K).12a Consequently, it may be
speculated that the second species is probably the impurity from the ligand part which broke
away during the reaction (i.e. MeSC6H4C≡CH), or the possible parallel polymer [MeSC6H4C≡CCu]n (suggested in Scheme 1). However after verification with an authetic sample, the former
one gives a different signature (the emission is completely in the blues ide of the spectrum).
Again, the CuCN was placed in excess, an amount that turned out somewhat necessary in order
to extract crystals suitable for X-ray analysis. This excess combined with slight heating may have
provoked a nucleophylic attack onto the Pt-atom, thus eliminating the MeSC6H4C≡C-fragment.
We propose that the two emissive species are the trans-MeSC6H4C≡CPt(PMe3)2(C≡N)containing CP1 (534 nm, e = 0.56 s, 298 K) exhibiting a faster relaxation decay, and
[MeSC6H4C≡C-Cu]n (616 nm, e = 1.35 s, 298 K) showing a longer time constant. Since this
latter product is not yet available, one needs to confirm this hypothesis in the future. Noteworthy,
the Cu(I) polymer phenylacetylide [Cu(C≡CPh)]n is known28 and it is reasonable to suspect that
the [MeSC6H4C≡C-Cu]n CP was formed as a bi-product. However, it is also known that CuCN
may provoke C≡C-C≡C coupling reactions.29 After some effort, the identity this impurity is
speculated to be [MeSC6H4C≡C-Cu]n CP which as has the same emission shoulder peak at ~
616 nm similar to the one reported in the literature [Cu(C≡CPh)]n by Chui and Co-workers to
have a peak at ~ 618 nm.28(b) So, CP1 emits at ~ 534 nm.
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During this study, a new organometallic chromophore was prepared ([Pt] = trans-MeSC6H4C≡CPt(PMe3)2(C≡N)) as being a part of the polymer CP1. DFT and TDDFT computations were used
to obtain information on the possible frontier MOs that build the emissive excited states (Figure
5, Table 2).

L+4 (-0.136 eV)

L+3 (-0.201 eV)

L+2 (-0.604 eV)

L+1 (-0.911 eV)

HOMO (-5.551 eV)

LUMO (-1.410 eV)

H-1 (-5.626 eV)

H-2 (-6.049 eV)

H-3 (-6.211 eV)

H-4 (-6.520 eV)

Figure 5. Representation of the frontier MOs of CP1 (from the X-ray crystallography data).
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TDDFT computations place the lowest energy electronic transition at 357.5 nm (Table 3 and
Figure 6), and compares favorably with the absorption spectrum (maximum at 330 nm). The
fragment used for computation is the ligand trans-MeSC6H4C≡C-Pt(PMe3)2(C≡N) bonded onto
one CuCN fragment directly obtained from the X-ray data. Both the HOMO and LUMO exhibit
atomic contributions located entirely on the trans-MeSC6H4C≡CPt(PMe3)2+ unit [Pt+] (Table 2),
but the LUMO is mostly concentrated on the Pt-metal (Figure 7).
Table 2. Relative atomic contributions (%) of the various fragments to the frontier MOs of
CP1.a,b
Fragments
H-4 H-3 H-2 H-1 HOMO LUMO L+1 L+2 L+3 L+4
22.5 9.1 1.7 15.0
87.4
88.5 31.4 98.4 96.8 99.0
[Pt+]
－
Cu(CN)2
77.5 90.9 98.3 85.0
12.6
11.5 68.6 1.6 3.2 1.0
+
a
H = HOMO, L = LUMO, [Pt ] = trans-MeSC6H4C≡CPt(PMe3)2+.
b
The values in bold represent contributions > 50%.
Table 3. Calculated positions of the first six electronic transitions, oscillator strengths (f) and
their major contributions for CP1 (H = HOMO, L = LUMO; see Table S2 for the first 100
transitions).
(nm)
357.5
353.1
345.0
314.3
310.4
309.2

f
0.0146
0.0005
0.0005
0
0.0447
0.0158

Major contributions (%)
H-1→L+1 (77), HOMO→L+1 (14)
HOMO→LUMO (92)
H-1→LUMO (94)
H-3→L+1 (80)
H-2→LUMO (23), H-2→L+1 (56)
H-2→LUMO (70), H-2→L+1 (17)

The major contributions (Table 3) are H-1→L+1 (77 %), HOMO→L+1 (14 %), where the L+1
is mostly located on the Cu(CN)2 － unit. The H-1 and HOMO exhibit atomic contributions
located on the Cu(CN)2－and [Pt+] fragments, respectively, indicating that the nature of the S 1
excited state is a mixture composed of Cu(CN)2－→ Cu(CN)2－ (minor) and [Pt+] → Cu(CN)2－
(major) charge transfers. Because e is in the s time scale (Table 4), and the energy gap between
the S0 → T1 absorption and emission is relatively small (~100 nm difference between the
emission and excitation spectra), the emission band is assigned to T1 → S0. The decays are
essentially mono-exponential at the monitoring wavelengths based on the pre-exponential factors.
This triplet state is now characterized by DFT computations below.
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Table 4. e data (± 5 %) for solid CP1 at 298 and 77 K (Bi = pre-exponential factor).

CP1

em(nm)
298K

Bi

e (s)
298K

2

532

0.1001
0.0012

0.56
3.35

1.036

615

0.125
0.0091

1.35
59.1

e(%)
298K

em(nm)
77K

Bi

e (s)
77K

2

538

0.0314
0.0002

3.76
97.6

1.029

-

-

-

9
1.049

-

Figure 6. Bar graph reporting the computed oscillator strengths and their positions for the 80st
electronic transitions of CP1. The black line is generated by assigning a FWHM = 1000 cm-1 to the
transitions (FWHM= full width at half maximum).
Based on the atomic contributions of the MOs from Table 5, the nature of the T1 state is
[Pt+]→Cu(CN)2－ charge transfer. The semi-occupied molecular orbitals, SOMOs, were also
calculated (Figure 7) and only two well “isolated SOMOs” enegitically were found (low,
LSOMO; and high, HSOMO). The energy difference between the LSOMO and HSOMO is 2.625
eV (i.e. 21172 cm-1), and places the origin of the electronic transition in the vicinity of 472 nm,
which qualitatively corresponds to the position where the emission and absorption curves cross
(~500 nm; Figure 5).
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LSOMO (-5.526 eV)

HSOMO (-2.901 eV)

LSOMO-1 (-6.669 eV)

HSOMO+1 (-1.426 eV)

Figure 7. Representations of the semi-occupied MOs for CP1 in its lowest energy triplet state
Table 5. Relative atomic contributions (%) of the various fragments to the semi-occupied MOs
of CP1 in its lowest energy triplet excited state. b
Fragments LS-1 LSOMO HSOMO HS+1
[Pt+]
92.9
99.7
7.0
84.0
－
Cu(CN)2
7.1
0.3
93.0
16.0
b
HS = HSOMO, LS = LSOMO; the values in bold represent contributions > 50%.
3.2.5. Conclusion
The luminescent 1D coordination polymer CP1 was obtained from a rigid Pt-containing ligand
L1 with CuCN and surprisingly, presumably because of the excess of cyanide ions, the ligand
breaks and one CN‾ is found coordinated to the platinum atom and one MeSC 6H4C≡C‾ group
has been eliminated. The photophysical properties were studied and were somewhat complex as
more than one species was observed. The second species is speculated to be insoluble parallel
polymer [MeSC6H4C≡C-Cu]n by comparing the emission spectrum of similar polymer
[Cu(C≡CPh)]n in the literature which has a peak at 618 nm as already discussed. In fact, we could
not locate where this uncoordinated species went during the reaction, and it simply precipitated
with the crystals obtained. Nevertheless, there was no observed coordination between SMe group
or the triple bond with CuCN as observed, strongly suggesting a selectivity for the N-donor atom
for the Cu(I) center. The main conclusion of this work is that the future design of desired 2D or
3D materials with specific properties such as strong gas storage, efficient sensing and intense
luminescence would be most likely possible with such Pt-containing ligand.
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Table S1. Crystal data, data collection and structure refinement for CP1
Compound
Formula
Formula weight
Temperature/K
Wavelength/Å
Crystal system
Space group
a/Å
b/Å
c/Å



Volume/ Å3
Z
Density (calc.) g/cm3
Absorp. coefficient/mm-1
F(000)
Crystal size/mm3
Theta range for data collection/°
Index ranges
Reflections collected
Independent reflections
Refl. greater [I>2(I)]
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2(I)]
R indices (all data)
Largest diff. peak and hole/e. Å-3

CP1
C17H25CuN2P2PtS
610.02
173(2) K
0.71073
monoclinic
C 1 2/c 1
22.176(3)
9.0794(12)
21.786(3)
90
92.573(3)
90
4382.1(10)
8
1.849
7.591
2352
0.040 x 0.100 x 0.200
1.84 to 26.44
-27<=h<=27,
-10<=k<=11,
-16<=l<=27
11415
4492
[R(int) = 0.0933]
2791
Full-matrix leastsquares on F2
4492 / 3 / 225
1.048
R1 = 0.0698,
wR2 = 0.1382
R1 = 0.1239,
wR2 = 0.1559
2.969 and -1.690
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Table S2. Calculated electronic transition energy, oscillator strength (f) and major contributions
of the first 100 singlet-singlet electronic transitions for CP1.
 (nm)
357.5
353.1
345.0
314.3
310.4
309.2
298.9
298.7
292.4
287.6
278.8
277.1
271.9
265.1
264.0
260.4
255.7
254.8
252.4
250.0
248.7
244.4
243.0
237.4
236.8
236.3
232.7
232.5
231.2
230.3
229.8
228.8
228.5
226.4
226.2
225.8
223.5
223.0
221.5
221.5
220.7
220.0
219.6
219.2
218.6
217.8

f
0.0146
0.0005
0.0005
0
0.0447
0.0158
0.0078
0.0027
0.1347
0.0449
0.0792
0.0007
0.5497
0.007
0.0154
0.2039
0.0021
0.2268
0.1108
0.0213
0.0042
0.0029
0.0006
0.0002
0.0444
0.0084
0.0003
0.0037
0.0007
0.007
0.0089
0.0119
0.0086
0.0087
0.0001
0.0011
0.0006
0.0031
0.0023
0.0025
0.0193
0.0025
0.0032
0.0001
0.0059
0.0034

