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Crystal Engineering of bright luminescent copper iodide clusters with phosporous and nitrogen-
based ligands  
 
Il lavoro del Dott. Paolo P. Mazzeo nel triennio di frequenza del Dottorato in Chimica si è 
svolto lungo due principali linee di ricerca ovvero la progettazione, sintesi e completa 
caratterizzazione di complessi luminescenti a base di rame ioduro e la risoluzione di strutture 
cristalline da dati di diffrazione da polvere. 
Sin dal principio del suo percorso dottorale Paolo Mazzeo si è applicato verso la ricerca di 
complessi luminescenti ad alta efficienza e basso costo, come i complessi di rame (I), 
progettandoli in modo da aumentarne il rendimento quantico e ottimizzarne l’utilizzo in 
dispositivi per optoelettronica. Tale dispositivo è stato infine progettato basandosi su questi 
complessi, mettendo a punto una metodica di preparazione non convenzionale per la 
preparazione di tali dispositivi e superando il problema legato al basso peso molecolare in 
condizioni di sublimazione. 
I risultati ottenuti hanno, infatti, dimostrato che questi complessi sono idonei per essere 
utilizzati in dispositivi come OLEDs e possono contribuire alla diffusione di questa tecnologia 
rendendola più economicamente accessibile. 
Nell’ambito della ricerca legata a complessi luminescenti di rame, si è poi studiato come le 
proprietà luminescenti siano legate alla struttura del complesso finale in stato solido 
sintetizzando una vasta gamma di complessi a diversa nuclearità fino ad ottenere un MOF 
(metal-organic framework) la cui emissione globale risulta bianca a temperatura ambiente. 
I metal organic frameworks sono stati un argomento caro al dottorando che dopo aver 
sintetizzato un MOF luminescente si è cimentato nella progettazione di un MOF-guest 
crystalline-device in cui il guest era capace di interagire con l’impalcatura esterna modificandone 
le proprietà fisiche a seguito di stimoli elettrici esterni.  
Nell’ambito del suo progetto di ricerca, Paolo Mazzeo ha sviluppato una solida conoscenza delle 
tematiche implicate, acquisendo una completa padronanza delle tecniche sperimentali 
sviluppando soluzioni originali ai problemi che si sono via via presentati, dimostrando ottime 
capacità di organizzazione del proprio lavoro coordinandosi in modo ottimale con i colleghi di 
laboratorio. Ha inoltre svolto attività seminariale presso il Corso di Laurea Magistrale in 
Fotochimica e Materiali Molecolari, dimostrando buone capacità didattiche. 
Nel corso del suo secondo anno di ricerca dottorale Paolo Mazzeo ha trascorso un periodo 
all’estero presso l’università di Reading sotto la supervisione del Dr. Kenneth Shankland. 
Durante il suo soggiorno presso tale laboratorio egli ha avuto modo di imparare le tecniche 
legate risoluzione di strutture cristalline da polveri: dalla preparazione del campione fino al 
raffinamento della struttura finale. I principali risultati raggiunti nel triennio di ricerca sono 
documentati da sette articoli scientifici di cui è coautore pubblicati in importanti riviste 
internazionali, mentre altri articoli sono in fase di preparazione. È in fase di preparazione anche 
un brevetto al quale il dottorando è stato coinvolto in prima persona.  Ha inoltre partecipato a 
dieci tra convegni e scuole nazionali e internazionali, dove ha presentato comunicazioni poster e 
orali mostrando ottima padronanza e capacità di organizzazione del materiale scientifico e 
efficaci doti comunicative. Si è inoltre distinto meritandosi il riconoscimento da parte 
dell’associazione italiana cristallografia per la sua tesi magistrale in ambito cristallografico. 
Nella mia esperienza di supervisore, poche volte ho visto concentrate in una sola persona tante 
qualità umane e professionali. Mi sento di esprimere un giudizio pienamente positivo del lavoro 
di Paolo Mazzeo. 
 