Major contributions (%)
H-1→L+1 (77), HOMO→L+1 (14)
HOMO→LUMO (92)
H-1→LUMO (94)
H-3→L+1 (80)
H-2→LUMO (23), H-2→L+1 (56)
H-2→LUMO (70), H-2→L+1 (17)
H-5→L+1 (71), H-2→L+1 (10)
H-6→L+1 (13), H-4→L+1 (72)
H-3→LUMO (79)
H-1→L+1 (13), HOMO→L+1 (73)
H-4→LUMO (91)
H-5→LUMO (96)
HOMO→L+2 (74)
H-1→L+2 (65), HOMO→L+4 (17)
H-1→L+2 (24), HOMO→L+3 (23), HOMO→L+4 (30)
H-6→LUMO (85)
H-7→LUMO (93)
HOMO→L+2 (15), HOMO→L+3 (46), HOMO→L+4 (19)
H-1→L+3 (45), H-1→L+5 (19)
H-1→L+3 (28), H-1→L+5 (50)
H-6→L+2 (30), H-4→L+2 (24), H-3→L+2 (36)
H-6→L+1 (52), H-4→L+1 (12), H-3→L+3 (10)
H-2→L+2 (91)
H-1→L+4 (83), HOMO→L+4 (10)
H-12→LUMO (11), H-11→LUMO (69)
H-11→LUMO (11), H-8→LUMO (77)
H-9→LUMO (98)
H-2→L+3 (67)
H-6→L+2 (16), H-4→L+2 (22), H-3→L+2 (44), H-3→L+3 (10)
H-12→L+1 (20), H-10→LUMO (12), H-6→L+1 (10), H-3→L+3 (14)
H-10→LUMO (45), H-2→L+5 (18)
H-10→LUMO (12), H-8→L+1 (32), H-2→L+5 (25)
H-10→LUMO (19), H-8→L+1 (22), H-2→L+5 (25)
H-12→LUMO (51), H-11→LUMO (10)
H-12→L+1 (25), H-10→L+1 (39)
H-12→LUMO (16), H-12→L+1 (16), H-10→L+1 (25), H-3→L+5 (13)
H-11→L+1 (27), H-11→L+2 (10), H-11→L+3 (20), HOMO→L+5 (12)
H-1→L+5 (11), HOMO→L+5 (56)
H-13→LUMO (76)
H-5→L+2 (74)
H-7→L+1 (78)
H-6→L+2 (19), H-4→L+2 (10), H-4→L+3 (28), H-3→L+3 (23)
H-2→L+4 (13), H-1→L+7 (38)
H-2→L+4 (78)
H-6→L+2 (24), H-6→L+3 (14), H-4→L+2 (32)
H-1→L+8 (10), HOMO→L+8 (73)
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217.4
216.4
215.2
213.5
212.7
212.3
211.2
210.6
209.9
209.8
208.7
208.3
207.1
205.9
203.8
202.3
201.2
201.1

0.0003
0.129
0.0556
0.0095
0.0017
0.0337
0.0189
0.0322
0.0012
0.0039
0.0171
0.0005
0.0106
0.0018
0.0018
0.058
0.0067
0.0021

200.7

0.0406

198.6
198.4
198.0
197.8
197.5
195.6
194.7
193.5
193.1
192.7
192.1
191.7
191.2
190.5
190.3
190.2
189.6
188.8
188.4
187.8
186.3
185.6
185.2
184.8
184.4
183.8
183.6
183.3
183.2
182.6

0.0034
0.0748
0.0229
0.0099
0.0604
0.0104
0.0114
0.0277
0.0018
0.0025
0.0064
0.015
0.0018
0.0096
0.0045
0.0005
0.0261
0.0313
0.0156
0.0087
0.0014
0.0132
0.0125
0.0113
0.1071
0.0017
0.0127
0.0022
0.0029
0.0004

H-6→L+4 (14), H-4→L+4 (14), H-3→L+4 (57)
H-7→L+2 (76)
H-4→L+5 (18), H-3→L+5 (36)
H-5→L+3 (45), H-4→L+5 (10), HOMO→L+6 (10)
HOMO→L+6 (67)
H-5→L+3 (10), H-4→L+5 (31)
H-5→L+3 (10), H-5→L+5 (40)
H-14→LUMO (68)
H-6→L+3 (25), H-4→L+3 (16), H-1→L+6 (22)
H-11→L+1 (35), H-11→L+2 (23), H-11→L+3 (14)
H-5→L+5 (23), H-1→L+6 (42)
H-6→L+4 (18), H-4→L+4 (44), H-3→L+4 (29)
H-9→L+1 (26), H-7→L+3 (20), H-7→L+4 (37)
H-9→L+1 (70), H-7→L+3 (12)
H-7→L+3 (36), H-7→L+4 (22), HOMO→L+7 (17)
H-2→L+7 (22), HOMO→L+7 (43)
H-5→L+4 (71)
H-3→L+6 (14), H-3→L+7 (60)
H-5→L+4 (15), H-2→L+6 (10), H-2→L+7 (34), H-1→L+7 (11),
HOMO→L+7 (17)
H-6→L+4 (54), H-4→L+4 (32)
H-16→LUMO (12), H-13→L+1 (54)
H-11→L+2 (19), H-11→L+3 (13), H-8→L+2 (45)
H-11→L+2 (24), H-11→L+3 (20), H-8→L+2 (33)
H-9→L+2 (57), H-7→L+4 (14)
H-2→L+6 (70), H-2→L+7 (16)
H-16→LUMO (17), H-15→LUMO (18), H-6→L+5 (11), H-3→L+6 (15)
H-15→LUMO (18), H-13→L+1 (12), H-3→L+6 (10)
H-10→L+2 (86)
H-4→L+7 (55), H-3→L+6 (10)
H-16→LUMO (16), H-14→L+1 (10), HOMO→L+9 (25)
H-5→L+7 (59), HOMO→L+9 (15)
H-16→LUMO (15), H-5→L+7 (11), HOMO→L+9 (39)
H-15→LUMO (12), H-1→L+10 (40), HOMO→L+10 (11)
H-16→LUMO (14), H-15→LUMO (22), H-14→L+1 (15)
H-12→L+2 (72), H-11→L+2 (12)
H-8→L+3 (79)
H-6→L+5 (36), H-3→L+6 (24)
H-9→L+3 (83)
H-1→L+8 (31), H-1→L+9 (49)
H-10→L+3 (24), H-10→L+5 (29), H-8→L+5 (24)
H-1→L+8 (43), H-1→L+9 (15)
H-10→L+3 (35), H-8→L+5 (20), H-4→L+6 (10)
H-10→L+3 (10), H-4→L+6 (25), H-1→L+9 (10)
H-14→L+1 (11), H-13→L+2 (57)
H-1→L+11 (22), HOMO→L+10 (19)
H-1→L+10 (16), HOMO→L+10 (42)
H-10→L+5 (32), H-8→L+5 (22)
H-12→L+3 (50), H-10→L+5 (12)
H-8→L+4 (88)
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182.3
181.8
181.1
181.0
180.4

0.0002
0.0032
0.0041
0.0047
0.0037

H-12→L+4 (11), H-11→L+4 (73)
H-5→L+6 (69), H-5→L+7 (11)
H-16→L+1 (14), H-6→L+6 (10), H-6→L+7 (26)
H-14→L+1 (23), H-14→L+2 (12), H-14→L+3 (10), H-7→L+5 (10)
H-7→L+5 (42)

Figure S1. Left: chromaticity diagram at 298 K (0.3944, 0.4988). right: chromaticity diagram at
77 K (0.3734, 0.5733) of CP1.
Table S3. TGA data for compound CP1a
CPs

C)

m
C)
(  m)(%)

1

~

23 (20)

Exp

Cal

~

Cal

m
( m)(%)

C)

m
( m)(%)

4 (12)

>900

73 (68)

Exp

Exp

Cal

The mass losses over the total mass percentages are indicated in the column m (%). (10°C/min).
(Expm (%)=Experimental weight losses; Calm(%) = Calculated weight losses).
a

The first weight loss observed at a plateau of ~360 °C with mass loss of 23 (20 % calculated)
correspond to the decomposition of the ligand via the loss of MeSC 6H4. The second observed
weight loss at a plateau beginning at ~486 °C with weight loss of 4 (12 % calculated) correspond
to loss of P(Me3) part of the ligand. The residual at above 900 oC is the remaining part of the
polymer which includes the heavy metal Pt, P(Me3) as well as CuN.
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Figure S2. Raman spectrum of CP1 in solid state.
Table S4. IR and Raman data of CP1 in solid state
shift (cm-1)
IR CP1
Raman CP1

(C−Η)

 (C−Η)

 (C≡C)

 (C≡N)

(C=C)

2990
2994

2976
2984

2105
2102

2108
2106

1588
1582

Figure S3. IR spectrum of CP1 in solid state
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CHAPTER 4
The trans-Bis(p-thioetherphenylacetynyl)bis(phosphine)platinum(II)
Ligands, a Step Towards Predictibility and Crystal Design
4.1. Project overview
Over the past decade, the structure predictability of coordination polymers has become one of
the most challenging step towards the formation of CPs. Platinum-containing polymers have
recently shown the potential for applications in light emitting diodes and solar cells.83-84
The following chapter will focus on the formation of luminescent 1D and 2D coordination
polymers obtained from a rigid Pt(II)-containing ligands, L1 and L2 using CuX salts (X= Br, Cl,
I). The resulting CPs showed to be luminescent at both room temperature and 77 K. The CPs
obtained clearly showed the potential predictability of crystal design. Indeed, L1 and L2 ligands
showed luminescent and predictable 1D and 2D CPs where the solvent MeCN can be trapped in
the voids when L1 is used and no solvent is present when L2 is used. The characterization
including IR, PXRD, Raman, TGA, gas sorption measurements (N2 and CO2), vapochromism,
was also performed for the CPs with solvents in their voids. Moreover, the photophysical
properties of the CPs were investigated.
This project was conducted at the Université de Sherbrooke under supervision of Professor Pierre
D. Harvey. Dr. Antoine Bonnot performed IR measurements for CP1, CP3 and CP5. Dr. Daniel
Fortin performed the X-ray single crystal diffraction analysis of the X-ray structures. I
synthesized all the CPs and ligands, performed all the required characterizations by TGA analysis,
IR, Raman, emission quantum yields, DFT and TDDFT calculations as well as photophysical
measurements of CPs. The following chapter was entirely written by me in a publication format
and Prof. Pierre D. Harvey made some corrections and will make some more prior to submission.
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4.2. Manuscript in preparation.
To be submitted to Inorganic Chemistry, 2017.
The trans-Bis(p-thioetherphenylacetynyl)bis(phosphine)platinum(II) Ligands, a Step
Towards Predictibility and Crystal Design
Frank Juvenal, Antoine Bonnot, Daniel Fortin and Pierre D. Harvey*
Département de chimie, Université de Sherbrooke, Sherbrooke, Québec, Canada J1K 2R1
*Email : Pierre.Harvey@USherbrooke.ca
4.2.1. Abstract
Two organometallic ligands trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe], L1, and trans[p-MeSC6H4C≡C-Pt(PEt3)2-C≡CC6H4SMe], L2, react with CuX (X = Cl, Br, I) in MeCN to form
1D- or 2D-coordination polymers (CPs). The clusters formed with copper halide can either be
step cubane Cu4I4, rhomboids Cu2X2 or simply CuI. The formed CPs with ligand (L1) which is
less sterically demanding has crystallization solvent molecules (MeCN) while L2 which is
bulkier than L1 do not incorporate any crystallization molecule in the network due to lack of
voids. These CPs were characterized by X-ray crystallography, TGA, IR, Raman, absorption and
emission spectra. Moreover, the photophysical measurements in the presence and absence of
solvent crystallization of MeCN for those CPs with the solvent in the voids are performed. The
crystallization molecules are removed in order to evaluate the porosity of the materials by BET
(N2 at 77 K). The 2D CP show reversible type 1 adsorption isotherm for both CO2 and N2
indicating the microporosity while 1D CPs do not capture more solvent molecules or CO2.
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4.2.2. Introduction
The use of organometallic ligands for the synthesis of coordination polymers 1 and metalorganometallic-frameworks, mostly aimed at catalytic purposes,2 has been the topic of a
relatively recent interest. In parallel, the incorporation of S-containing moieties onto
organometallic fragments has been a long standing approach in ligand design, 3 and sulfurcontaining organics are also well known to assemble Cu(I)-containing species to form 1D, 2D
and 3D coordination polymers.4 Concurrently, the use of the rigid and readily modulable transbisacetynylplatinum(II) synthon -C6H4C≡C-Pt(PR3)2-C≡CC6H4- (R = simple alkyls or aryls),
[Pt], for the preparation of organometallic polymers has been thoroughly investigated for the past
decades, mostly to shine light on their photonic and electrochemical properties and to design
light harvesting and emitting devices.5-9 The approach of anchoring of an S-containing residue
onto a [Pt] scaffold was recently performed and used to prepare 2D networks containing Ag
nanoparticles.10 The strategy in this case was to generate the corresponding dithiolates, 11 which
exhibit a different affinity with metals in comparison with the softer thioethers. These materials
were not designed for their ability to capture small molecules like MOFs, but rather to exploit
their assembling ability10 and electronic conductivity.11
In a recent study on 1D and 2D coordination polymers generated by luminescent CuI-clusters
and flexible RC6H4S(CH2)8SC6H4R (R= t-Bu, Me, respectively) dithioethers, the presence of
macrocycles within their framework was revealed. 12 Despite their low porosity, these materials
exhibit the reversible removal of small molecules such as nitriles, MeOH and CO 2 suggesting
they somewhat act like MOFs. However, the major challenge for these materials is that the
combination of mono- and dithioethers with CuX salts (X = Cl, Br, I, CN) stubbornly leads to a
complete unpredictability of the outcome of the Cu-cluster acting as the node, and the
dimensionality of the coordination polymer. 4
We now report the design of two series of coordination polymers prepared from CuX salts (X =
Cl, Br, I) and trans-MeSC6H4C≡C-Pt(PR3)2-C≡CC6H4SMe (R = Me (L1), Et (L2)) in MeCN
where two trends are observed. First, the dimensionality of the resulting polymers is not affected
whether R = Me or Et. Second, the polymers formed with L1 reveal the presence of crystallization
MeCN molecules in the lattice, whereas those formed with L2 do not, despite the identical nature
of some of these materials (notably [(Cu2X2)L1]n and [(Cu2X2)L2]n; X = Cl, Br).
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4.2.3. Experimental section
Materials. Materials. Trans- and cis-dichlorobis(trimethylphosphine)platinum(II), CuI, CuBr
and CuCl were purchased from Aldrich. L1 was prepared as previously reported by our group,13a
while L2 (see SI) was prepared according to a standard procedure outlined as L1 above and as
reported in the literature11b-c,13 using 4-ethynylthioanisole, which was synthesized as previously
reported.13a, 14
Synthesis of [(Cu4I4)L1•MeCN]n (CP1). 5 mL of acetonitrile was bubbled under argon for 20
min. L1 (50 mg, 0.078 mmol) was added, followed by CuI (29.7 mg, 0.16 mmol). The mixture
was stirred for 2 h at room temperature. The mixture was slightly heated and then allowed to cool
at room temperature thus crystals formation. The solvent was removed and dried under a vacuum.
Anal. Calcd. for C14H19Cu2I2NPPt0.50S (742.76): C, 19.99; H, 2.26; N, 1.67 %. Found: C, 20.82;
H, 2.47; N, 1.52 %.
Synthesis of [(Cu2I2)L2]n (CP2). 5 mL of acetonitrile was bubbled under argon for 20 min. L2
(30.0 mg, 0.041 mmol) was added, followed by CuI (15.6 mg, 0.082 mmol) and stirred the
mixture for 2 h at room temperature. The mixture was slightly heated and allowed to cool at room
temperature, which facilitates the crystals formation. The solvent was removed and dried under
vacuum for a day. Anal. Calcd. for C30H44Cu2I2P2PtS2 (1106.68): C, 32.52; H, 3.98 %. Found:
C, 32.48; H, 4.42 %.
Synthesis of [(Cu2Br2)L1•2MeCN]n (CP3). 5 mL of acetonitrile was bubbled under argon for 20
min. L1 (50.0 mg, 0.078 mmol) was added, followed by CuBr (22 mg, 0.16 mmol). The mixture
was stirred for 2 h at room temperature. The mixture was slightly heated and allowed to cool at
room temperature. Crystals formed. Anal. Calcd. for C28H38Br2Cu2N2P2PtS2 (1010.65): C, 33.24;
H, 3.76; N, 2.77 %. Found: C, 31.89; H, 3.63; N, 0.25 %.
Synthesis of [(Cu2Br2)L2]n (CP4). 5 mL of acetonitrile was bubbled under argon for 20 min. L2
(30.0 mg, 0.041 mmol) was added, followed by CuBr (11.8 mg, 0.082 mmol). The mixture was
stirred for 2 h at room temperature. The mixture was slightly heated and allowed to cool at room
temperature. Crystals formed. Anal. Calcd. for C30H44Br2Cu2P2PtS2 (1012.70): C, 35.54; H,
3.34 %. Found: C, 35.60; H, 4.31 %.
Synthesis of [(Cu2Cl2)L1•MeCN]n (CP5). 5 mL of acetonitrile was bubbled under argon for 20
min. L1 (40.0 mg, 0.062 mmol) was added, followed by CuCl (12.3 mg, 0.13 mmol). The mixture
was stirred for 2 h at room temperature. The mixture was slightly heated and allowed to cool at
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room temperature. Crystals formed. Anal. Calcd. for C28H38Cl2Cu2N2P2PtS2 (921.78 C, 36.45; H,
4.12; N, 3.04 %. Found: C, 32.73; H, 3.72; N, 0.49 %.
Synthesis of [(Cu2Cl2)L2]n (CP6). 5 mL of acetonitrile was bubbled under argon for 20 min. L2
(20.0 mg, 0.050 mmol) was added, followed by CuCl (8.9 mg, 0.10 mmol). The mixture was
stirred for 2 h at room temperature. The mixture was slightly heated and allowed to cool at room
temperature. Crystals formed. Anal. Calcd. for C30H44Cl2Cu2P2PtS2 (923.78): C, 38.96; H, 4.76 %.
Found: C, 38.83; H, 4.67 %.
Gas sorption isotherm measurements. Gas sorption isotherms were measured using
Micrometrics instrument ‘Accelerated Surface Area and Porosimetry’ (ASAP 2020) analyzer at
low-pressure ranging between 0 to 1100 mbar (~1.1 bar). Warm and cold free space correction
measurements were performed for the isotherms using ultra-high purity He gas with purity of
99.999 %. The other gases used are of high grade purity of 99.999 % and 99.99 % for N2 and
CO2 gas, respectively. The measurements were performed at 77 K for N2 gas while for CO2 gas,
the measurements were perfomed at 273 K. Before performing the sorption measurements, the
samples were heated under reduced pressure of 600 mbar at 110 oC for approximately 6 h and
their mass was measured. Then, the samples were backfilled with N2 and transported to the
analysis port where further evacuation was done for 2 h before starting the whole analysis. The
surface area and pore volumes were calculated by Brunaur-Emmett-Teller (BET)15,16a, 17 and
Density Functional Theory (DFT)16 model for N2 and CO2, respectively.
Important notice. Single crystals were grown from evaporation of acetonitrile solutions. For
analyses, such as BET and TGA, the crystals were carefully selected from the dried sample under
a microscope. For powder diffraction and luminescence analyses, these crystals were then
crushed inside a mortar in order to introduce the powder inside the capillaries.
Instruments. Solid state UV-vis spectra were recorded using Varian Cary 50 spectrophotometer
at 298 K and 77 K with razed-angle transmittance apparatus having a homemade 77 K sampleholder. Steady state fluorescence and excitation spectra were measured on Edinburgh
Instruments FLS980 Phosphorimeter which is equipped with single monochromators. All
samples were fished out as single crystals under the microscope and were crushed prior to use.
The steady state fluorescence spectra were recorded using a capillary. These spectra were
corrected for instrument response. Phosphorescence lifetime measurements were made with an
Edinburgh Instruments FLS980 Phosphorimeter equipped with “flash” pulsed Lamp. The
repetition rate of the pulse can be adjusted from 1 to 100 Hz. All lifetime values were obtained
from deconvolution and distribution lifetime analysis. The latter instrument was also used to
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measure the chromaticity. The quantum yield measurements were performed with the Horiba
Fluorolog III. This instrument is equipped with an integration sphere which allows the direct
measurements of emission quantum yields. The TGA traces were acquired on a Perkin Elmer
TGA 7 apparatus in the temperature range between 20 and 900 °C at 10 °C / min under an argon
atmosphere. The figures have been treated by Origin software.
X-Ray crystallography. Clear pale yellow prism-like single-crystal of L2 was measured on a
Bruker Apex DUO system equipped with a Cu Kα ImuS micro─focus source with MX optics (λ
= 1.54186 Å). Clear light yellow prism-like single-crystals of CP1, CP3, and CP6; clear intense
yellow prism-like single crystal of CP2, clear pale orange prism-like single crystal of CP4, and
clear light orange prism-like single crystal of CP5 were measured on a Bruker Kappa APEX II
DUO CCD system equipped with a TRIUMPH curved crystal monochromator and a Mo finefocus tube (λ = 0.71073Å). Diffraction data were recorded at 173 K for L2, CP1, CP2, CP3,
CP4, CP5 and CP6. A total of 797 frames were collected for L2, CP1, CP2, CP3, CP4, CP5
and CP6. The frames were integrated with the Bruker SAINT18 Software package using a
narrow-frame algorithm for all CPs and used wide-frame alogarithm for L2. Data were corrected
for absorption effects using the multiscan method (SADABS). 18 The structures were solved and
refined using the Bruker SHELXTL software package using space group P 1, with Z = 1 for L2,
space group P -1 with Z = 2 for CP1, space group P -1, with Z = 1 for CP4, CP5, CP6, space
group P 1 21 1, with Z = 2 for CP2 and space group P 1, with Z = 1 for CP3. All non-hydrogen
atoms were refined with anisotropic thermal parameters. The hydrogen atoms were placed in
calculated positions and included in final refinement in a riding model with isotropic temperature
parameters set to Uiso(H) = 1.5 Ueq(C). Crystal data, data collection, and structure refinement
of all compounds are presented in Table S1. Important notice: the crystal structures of CP3 and
CP5 undergoes a phase change upon crushing. The structure of the resulting materials is not
known.
Procedure for solvent removal and exposure to solvent vapour. A small amount of polymers
CP1, CP3 and CP5 were inserted in small vials and the crystallization molecules were removed
by heating under reduced pressure (600 mbar) up to 110 oC for 6 h. The removal of the solvent
crystalization molecules was confirmed with TGA measurements. The samples treated in this
manner were also inserted in small vials, which were then placed in a desiccator which had
solvent (MeCN) in a larger recipient. These vials were exposed under reduced pressure (500