Dario Braga 
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Introduction 
 

 

 

 

 

 

Even after the commercial launch of organic light-emitting diodes (OLEDs) as 
technology for lighting and display applications some years ago, essential questions 
remain unsolved. Luminescent metal complexes containing Ir, Pt or Os are widely used 
as emitters for OLEDs not only because of their colour tunability but also because of 
their high efficiencies. However, these noble and precious metals are rather expensive 
and environmentally problematic, which complicates their usage in high-volume 
productions. To enter mass market applications, luminescent complexes based on more 
abundant and cost-efficient metals with d10 configuration, such as Cu(I), Ag(I), or Au(I) 
are currently in the focus of numerous research studies.1-4 

Among them, copper(I) complexes are favoured as they present several advantages: they 
are characterized by a large variety of coordination geometries which arise from the 
many possible combinations of coordination numbers (two, three and four) available for 

copper(I) and geometries that can be adopted by the halide ions (from terminal to µ2- 

and up to µ8-bridging); 5, 6  

Among several systems, copper(I) halides aggregates represents a prominent and well-
investigated family which currently lies at the forefront of both coordination chemistry 
and crystal engineering research because of the quest of active material for 
optoelectronic7-14. 

In this work a panoramic overview of copper(I) complexes photophysical properties 
will be provided and few different aspects of crystal engineering will be analysed to 
understand how these complexes could play a key role in the development of 
optoelectronic field as mass market application.  
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Photophysical properties of polynuclear copper (I) complexes 

Polynuclear adducts of cuprous halide salt and organic bases of general formula 
CunXnLm (X=Cl, Br or I; L = N- or P-bound ligand) have been known since the 
beginning of the 20th century15. Copper (I) complexes are widely studied cause of the 
uniqueness of their photophysical properties; in fact, these kind of multinuclear 
complexes displays two distinct emission bands with marked environmental sensitivity 
and with relative intensities that vary with excitation source and sharply with 
temperature. The low-energy (LE) band dominates at room temperature while the high-
energy (HE) band becomes more prominent at low temperature. These temperature 
dependences of emission spectra was first noted in the 1970s by Hardt and co-workers 
who coined the term luminescence thermochromism. Early work on copper(I) halides 
aggregates, especially the luminescent thermocromism phenomenon, elicited the interest 
of Ford et al. who continuously embarked on a careful and extensive research project 
focused on the luminescent properties of Cu4I4py4 and its derivatives, both 
experimentally16-18 and theoretically19, 20. 

These complexes present different luminescent levels which can be ligand centred, 
charge transfer or, in the case of polynuclear compounds, even metal-centred nature;18, 21 
most of the complexes studied are characterized by a remarkable high quantum yield in 
solid state; 10, 22, 23 and finally the reagents are cheap and it is relatively easy to obtain the 
final products.2, 10  

The luminescent properties of copper(I) halide clusters are strictly related to the 
geometries adopted by the clusters.21 In the case of the cubanes Cu4I4L4 and unsaturated 
ligands for example, two distinct emission bands were observed, the high-energy band 
attributed to halide-to-ligand charge transfer (3XLCT), and the low-energy emission 
band was attributed to a triplet Cu-I Cluster-Centered (3CC) excited state with the 
excitation localized to the Cu4I4 core, only possible in the presence of an interaction 
between the metal centres. Recently studies have widened the possibility of the emission 
properties of Copper (I) compounds. Several Cu(I) compounds with P^N ligands 
present a low singlet–triplet splitting which allows the emission from both the singlet 
and the triplet excited state depending on the temperature. The singlet excited state, 
which is slightly higher in energy than the triplet state, can be thermally activated at the 
expense of the triplet state, leading to the so-called thermally activated delayed 
fluorescence (TADF). The TADF emission mechanism involves both singlet and triplet 
states, and therefore, it has been exploited for singlet and triplet excitons for the 
generation of light in an electroluminescent devices.22, 24  
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Geometry landscape: an experimental approach 