148

mbar) at room temperature for two days. For CP1, the reintroduction of the solvent was possible,
at least in part, but this was not the case for CP3 and CP5.
4.2.4. Results and Discussion
Synthesis and structure description. L1 and L2 differ only by their R group, Me vs Et. Based on
past experience such a subtle difference usually leads to a major variability in nature of the
copper(I) cluster (often referred as secondary building unit; SBU) and polymer dimensionality
when flexible chains are used in the thioether ligands.4a-c,19 This is not the case for the rigid L1
and L2 with CuX (X = Cl, Br), which lead in all four cases to the 1D polymers CP3-CP6 (Scheme
1, Tables 1 and 2, Figure 1). These materials belong to a category of coordination polymers
previously reported for the trans-bis(phenylacetylnyl)bis(triphenylphosphine)platinum(II)
complex where rhomboid-type SBUs are anchored via a 2-C≡C coordination bonds (Cu2Br2 and
Ag2(CF3SO3)2).20,21 During the course of this study, the X-ray structure of L2 was obtained (SI)
and its structure is consistent with those from the literature, 7j,22 and needs no further description.

Scheme 1. Synthesis of L1, L2, and CP1-CP6 in MeCN. i) cis-PtCl2(PMe3)2 (L1) and transPtCl2(PEt3)2 (L2), NHEt2, CuI, THF.
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Table 1. Comparison of selected structural features of CP1 – CP6.
SBU structure
CP dimensionality
crystallization mol./[Pt]
nb of trivalent Cu_
nb of tetravalent Cu
nb of Cu-S bonds
nb of Cu-X bonds
nb of Cu-(2-C≡C) bonds

CP1
Cu4I4
2D
MeCN
2/2

CP2
CuI
1D
─
2/0

CP3
Cu2Br2
1D
2 (MeCN)
2/0

CP4
Cu2Br2
1D
─
2/0

CP5
Cu2Cl2
1D
MeCN
2/0

CP6
Cu2Cl2
1D
─
2/0

2
4
2

1
1
2

0
2
2

0
2
2

0
2
2

0
2
2

Table 2. Bond distances in the rhomboid Cu2X2 units in CP3 - CP6.
CP3
bond
Cu1-Cu2
Cu1-Br1
Cu1-Br2
Cu2-Br2
Cu2-Br1
Br1-Br2

(Å)
3.190(5)
2.423(5)
2.401(5)
2.418(5)
2.407(5)
3.619(4)

CP4
bond
Cu1-Br1#2
Cu1-Br1
Cu1-Cu1

CP5
(Å)
2.411(4)
2.462(3)
3.289(1)

bond
Cu1-Cu1
Cu1-Cl1
Cl1-Cu1
Cl1-Cl1

(Å)
3.0898(6)
2.3070(9)
2.2878(8)
3.401(1)

CP6
bond
Cu2-Cu2
Cl3-Cu2#2
Cl3-Cu2
Cl3-Cl3

(Å)
3.146(1)
2.2806(1)
2.3302(1)
3.371(1)

Figure 1. ORTEP representations of a fragment of the 1D polymers CP3 (top left), CP4 (top
right), CP5 (bottom left) and CP6 (bottom right). The thermal ellipsoids are set at 50 %
probability. Yellow = S, purple = Pt, orange = P, brown = Cu, dark red = Br, green = Cl, blue =
C, white = H.
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Conclusively there is a clear selectivity favoring the ethynyl unit over the thioether by the Cu(I)
cation. Moreover, L1 bears smaller PMe3 groups comparatively to PEt 3 and so the voids left by
the former group are compensated by MeCN crystallization molecules. This trend where L1 uses
MeCN to occupy the empty spaces is also noted for CuI salt (i.e. no MeCN in the lattice of CP2;
Figure 2, Table 3). However, two drastic differences are noted. First, the dimensionality is 2D for
both polymers via the use of S-Cu coordinations. Second, the SBU used by CP1 and CP2 also
differ. The former uses the known step cubane SBU, and the latter material assembles through a
mononuclear Cu-I complex. To the best of our knowledge, the use of a single Cu-I SBU is
unprecedented in the formation of coordination polymers built upon thioethers and CuX salts (X
= Cl, Br, I, CN).4a-c

Figure 2. Top: a) ORTEP representation of a fragment of CP1. The thermal ellipsoids are set at
50% probability. Yellow = S, purple = Pt, brown = Cu, orange = P, green = I, blue = C, white =
H. Only one MeCN molecule is shown inside a cavity. b) View of the Cu 4I4 step-like cluster. c)
Extended fragment of CP1. Yellow = S, purple = I, brown = Cu, orange = P, grey = C, silver =
Pt. Bottom: ORTEP representation of a fragment of CP2. The thermal ellipsoids are set at 50 %
probability. Yellow = S, pale purple = Pt, orange = P or Cu when attached to two I, green = I,
dark purple = N, blue = C, white = H.
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Table 3. Selected bond distances for CP1 and CP2 (see Figure 2).
CP 1
bond
Cu1-Cu1
Cu2-Cu1
Cu1-I1
Cu1-I2
Cu2-I1
I2-I2
I2-I2
Cu1-S1

CP 2

(Å)
2.8416(9)
2.8736(8)
2.6274(6)
2.6409(9)
2.5742(6)
4.1903(7)
4.4712(8)
2.335(1)

bond
Cu1-I1
Cu2-I2
Cu1-S1
Cu2-S2

(Å)
2.544(2)
2.550(2)
2.294(4)
2.307(4)

One interesting structural feature is the significant distortion that L1 and L2 experiences upon
coordination. Indeed, the most notable structural deviations from an ideal geometry are the CC≡C angles. In L1 and L2, these angles are only within 4° from the linearity, but fall in the ~153169 ° range in CP1-CP6 (Table 4 and 5). These distortions are also noted in the interplanar
C6H4•••C6H4 distances. In L1, this distance is 0.88 Å, but increases to distances varying from 1.48
to 3.19 Å for CP1, and CP4-CP6. For L2, CP2 and CP3, the C6H4 planes form dihedral angles
with each other.
Table 4. Interplanar C6H4•••C6H4 distances and C-C≡C angles within L1 and L2.
L1
L2
CP1
CP2
CP3
CP4
CP5
D (Planes 1and 2) (Å)

0.881

-a

-a

-a

3.122

1.484

3.190

169.1
152.8

161.0
165.5

155.0

163.5

155.2

2.283

176.6
159.8
177.2
a
Not measured as the planes are not parallel.
C-C≡C angle (°)

176.1

CP6

Table 5. Measured angles between different planes 1, 2 and 3. b

Planes

L1

L2

CP1

CP2

CP3

CP4

CP5

CP6

1 and 2

30.22° 72.88°

42.64°

38.65°

37.27°

88.47°

41.74°

89.67°

2 and 3

30.22° 70.42°

42.64°

39.33°

40.24°

88.48°

41.74°

89.67°

1 and 3
-b
2.68°
-b
3.65°
b
Not measured since the plane 1 and 3 are parallel.

3.89°

-b

-b

-b
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Thermal stability. The TGA trace of L2 is used as comparison (see SI for traces and data). It
exhibits two major weight losses near 260 and 435 °C most likely corresponding to the loss of
one PEt3 (exp. ~ 15 %, calc. = 16 %) and one C≡CC6H4SMe (exp. ~ 26 %, calc. = 21 %),
respectively. These two plateaus represent a “fingerprint” observed in all the coordination
polymers investigated. Both L1 and L2 do not exhibit crystallization molecules based on their
X-ray structures and so no weight losses associated with solvent losses is observed (i.e. at lower
temperature).

Figure 3. TGA traces (black) and their 1st derivative (grey) of CP1-CP6.
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Conversely, the presence of the MeCN molecules is evident from the weight losses depicted in
the TGA traces for CP1 and CP3 in the vicinity of 100 °C (Figure 3, see SI for data). The
expected absence of MeCN in the lattice of CP2, CP4 and CP6 is also obvious by the lack of
weight losses in 25-200 °C window.

Surprisingly, CP5 does not show any weight loss associated with the crystallization molecule.
The reason is due to the crystal “instability” of the latter, which exhibit quick evaporation of the
solvent crystallization molecules. The X-ray structure was obtained by selecting a suitable crystal
in the mother liqueur and then dipping it in glue to avoid solvent evaporation. For TGA analysis,
the use of glue is obviously impossible, and the solvent is completely gone after about one day.
Prior to discuss the particularity of CP3 and CP5, the gas sorption of CP1 is presented.
Gas sorption measurements and solvent removal of MeCN in CP1. Gas sorption isotherms (CO2
and N2) of CP1 at low-pressure ranging between 0 and 1100 mbar (~1.1 atm) were measured
(Figure 4, bottom). The BET data reveal that CP1 is weakly porous (Table 5; a space filling
model of the X-ray structure is placed in the SI). The CO2 sorption at 273 K and N2 at 77 K
exhibit Type 1 isotherms, which again corroborate the presence of microporous materials.
Moreover, despite the low surface area of 79.5 m2/g for CP1 upon removal of MeCN, this
microporous material is still able to adsorb up to 16.8 cm³/g STP of CO 2 at ~ 1.1 bar.
The powder XRD pattern of CP1 directly measured from the resulting solid after the synthesis
exhibits a close similarity with the calculated one using X-ray data extracted from the single
crystal, thus confirming its identity. Upon removing the solvent under vacuum (as monitored by
TGA, Figure 5), the resulting powder XRD pattern exhibits only modest modifications (at 2 ≈
10 and 42°, Figure 4), indicating that the polymer structure is intact. More importantly, the peak
positions (i.e. 2 values) remain unaffected within 0.2° upon removing the MeCN. This result
indicates that the 2D grid is rather rigid. The reversible removal and reintroduction of the MeCN
molecules in the framework of CP1 was also monitored using the chromaticity measurements as
it is conveniently found emissive at 298 K (Figure 6). The chromaticity data undergo a slight
change upon removing the crystallization molecule (from the purple to the black dot).
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Figure 4. Top: Powder XRD patterns of CP1; black = calculated from the single crystal X-ray
data, blue = measured from (crushed) single crystals, and red = after removing the MeCN
crystallization molecule under vacuum. Bottom: CO2 (red; at 273 K) and N2 (black; at 77 K)
sorption isotherms for CP1, measured from single crystals. Closed circles = adsorption and open
circles = desorption.

Table 6. Gas adsorption data for CP1, CP3 and CP5.a
P
Quantity Adsorbed
Surface
Pore Volume
Gas T (K)
(mbar)
(cm³/g STP)
Area (m²/g)
(cm³/g)
CO2
273
1046
16.8
79.5
0.027
CP1
N2
77
972
2.6
2.3
< 0.01
CO2
273
1046
1.9
0.5
< 0.01
CP3
b
c
N2
77
1001
-c
CO2
273
1046
1.8
1.3
<0.01
CP5
N2
77
994
0.7
0.4
<0.01
a
For CO2, the estimation of the structural parameters was made using DFT calculations model,
while for N2 gas, the surface area was measured from BET. bToo small to be estimated. cNot
calculated.
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Figure 5. TGA traces focussing on the temperature range where the solvent loss occurs in CP1
(i.e. MeCN) as synthesized showing solvent loss. Black: CP1 and CP3 were used as single
crystals. Red: TGA curve after the solvent removal under vacuum. Blue: TGA trace after
exposition to MeCN vapour. Full TGA traces are provided in the SI. For CP5, the MeCN solvent
evaporated too quickly to be observed. The TGA trace is the same as for the blue and red traces
of CP3. Note that CP5 does not exhibit a plateau in this range.

Figure 6. Top: absorption (black), excitation (blue) and emission (red) spectra of CP1. Bottom:
Chromaticity diagram of CP1 before (0.43270, 0.44875) and after removing MeCN (0.42015,
0.38006), and after reintroducing it from vapour (0.44754, 0.42595).
Upon partial re-introduction of the solvent (~33 % based on TGA data in Figure 5), the
chromaticity data expectedly exhibit again a slight modification moving almost in the direction
towards its original position in the chromaticity diagram (from the black to the turquoise dot).
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Thus, CP1 is capable of releasing MeCN (and CO 2) but the uptake is difficult (i.e. slow). Even
though, the uptake is lower than many microporous materials, the Type I adsoprtion isotherm is
observed which is consistent with the micro-porosity of the material.
The special cases of CP3 and CP5. Both materials exhibit MeCN crystallization molecules in
their lattices (Figure 1), but TGA analyses indicate that there is no re-adsorption of the solvent
after removal for CP3 (Figure 5, right side) and not at all for CP5 when the single crystal are
exposed to air for a certain time (Figure 3).

Figure 7. Powder XRD upon crushing the single crystals (blue), calculated (black), after MeCN
removal (red) and recovered from MeCN (green) for CP3 (CP5 is provided in SI).
In an attempt to figure out this particular result, CP3 was subjected to necessary crushing for
powder XRD analysis and the resulting pattern turned out to be completely different from the
calculated pattern extracted from its X-ray data (Figure 7). This experiment indicates that CP3
has changed structure during crushing; a resulting structure exhibiting no crystallization
molecules based on the TGA traces (Figures 3 and 5). In an attempt to figure out whether this
mechanical stress induces only an evaporation of the solvent without altering the 1D structure of
the polymer (as this was the case for CP1) (Figure 4), the experimental powder XRD traces of
CP3 were compared to the calculated one for CP4 and CP6 (Figure 8, bottom), two polymers
for which no crystallization molecules exist in the lattice even though L2 was used for the
synthesis of latter CPs.
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The attempt was unsuccessful as there is no resemblance. The conclusion is that CP3 and CP5
are unstable with time, temperature and vacuum conditions as they lose the solvent meaning these
are kinetic products becoming thermodynamic ones since the solvent does not re-enter their
lattice. Moreover, when these materials are subjected to increased pressure from crushing, there
is an irreversible change of structure (i.e. new thermodynamic product). The latter process could
be the result of a combination of both losing the solvent leaving space available for reorganization
of the structure. Because the structures of CP3 and CP5 are unknown after subjecting them to
these conditions, this possible explanation is still speculative.
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Figure 8. Powder XRD upon crushing the single crystals (blue) and in black are the calculated
powder XRD for CP2, CP4 and CP6.

Crystal transformation of CP3 and CP5.
In order to access whether there is transformation for CP3 and CP5, powder of CP3 after MeCN
removal was re-dissolved in MeCN and similar prism-like crystals formed as those obtained after
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synthesis. However, the powder XRD measurements confirmed that the pattern of the recovered
crystals from the initial powder are not identical to the calculated PXRD. These crystals were
only verified by PXRD, which indicated that the molecule is not identical. (Figure 7: green line).
Therefore, this speculation of the crystal transformation for CP3 and CP5 upon solvent removal
is assumed to be correct since the obtained single crystals after re-dissolving in MeCN showed
also different PXRD pattern from any previous (Figure 7).
On the other hand, PXRD for CP2, CP4 and CP6 as synthesized were compared with the
calculated PXRD and these were identical (Figure 8). This clearly indicates that CP2, CP4 and
CP6 do not undergo any crystal transformation upon crushing. In addition, the fact that these do
not incorporate the solvent in the cavity mean that they do not collapse. Therefore, we can
conclude that the 1D CPs (CP3 and CP5) with MeCN in the voids will not hold the solvent for
long as the acetonitrile seems to evaporate upon crushing the crystals.