The crystal engineering of copper halides is particularly difficult since in solution, 
halocuprate complexes are involved in kinetically fast dissociative and associative 
equilibria25, 26 and the labile coordination numbers and geometries of both copper(I) and 
halide ions allows an inner-core variability difficult to predict a priori. These complexes 
are characterized by a flat energy landscape confirmed by the presence of several 
different copper halides complexes in the CSD27 which present dramatically different 
nuclearity of the CuxIy cores such as discrete dimers, cubane tetramers, stepped cubane 
tetramers to infinity polymeric chains (including split stairs, zig-zag, helical, staircase, 
rack and columnar ones). Although the final structures of the copper(I) halide 
complexes in crystals could be hardly designed, the reaction stoichiometry allows some 
degree of control of the copper(I) halide core: reactions with a stoichiometry ratio of 
CuI/L >>1 higher nuclearity are favoured while CuI/L <<1 promote the formation of 
monomers.28 However, to explore all the possible crystal forms it is necessary to vary 
not only the stoichiometry but also other parameters such as solvent, temperature etc.. 

In the following chapters different experiments are reported in which CuI has been 
reacted with triphenylphosphine ligand.  Organophosphine copper(I) halides have been 
extensively studied in the past29, 30 and several species with different metal coordination 
numbers and metal:ligand stoichiometries (figure 1.1) have been already reported. 

The stoichiometry ratio between the reagents is one of the parameters can be modify to 
hike the geometry landscape of copper(I) complexes. The 1:1:1 Cu:halogen:ligand 
complexes CuX(PR3) have tetrameric structures which may either be cubane-like (with 
all copper atoms pseudo-tetrahedral and all X atoms serving as !3-bridges) or step-like 
(with the tetramer containing two pseudo-tetrahedral and two three-coordinated copper 
atoms and two !3- and two !2- iodides). The 1:1:2 adducts CuX(PR3)2 may have either 
monomeric three-coordinate structures or dimeric pseudo-tetrahedral structures. The 
dimer compounds Cu2X2(PR3)y (y=2-4) nicely illustrate the propensity of the 
organophosphine copper(I) systems to form different polynuclear complexes with 
similar stabilities with different copper geometries of coordination.31 At last the 1:1:3 
adducts all seem to have monomeric pseudo-tetrahedral coordination.32  

In solution, different complexes are simultaneously present due to the high constant of 
dissociation of the PPh3 ligand.26 Despite the presence of a plethora of complexes in 
solution, pure compounds can be obtained as precipitates: the stoichiometry ratio 
determines the nuclearity of the compounds, while the polymorph or isomer outcome 
can be influenced by the choice of solvent or by the procedure used.  

To overcome the problem of the low solubility of the CuI which restricts the possibility 
of changing the solvent, the reactions can be performed in solid state which can yield to 
crystal forms hardly or even not obtainable in solution.33 The reactivity of CuI towards 
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nitrogen, sulphur or phosphorous based ligands is very high and preliminary work of 
mechanochemical synthesis with CuI with N-base sature ligands are reported34, 35 and 
more extensive studies have been done for Copper thyocyanate complexs,36-38 in both 
case mechanochemical synthesis led to the formation of compounds not obtained by 
solution synthesis.  

The main drawbacks in the mecanochemical reactions methods consists in the 
formation of microcrystalline products, not suitable for X-ray single crystal diffraction. 
The structural characterization represents a key point to understand the properties and 
to design new compounds, that is why a great effort will be devoted to tackle this 
problem. Most of the times traditional crystallizations from solution, but also triple layer 
crystallizations, or seeding of solutions with microcrystalline powder of the desired 
compound fail to yield single crystals of amenable size for single crystal diffraction 
experiments. However the structure can be determined from X-ray powder diffraction 
data, thanks to the development of “direct space” methods.39 This approach is 
particularly suited for materials constructed from well-defined modular building units 
and it is more challenging for Copper Iodide complexes whose coordination is difficult 
to control. Spectroscopy techniques such as IR or Solid State NMR can give some 
insights on the coordination or on the asymmetric units but not assure the solution.37, 40 