4.2.5. Conclusion
Ligand design going from L1 to L2 (i.e. PMe3 to PEt3) permitted to generate 1D coordination
polymers without any crystallization solvent trapped in the voids. The predictability comes in
effect due to the length of alkyl chain on the PEt3 of L2 as compared to the L1 which has PMe3.
Even though CP3-CP6 are identical as they are all coordinated in the same fashion and are 1D
CPs, the CP3 and CP5 show crystallization molecules (MeCN in their voids) while CP4 and
CP6 have no crystallization molecule. This is so because of the crystallization molecules which
will occupy voids available for the polymers made with L1 as there is short alkyl chain (i.e. PMe3)
while for the polymers made from L2, no solvent occupies the voids due to steric hindrance of
the alkyl chain (i.e. PEt 3) and thus resulting in more compact lattice as there is no space available
for the solvent to be trapped in. This phenomenon is illustrated by the formation of a 2D CP1
when L1 is used and MeCN is seen trapped in the cavity while L2 forms a 1D CP2 and the
cluster stepcubane, SBU has broken.
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Synthesis of L2: Trans-dichlorobis(triethylphosphine)platinum(II) (0.266g, 0.53mmol) and 4ethynylthioanisole (0.157g, 1.06mmol) were added to a round bottom flask. Distilled THF/
NHEt2 (50:50) was added (7.5mL: 7.5mL) and the mixture was degassed with argon and stirred
it for 30 min. CuI (0.003g, 0.02mmol) was added and degassed the mixture with argon. The
solution was left stirring at room temperature for 28hours and was put in the fridge to settle. The
product was filtered and washed with cold water and cold methanol. Finally, the product was
dried. Yield 0.316g (82%). Elementary Analysis calculated for C 30H44P2PtS2: C, 49.59; H,
6.06 %. Found: C, 50.04; H, 6.04 %.

Figure S1. ORTEP representation of L2. The thermal ellipsoids are set at 50% probability.
Yellow = S, purple = Pt, orange = P, blue = C, white = H.
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Figure S2. IR spectra of L1, L2 and CP1- CP6 in solid state.
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Table S1. IR data of L2 and CP1 - CP6.
IR (cm-1)
(C−Η)
 (C−Η)
2970,
L2
2867
2909
CP1
2966
2876
2971,
CP2
2868
2907
CP3
2968
2889
2970,
CP4
2867
2907
CP5
2978
2887
2970,
CP6
2868
2907

 (C≡C)

(C=C)

2107

1658

2108

1647

2107

1663

2109

1650

2107

1661

2110

1645

2108

1669

Figure S3. Raman spectra of L1 (see Table S2 for selected data).
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Figure S4. Raman Spectra of CP1, CP3 and CP5 (see Table S2 for selected data).
Table S2. Raman data of L1, CP1, CP3 and CP5.
Raman (cm-1)
L1
CP1
CP3
CP5

 (C=C) aromatic
1599
1600
1598
1599

(C≡C)
2111
2121
2117
2109
173

Table S3. X-ray data for L2, CP1-CP2.
Compound
L2
Formula
Formula weight
Temperature/K
Wavelength/Å
Crystal system
Space group
a/Å
b/Å
c/Å
/°
/°
/°

C30H44P2PtS2
725.80
173(2)
0.71073
triclinic
P1
8.724(4)
9.467(5)
11.201(5)
98.149(15)
102.160(9)
116.678(11)

3

CP 1

CP 2

C14H19Cu2I2NPPt0.50S C30H44Cu2I2P2PtS2
742.76
1106.68
173(2)
173(2)
0.71073
0.71073
triclinic
monoclinic
P-1
P 1 21 1
10.3208(16)
11.5855(9)
10.5678(17)
13.7576(14)
11.2817(18)
11.9138(9)
77.262(3)
90
65.786(3)
111.058(2)
63.262(3)
90

777.9(6)
1

1001.2(3)
2

1772.1(3)
2

Density (calculated) g/cm

1.549

2.464

2.074

-1

4.764
364

8.860
688

Volume/ Å
Z

3

1.93 to 26.68

1.98 to 26.64

7.096
1056
0.150 x 0.220 x
0.341
1.88 to 26.64

Reflections collected

-10<=h<=10,
-11<=k<=8,
-14<=l<=13
4314

Independent reflections

-

Refinement method

Full-matrix leastsquares on F2

-7<=h<=12,
-12<=k<=13,
-14<=l<=14
5509
4142
[R(int) = 0.0151]
Full-matrix leastsquares on F2

-14<=h<=12,
-12<=k<=17,
-14<=l<=14
9841
6181
[R(int) = 0.0249]
Full-matrix leastsquares on F2

Data/restraints/parameters

4314 / 7 / 138

4142 / 0 / 201

6181 / 1 / 259

Goodness-of-fit on F2
Final R indices
[I>2sigma(I)]

1.169
R1 = 0.0149,
wR2 = 0.0381
R1 = 0.0149,
wR2 = 0.0381

1.160
R1 = 0.0223,
wR2 = 0.0512
R1 = 0.0273,
wR2 = 0.0537

1.144
R1 = 0.0233,
wR2 = 0.0568
R1 = 0.0266,
wR2 = 0.0581

0.926 and -0.603

1.199 and -0.937

1.234 and -1.161

Absorp. coefficient/mm
F(000)
Crystal size/mm

 range for data collection/°
Index ranges

R indices (all data)
Largest diff. peak and
-3
hole/e.Å

0.350 x 0.360x 0.500 0.130 x0.180 x 0.300
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Table S4. X-ray data for CP3-CP6.
Compound
CP 3

CP 4

CP 5

Formula
C28H38Br2Cu2N2P2PtS2 C30H44Br2Cu2P2PtS2 C28H38Cl2Cu2N2P2PtS2
Formula weight
1010.65
1012.70
921.78
Temperature/K
173(2)
173(2)
173(2)
Wavelength/Å
0.71073
0.71073
0.71073
Crystal system
triclinic
triclinic
triclinic
Space group
P1
P -1
P -1
a/Å
9.1837(17)
9.178(14)
9.1683(16)
b/Å
9.7176(18)
9.341(10)
9.6345(17)
c/Å
10.067(2)
12.71(2)
10.0679(18)
101.961(5)
69.97(3)
101.983(3)
/°
97.001(5)
85.54(7)
96.491(3)
/°
90.110(4)
62.703(15)
90.180(3)
/°
3
872.0(3)
906.(2)
864.0(3)
Volume/ Å
Z
1
1
1
3
1.925
1.856
1.772
Density (calculated) g/cm
-1
7.732
7.443
5.646
Absorp. coefficient/mm
F(000)
488
492
452
Crystal size/mm
0.340 x 0.540 x 0.570 0.110 x 0.150 x 0.230 0.100x0.160x0.250
2.08 to 26.62
1.71 to 26.70
2.08 to 26.46
 range for data collection/°
-10<=h<=11,
-11<=h<=10,
-11<=h<=7,
Index ranges
-12<=k<=11,
-11<=k<=11,
-10<=k<=12,
-8<=l<=12
-10<=l<=16
-12<=l<=12
Reflections collected
4822
5008
12062
3752
3508
Independent reflections
[R(int) = 0.0167]
[R(int) = 0.0267]
Full-matrix leastFull-matrix leastFull-matrix leastRefinement method
squares on F2
squares on F2
squares on F2
Data/restraints/parameters
4822 / 4 / 189
3752 / 0 / 182
3508 / 0 / 199
2
Goodness-of-fit on F
1.093
1.027
1.038
R1 = 0.0351,
R1 = 0.0203,
R1 = 0.0172,
Final R indices [I>2sigma(I)]
wR2 = 0.0804
wR2 = 0.0460
wR2 = 0.0405
R1 = 0.0408,
R1 = 0.0233,
R1 = 0.0186,
R indices (all data)
wR2 = 0.0853
wR2 = 0.0468
wR2 = 0.0412
Largest diff. peak and
1.849 and -2.498
1.762 and -1.161
0.795 and -0.673
-3
hole/e.Å

CP 6
C30H44Cl2Cu2P2PtS2
923.78
173(2)
0.71073
triclinic
P -1
9.110(2)
9.191(2)
12.721(3)
69.754(5)
85.301(5)
63.395(4)
890.1(4)
1
1.723
5.479
456
0.080 x 0.170 x 0.270
1.71 to 26.74
-11<=h<=8,
-11<=k<=11,
-16<=l<=15
4940
3729
[R(int) = 0.0256]
Full-matrix leastsquares on F2
3729 / 0 / 182
1.077
R1 = 0.0303,
wR2 = 0.0754
R1 = 0.0351,
wR2 = 0.0773
2.106 and -1.554
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Figure S5. Perspective view along b axis for 2D CP1 illustrating the cavities filled with MeCN
molecules. Cu = blue, I = mangeta, Pt = green, P = dark orange, S = yellow, N = sky blue and C
= black. Hydrogen atoms are hidden for clarity.