The quest of suitable methods to obtain crystals for structure determination of Copper 
complexes led us to explore different crystallization processes including those based on 
solvothermal synthesis. Recently, several zeolites which are commonly obtained by 
solvothermal synthesis have been reproduced by grinding or ball milling,41-44 which 
suggests that the solid state reactions can have several aspects in common with the 
solvothermal conditions.36 Although, for large scale preparations nowadays researches 
try to move from solvothermal to solvent–free reactions in order to reduce 
environmental impact and energy consumption, solvothermal synthesis can still be 
exploited to obtain single crystals of the desired compound since the high-temperature 
and high-pressure environment conditions created, would facilitate the crystallization 
process of complexes with poor solubility. 

Structure-properties relationship 

Structure-properties relationship is the key point to design new tailor made compounds 
with desired properties. In this sense a systematic approach have been proposed in 
which tetrameric copper (I) iodide cubane clusters with similar-dimension ligands have 
been studied. As already discussed, the wavelength emission profile is function of 
metallophilic interaction due to copper--copper distances lower than the sum of van der 
Walls radii.45 The quantum yield emission is an important parameter to be taken into 
account as much as the wavelength emission. All complexes show a cubane Cu4I4 core 
and are luminescent due to radiative decay of a cluster centred 3CC emitting state. 
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However, the photophysical properties of the solids could be very different from those 
in solution due to the molecular organization through the crystals, which can be 
expected to affect the energies and/or the kinetics of the excited states.28, 35, 46 In this 
respect, polymorphism, (i.e. the existence of different crystal forms for the same 
molecular or supramolecular entity), could play a key role in determining the final 
photophysical properties.28 

Apart from pyridine, we considered only saturated ligands (figure 3.1, page 48) with the 
aim of excluding photophysical process involving the ligand’s ! system and determine 
which parameters affect the cluster-centred characteristics such as basicity, ability to 
form hydrogen bonds, different groups bonded to the coordinating nitrogen. The 
different pKb values allow to determine if the emission quantum yield in solid is related 
to the bond strength between ligands and copper atoms. Moreover, the ligands show a 
progressive rigidity and different ability to form H-bonds and consequently allow to 
investigate how the vibrations involving the ligand " backbone can influence the 
photophysical properties of the complexes. 

Quantum yields are in the range of 40-50% for all complexes in solid state apart from a 
slightly lower 30% for Cu4I4(3-quinuclidinol)4 (compound name are consistent whit 
those reported in chapter 3) and a significantly higher value of 76% for Cu4I4piperidine4 
which, to the best of the authors’ knowledge, has never been demonstrated previously 
for cubane complexes. No significant interactions between the constituting moieties are 
observed in the crystal structures of the complexes except for compound 
Cu4I4piperidine4 where the clusters are hold together by hydrogen bonds in pillars. It 
results that each cluster is involved in eight hydrogen bonds, and clusters are aligned 
along the c-axis to build a stiff columnar structure. We think that these interactions make 
the cluster extremely rigid and allow to get a very high luminescence quantum yield. On 
the other side, the less rigid structure of Cu4I4(3-quinuclidinol)4 results in the lowest 
quantum yield (30%). Desolvation of Cu4I4(3-quinuclidinol)4 leads to loss of crystallinity 
which goes together with an even more reduced quantum yield (15%).  