Figure S6. Perspective view along b axis for 2D CP1 illustrating the cavities available for gas
sorption after solvent removal (MeCN). Colour codes: Cu = blue, I = mangeta, Pt = green, P =
dark orange, S = yellow, N = sky blue and C = black. Hydrogen atoms are hidden for clarity
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Figure S7. Ball and stick representation of a segment of molecular packing of CP2 showing the
lack of voids due to the effect of steric hindrance which explains the absence of the solvent in
the cavity. (Cu = orange, I = mangeta, Pt = silver, P = dark yellow, C = grey, N = sky blue and S
= yellow). The H atoms are omitted for clarity.

Figure S8. Ball and stick representation of a segment of molecular packing of CP3 showing the
solvents inside the lattice. (Cu = orange, Br = brown, Pt = silver, P = dark yellow, C = grey, N =
sky blue and S = yellow). The H atoms are omitted for clarity.
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Figure S9. Ball and stick representation of a segment of molecular packing of CP4 showing the
lack of voids due to the effect of steric hindrance which explains the absence of the solvent in
the cavity. (Cu = orange, Br = brown, Pt = silver, P = dark yellow, C = grey, N= sky blue and S
= yellow). The H atoms are omitted for clarity.

Figure S10. Ball and stick representation of a segment of molecular packing of CP5 showing
the solvents inside the lattice. (Cu = orange, Cl = green, Pt = silver, P = dark yellow, C = grey,
N = sky blue and S = yellow). The H atoms are omitted for clarity.
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Figure S11. Ball and stick representation of a segment of molecular packing of CP6 showing
the lack of voids due to the effect of steric hindrance which explains the absence of the solvent
in the cavity. (Cu = orange, Cl = green, Pt = silver, P = dark yellow, C = grey and S = yellow).
The H atoms are omitted for clarity.

Figure S12. TGA traces (black) and 1 st derivative of the TGA traces (grey) of L2
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Figure S13. TGA traces (black) and 1 st derivative of the TGA traces (grey) of CP1-CP6
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Table S5. TGA data for L2, CP1- CP6. The mass losses over the total mass percentages are
indicated in the column m (%). (10°C/min). (Expm (%)=Experimental weight losses; Calm(%)
= Calculated weight losses)
Exp
Exp
Exp
Exp
Exp
m
m
m
m
m
Cal
Cal
Cal
Cal
Compound C) ( m) C) ( m) C) ( m) C) ( m) C) (Calm)
(%)
(%)
(%)
(%)
(%)
L2
~260
15 (16) ~435
26 (21)
> 900 59 (63)
CP1

~90

1 (5)

~250

19 (10) ~395

11 (10)

~504

24 (20)

> 900

45 (60)

CP2

-

-

~262

17 (21) ~392

21 (27)

~530

14 (11)

> 900

47 (41)

CP3

~98

4 (8)

~250

17 (15) ~380

23 (29)

~545

4 (7)

> 900

52 (40)

CP4

-

-

~242

27 (23) ~385

24 (29)

-

-

> 900

49 (48)

CP5

~103

1 (9)

~260

22 (17) ~420

10 (16)

~510

3 (4)

> 900

64 (54)

CP6

-

-

~245

26 (26) ~390

15 (16)

-

-

> 900

59 (58)

TGA analysis. The thermal gravimetric analysis (TGA) traces are reported in Figures S12, 13
and Table S4 for L2, CP1-CP6. The first derivative curves are plotted to put in evidence the
mass variation by the means of different events. Based on the curves, L2, CP2, CP4 and CP6
are assumed to be in the same category since there is no solvent molecule which is lost. The first
weight losses that is observed at plateaus of ~260, 262, 242, and ~245°C with mass loss of 15(16),
17(21), 27(23) and 26 % (26 % calculated) for L2, CP2, CP4 and CP6 correspond to the
decomposition of the ligand via the loss of (PEt 3), (PEt3)2, (PEt3)2 and (PEt3)2 for L2, CP2, CP4
and CP6, respectively. The second weight losses show a very similar pattern at a plateau
beginning at ~435, 392, 385 and ~ 390°C with weight loss of 26(21), 21(27), 24(29) and 15 %
(16 % calculated) for L2, CP2, CP4 and CP6, respectively. These weight losses correspond to
the loss of another part of the ligand (C9H7S) for L2, CP2, CP4 and CP6. The residual masses
at temperature > 900 °C are 59(63), 49(48) and 59 % (58 % calculated) for L2, CP4 and CP6,
respectively. The TGA traces of the remaining CPs show the first weight loss of 1(5), 4(8), and
1 % (9 % calculated) from the plateau of ~90, ~98 and ~103 °C most likely corresponds to the
loss of the solvent molecule (MeCN) for CP1, CP3, and CP5, respectively. The second
phenomena is observed for plateaus at temperatures of ~250, ~250 and ~260 °C with weight loss
of 19(10), 17(15) and 22 % (17 % calculated). These events correspond to the decomposition of
the first part of the ligand (L1) which is (PMe3)2, (PMe3)2, 2(PMe3)2 and (PMe3)2 for CP1, CP3
and CP5, respectively. The wavelike features on the TGA curves occuring for a third event and
exhibiting weight losses of 11(10), 23(29) and 10 % (16 % calculated) starting at temperatures
of ~436, ~440, ~432 and ~430 °C correspond to the loss of C9H7S of the ligand L1 for all for
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CP1, CP3 and CP5. The fourth weight losses of 24(20), 4(7) and 3 % (4 % calculated) are
denoted for plateaus occurring at temperatures of ~504, ~545, and ~510 °C and correspond to
the loss of C9H7S with I, Br2 and Cl for for CP1, CP3 and CP5, respectively. The residuals at
temperatures > ~900°C have weight losses of 45(60), 52(40) and 59 % (58 % calculated) residuals
for CP1, CP3 and CP5, respectively.

Figure S14. TGA traces (black) and 1st derivative of the TGA traces (grey) of CP1 (left) and
CP3 (right). Top (as synthesized), middle (after MeCN removal) and bottom (after reintroduction of MeCN vapor).
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Figure S15. Powder XRD calculated from the single crystal data (black) and experimental of a
powder sample of CP5 recovered from MeCN (green) after heating to remove the solvent.

Figure S16. 1H NMR spectrum of L2 in CDCl3.

183

CHAPTER 5
DISCUSSION
5.1. CPs obtained with their dimentionality using X-ray crystallography
5.1.1. Overview
For over the past decade, our group has synthesized different CPs based on monothioether as
well as dithioether ligands with CuX salts (X= Cl, Br, I). 85 The CPs are 1D, 2D, or even 3D
networks and the clusters in these CPs are either rhomboids, closed cubane, open cubane,
staircase cubane or even fused cubanes. 85-86 However, no organometallic ligands were
investigated before by our group using Cu(I) metal nor by other groups based on the literature.
5.1.2. General protocol for obtaining CPs.
The synthesis of the coordination polymers has been discussed in detail in Chapters 2, 3 and 4.
The general synthesis of the CPs follows the following scheme:

Figure 42. The general scheme for obtaining the reported CPs.
The above protocol was used to obtain different structures and these were either 1D- or 2D
coordination polymers (Figure 42, Table 4) and the crystals obtained are luminescent under UV
lamp.
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Table 4. The X-ray structures obtained in this project.
Chapter

2

3

4

Ligands used

Resulting CPs
2D {[Cu4I4L1]•PrCN]}n (CP1)
1D {[Cu2I2L1]•PhCN]}n (CP2)
trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe] 1D {[Cu2Cl2L1]•PrCN]}n (CP3)
(L1)
1D {[Cu2Cl2L1]•PhCN]}n (CP4)
2D {[Cu2Br2L1]}n (CP5)
2D {[Cu2Br2L1]}n (CP5’)
trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe]
1D {(C15H25P2PtS[Cu(CN)2]}n (CP1)
(L1)
2D {[Cu4I4L1]•MeCN]}n (CP1)
trans-[p-MeSC6H4C≡C-Pt(PMe3)2-C≡CC6H4SMe] 1D {[Cu2I2L2]]}n (CP2)
(L1)
1D {[Cu2Br2L1]•MeCN]}n (CP3)
1D {[Cu2Br2L2]]}n (CP4)
trans-[p-MeSC6H4C≡C-Pt(PEt3)2-C≡CC6H4SMe] 1D {[Cu2Cl2L1]•MeCN]}n (CP5)
(L2)
1D {[Cu2Cl2L2]}n (CP6)

5.1.3. Effect of halides: X= I, Br, Cl, CN and the solvents used
When CuI is reacted with the rigid Pt-containing ligand, a Cu4I4 cluster (Figure 43), where a
staircase is twice encountered in this thesis and these give a 2D CPs, while the CuBr and CuCl
give 1D CPs with rhomboid clusters, Cu2X2 (X= Br, Cl) (Figure 43). However, the solvents are
also observed to be encorporated in the voids of the 2D CPs as well as the 1D CPs. The only
exception is when CuBr is used with L1 which lead to unexpected 2D CPs when PrCN and PhCN
solvents are used as seen in Chapter 2 (i.e: with a formula of [{[Cu2Br2L1]}n to obtain CP5 or
CP5’).

Figure 43. Observed copper clusters in the project.

On the other hand, when CuCN is used, the resulting coordination polymer is very surprising
since the organometallic ligand breaks due to continuous heating and excess CuCN used for the
reaction.
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5.1.4. Predictability based on the ligands
Predictability of the obtained polymers were initiated by using L1 and L2 reacting it with CuX
salts in the same ratio and same solvent (MeCN).