Metal-Organic Frameworks and crystalline device 

Metal-organic framework are a class of newly developed solid-state materials with 
infinite extended structures constructed from “connector” (metals) and “linkers” 
(organic ligands). In recent years, some amendments have been proposed to 
complement the synthetic principle of “connectors and linkers”, and one of the most 
familiar approach is to introduce inorganic clusters or aggregates as “connectors” in 
place of single metal ions. It was Champness et al. who did the preliminary research and 
realized the copper halide aggregates could be incorporated in coordination polymers47-

51. Moreover, the bridging ligand (connecting the copper halide aggregates) gave rise to 
more complicated copper(I) halide architectures than monodentate or bidentate 
chelating ligands did. Thus, the crystal engineering of copper(I) halide extended from 
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only discrete oligomers to one-dimensional (1D) or even two-dimensional (2D) and 
three-dimensional (3D) architectures. 

As already reported in literature, two different luminescent MOFs have been 
synthesized in our laboratories.46 The two porous structures were successful determined 
and particular emphasis was put on the photophysical aspect. In fact, the two 
compounds, characterized by the same cluster connectivity both in the inorganic core 
and in the bridging mode of the bidentate ligand, crystallize in different crystallographic 
systems with different metal--metal distances which correspond to a different color in 
emission wavelength. The emission band active in both the compounds was the 3CC 
since the ligand used (DABCO, 1,4-diazabicyclo-[2.2.2]octane) was photophysically 
inert. The interesting skill of those compounds is that it is possible to transform the 
MOFs one into the other reversibly.46 

In that case the conversion was performed by different external stimuli such as VOCs 
exposition or thermal treatment. Particularly, interest in stimuli-responsive luminescent 
materials is steadily gaining increasing momentum in the field of smart photofunctional 
devices.52 As reported, luminescent behaviors can respond to exterior stimuli such as 
mechanical grinding (tribochromism),53 thermal treatment (thermochromism),17 and 
fumigating by vapour (vapochromism).46   

The crystal engineering paradigm has led us to the idea of using this approach to 
construct crystalline devices. As a device is “a thing made for a particular purpose” 
which is made of different pieces with different functionalities assembled together, in 
the same way, a crystalline device is a crystal made of different molecules with different 
chemical functionalities assembled together to obtain a final material whose properties 
can be activated by appropriate external stimuli.  

In our approach the crystalline device is based on the idea of having a guest molecule 
trapped into a luminescent MOF which can be subjected to external physical “stimuli” 
to modify host-guest interactions within the MOF and consequently the host 
luminescence.54, 55 From this viewpoint a crystalline device can be considered as a higher 
level step of crystal engineering since the final properties of the device are derived from 
the tuneable combination of the specific properties of the host and of the guest.  

We report on the photochemical and electrochemical properties of one of two MOF 
previously described,46 which is made of nodes based on Cu4I4 cubane clusters and as a 
secondary building units, loaded with different amounts of FeCp2 [(!5-C5H5)2Fe(II)] 
molecules. 

Since the ferrocene is widely used as luminescence quencher and electron donor in 
supramolecular photochemistry, analytical chemistry and biology56, as planned, once 
ferrocene is loaded into the MOF structure, the FeCp2@MOF luminescence is turned 
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off; applying an electric potential to the FeCp2@MOF deposited onto an ITO glass, 
Fe(II)Cp2 is oxidized to Fe(III)Cp2

+, which differently interacts with the excited states of 
the cage and the luminescence of MOF is partially “turned on” again. Thus 
FeCp2@MOF represents a remarkably simple and reversible switch off/switch on solid 
state system. It is worth pointing out that, although chemical systems working on 
“on/off signal” are known in solution in supramolecular chemistry57-61 this is the first 
time, to the best of the authors’ knowledge, that luminescence is controlled by external 
stimuli in an all-sufficient MOF-guest system in the solid state.  