Figure 44. (a) 1D CP formed when L1 is reacted with CuCl in MeCN as solvent, the MeCN is
circled. (b) 1D CP when L2 is reacted with CuCl with MeCN as solvent. Colour codes: Cu =
brown, Cl = green, Pt = silver, N = sky blue, S = yellow, P = orange, C = black. Hydrogen atoms
are hidden for clarity.
Based on the observed CPs (such as the one placed in Figure 44), ligand L1 bearing small PMe3
groups, usually leads to CPs with the MeCN trapped inside the voids in the lattice. Conversely,
L2 exhibits a longer alkyl chain (PEt3) and leads to CPs without any crystallization solvent
molecule in the lattice. The possible reason for L2 forming CPs without solvent in the pores is
due to the steric hindrance caused by longer the akyl chain compared to that of L1. In fact, L1 is
much less soluble in MeCN than L2, and may cause premature precipitation during the synthesis.
For this reason, the alkyl length in PR3 was increased and L2 turned out more soluble in MeCN.
Surprisingly, no solvent molecules are found in the lattice.
5.1.5. MOF formation?
The main objective of the project was to try to form a luminescent 3D framework by using a rigid
emissive ligand. However, no MOF or 3D coordination polymers were obtained. As discussed
earlier, formation of MOF is when the given coordination polymer has a massive cage-like
framework with large pores. The sought formation of the MOF was not successful due to the
coordinations of copper to the C≡C bond of the ligand mostly as well as Cu-S occasionally, which
makes the CP to have either 1D or 2D structure with a limited size in pores or cavities.
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Specifically, the coordination of copper to the triple bond leads in most cases to a 1D structure
of the CP. This is indeed the case for the CuBr and CuCl salts or 2D for CuI. The possibility for
the material to find the most compact structure via multiple sites of coordinations, which is more
stable in this case, appears to be the natural reason in the failure in synthesizing the MOFs in this
work. It may be also possible that the variability in making various copper halide species such as
rhomboids and open step cubanes, and sometimes just a monoatomic Cu bridge, can also
contribute to the versatility and options for the crystal to find a more stable and compact structure.
However, despite unsuccessful formation of a MOF, some of the CPs formed in the project are
modestly porous which can be viewed as having similar (but modest) properties with MOFs. The
2D CPs with the crystallization solvent in the cavity show Type I adsorption isotherms which N2
and CO2 gases after removal of the solvent. These investigated new 2D materials can be
considered as microporous materials. In addition, the CPs concerned also show vapochromic
effect upon exposing them to different solvent vapour (Figure 45).
5.2. Vapochromism and gas sorption measurements
5.2.1. Monitoring presence/ absence of solvent
The CPs with crystallization molecules were subjected to reduced pressure of around 600 mbar
at 60 oC in order to remove the solvent. The solvent removal was monitored by TGA and one
can observe the loss of solvent (Figure 45). As the TGA results below show, the loss of solvent
is seen from around 84 oC which is close to the boiling point of acetonitrile (82 oC).
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Figure 45. Top: Schematic representation of the CP showing the reversibility vapochromic
behaviour upon solvent removal and exposure to solvent vapour. Bottom-left: TGA traces
focussing in the temperature range where the solvent loss occurs in a 2D CP (MeCN) as
synthesized showing solvent loss. Black: single crystals used. Red: TGA curve after the solvent
removal under reduced pressure (600 mbar) and slight heat at 60 oC. Bottom-right: CO2 sorption
measurement for a 2D CP at 273 K. Closed cirles: adsorption and open circles= desorption.
As the TGA demonstrate above, the MeCN solvent is lost. The CO2 sorption isotherm shows
that the 2D CP is Type I isotherm which is for microporous materials as discussed before.

5.2.1. Potential applications of the CPs
As discussed in Chapters 2, 3 and 4; the obtained CPs are luminescent at both room temperature
and 77 K. In addition, some CPs formed are microporous in nature as shown in Chapter 2 and 3,
which mean that they have a potential application in gas storage even if the main objective of the
project was not on the gas storage application but rather to form a porous material which may
have application in sensing of gases including CO2 for example. On another hand, since the CPs
are porous, their vaporchrmism was explored which may give potential to sensing of small
volatile solvent. There is however a potential of forming a 3D porous CPs which may store more
gas as compared to the CPs reported in the project.
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5.3. Future work
5.3.1. Modification of Pt-containing ligand
The Pt-containing ligands were initially chosen due to their known rigidity. However, the ligands
were found to have different copper coordination sites such as S-atom and C≡C, which were
observed to have coordinated to Cu(I) metal as discussed above. Therefore, below is a list of
proposed ligands which can be utilized in order to observe whether 3D CPs can be obtained by
using the identical procedure as mentioned earlier whereby CuX (X= Br, Cl, I, CN) salts will be
used or Cu(II).

Figure 46. Proposed ligands for future works.
Then, by trying to change the SMe for SH and see the significant change in the dimensionality
since a ligand with SH (Figure 47) has shown to have a 3D CP (MOF) with Cu(I). 87 The reason
for this choice is that the coordination S‾→M bond is generally very strong and should be more
prone to coordinate first the metal without a second possible contribution from a M-(-C≡C)
linkage. However, this is just a hypothesis. Noteworthy, the synthesis of ligand L3 has been
reported before but no coordination polymers were reported so far. 88

Figure 47. Reported ligand with SH terminal coordinated to Cu(I).
The ligand displayed above in Figure 47 was reported to yield a 3D MOF with the use of CuI
salt. The obtained polymer was observed to have different clusters with one having Cu 4I4 and the
other with Cu6I6. The resultant polymer was reported to be luminescent with a strong emission
at around 830 nm which is in near-IR region.87
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5.3.2. Exploring other metal salts.
Because it seems that the CuX salts may not be the best way to make MOFs because of the
possibility of the CP geometry of adapting towards the most compact lattice structures by
changing the soft cluster unit (CuX) unit, it may be an alternative to explore other salts that are
not very prone to make clusters in the +1 oxidation state (like copper does in this work). Such
other metal salts could be AuCN,89-93 AgCN93-96 and AgI.97-98 So, to further understand and also
try to see whether other metal salts might yield a 3D porous coordination polymer (MOF) since
Cu-I did not give a 3 D CP, we propose to explore the reactivity of these salts with the rigid
organometallic ligands proposed in Figure 39 above. Noteworthy, the resulting 2D CPs in this
work provided porous coordination polymers, which was demonstrated through gas sorprtion
measurements (i.e. BET for N2) gave a Type I isotherm, which are for micropous. Therefore,
there is a possibility of obtaining a 3D material, which might be really interesting in the study of
gas sorption, vapochromic behavior of volatile solvents, and even sensor of gas or volatile
materials.
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CONCLUSION
In overall, the main objective of the project was to synthesize rigid and luminescent Pt(II)containing ligands in order to further synthesize different coordination polymers with the idea of
obtaining MOF-like luminescent CPs. As discussed in the Introduction, MOFs have many
potential applications in our daily lives including sensing and gas storage of CO2 which has some
environmental concerns. In addition, the choice of platinum metal was not only due to increasing
the rigidity but also because some platinum-containing polymers have recently demonstrated the
potential for applications in solar cells and light emitting diodes. The Pt-containing ligands were
successfully prepared and then different CPs were obtained using CuX (X= Cl, Br, I or CN) salts.
Some of the CPs obtained proved to be microporous and this is illustrated in Chapter 2 whereby
for instance when CuI reacted with Pt-containing metal, L1 in PrCN solvent obtained a 2D CP
with the solvent trapped inside the CP. Upon removing the solvent, gas sorption measurements
for both N2 and CO2 gave a Type I isotherm, which is for microporous as stated in the Introduction.
The CP showed an uptake of vapour for small-size solvent including MeCN, PrCN and MeOH.
However, all the 1D CPs showed no ability of capturing (or re-capturing if it applies) solvent
molecules or CO2 upon solvent removal while the (square grid) 2D CP illustrated the ability to
capture solvent molecules and even CO2. In addition, the photophysical properties were
measured with the solvent present or not in the CP’s lattices. All the CPs were luminescent at
both 298 and 77 K and the TGAs showed the loss or not of the solvent molecules, depending on
the cases.
In Chapter 3, we attempted to use CuCN as the salt and an unexpected coordination polymer was
obtained. In the presence of an excess of CN‾ ions (and perhaps heating due to the limited
solubility of the reactants), the initial Pt-containing ligand formed a new one. The new Pt-ligand
contains the CN‾ ion and it is known that N-donors coordinate Cu(I) center commonly. With this
new ligand, the nitrogen atom coordinates the metal and not the sulfur-containing side indicating
again presence of selectivily. In parallel, the photophysical and thermal stability properties were
studied. However, no further applications were investigated. More specifically, the magnetism
properties for CuCN polymers may be exhibited when species with unpaired electrons may be
generated chemically (i.e. the oxidation of the d10 Cu(I) into d9 Cu(II)). This is a possibility to
consider.
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The unpredictability of the structures of the resulting coordination polymers was and remains a
constant challenge towards developing the desired frameworks (3D or others). In Chapter 4, we
proposed an attempt to improve the predictability of the coordination polymer formation by
modifying L1 so that it is more soluble by addition of alkyl group to form L2. Then, the
coordination polymers were synthesized using both L1 and L2 with CuX salts (X= Br, Cl, I)
using the same conditions such as similar ratio and solvent. The CPs obtained clearly showed the
potential predictability of crystal structure design as one could predict the potential environment
of 1D and 2D CPs obtained whereby the MeCN solvent was trapped in the cavity when L1 was
used while when L2 was used, there was no solvent present in the voids of CPs. In this chapter,
we could then also conclude by looking at the effect that the longer alkyl group has on the
formation of these CPs. For instance, when CuI was used for both solvents, it was observed that
L1 formed a 2D CP (CP1) with MeCN trapped inside the cavities while the L2 formed a 1D CP
(CP2) with no solvent present in the cavity. In addition, cluster of CP2 also appears to break thus
forming Cu-I coordination which is neither rhomboid nor open cubane as compared for CP1
which has a step cubane. This observation re-inforces the idea that the Cu clusters are flexide and
adaptable.
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