Single phase white-emitting compounds 

From the invention of incandescent bulbs, implementation of fluorescent tubes, to the 
presently fast-growing solid-state lightening, it has been the key fixture in defining the 
quality of modern life. White organic light-emitting devices (WOLEDs) have been 
intensively studied in recent years62, 63 due to their potential for highly efficient and cost 
effective next generation lighting.64 In a WOLED, white light is typically generated 
through the simultaneous emission of multiple emissive materials, which need to be 
employed in either a single emissive layer with multiple molecular emitters or multiple 
emissive layers.65 One of the current academic interests is in the pursuing single white-
light phosphors to avoid the intrinsic colour balance, device complication, and high-cost 
problems when using multiphosphors or multi-LEDs.66 Examples are rare but still can 
be found in the research field of organic molecules or polymers, 67-71 metal-doped or 
hybrid inorganic materials, 72-75 metal complexes, 76-78and nanomaterials.79-81 

Here a single phase white emitter copper complex is proposed in which both 3CC and 
3XLCT are contemporary present at room temperature. The two emission bands are 
surprisingly complementary in an overall white emission at naked eye. 

OLED device   

Luminescent copper (I) complexes are described to be very good candidate for 
optoelectronics. Few examples are already reported in literature1-4 with good 
performance parameters and it is plausible that the use of d10 complexes will increase in 
the next years as active material in luminescent devices. 

However many problem still remain unsolved. The copper (I) complexes are generically 
not very soluble and it means that deposition processes such as drop casting or spin 
coating, which still remain the easiest way to deposit the emission layer, cannot be used 
in this case. 

Volz et al. elude this problem with a series of extraordinary high efficient binuclear 
copper iodide complexes based on 2-pyridil-bisphophine ligand.1, 2 These kind of 
complexes are soluble in organic solvents and are easily deposited via drop casting.  
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However if the complexes still remain insoluble in organic solvents (or even in solvents 
suitable for optoelectronic apparatus) the emissive layer can be deposit by sublimation 
in a high vacuum chamber. The main problem related to that is the stability of the 
complex itself in those extreme conditions. It could happen that the ligand moieties can 
leave the complex during the sublimation process completely or partially and the 
deposition step will fail. To avoid this problem it is possible to synthesize a “bigger” 
complex with ad hoc designed ligand, with the aim of improving the stability 
performances of the final complex in the sublimation process. 

Herein, our experience on emissive layer deposition is reported as a step-by-step 
improvement path. Also a new non-conventional layer-by-layer deposition route has 
been suggested and a preliminary OLED device prototype has been proposed.   
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Chapter 1 
Polymorph and isomer conversion of complexes 

based on CuI and PPh3 easily observed via 
luminescence 
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Abstract: Reactions between copper(I) iodide and triphenylphosphine have been 
explored in solution and in the solid state and six luminescent coordination complexes 10 

have been obtained and characterized by X-ray diffraction and UV-Vis spectroscopy. 
Solid-state reactions of CuI with PPh3 in different conditions (kneading, vapour 
digestion) and stoichiometries resulted in the formation of high ratio ligand:metal 
compounds while tetrameric structures could be obtained only by solution reactions. 
Crystal structures were determined by single crystal X-ray diffraction while purity of the 15 

bulk product was checked by powder diffraction (XRPD). Three different tetrameric 
structures with 1:1 stoichiometry have been synthesized: two closed cubane-type 
polymorphs [CuI(PPh3)]4 (form 1a) and [CuI(PPh3)]4 (form 1b) and an open step-like 
isomer [CuI(PPh3)]4 (form 2). The conversions between the polymorphs and isomers 
have been studied and characterized by XRPD. The most stable form [CuI(PPh3)]4 20 

(form 1b) can convert into the open step-like isomer [CuI(PPh3)]4 (form 2) in a slurry 
experiment with EtOH or CH2Cl2 or AcCN and converts back into [CuI(PPh3)]4 1b 
when exposed to vapors of toluene. At room temperature all the tetrameric compounds 
exhibit luminescence in the solid state and, notably, the two polymorphs show a 
dissimilar dual emission at low temperature. The luminescence features in the solid state 25 

seem to be peculiarly related to the presence of the aromatic phosphine ligand and 
depend on the Cu-Cu distance in the cluster.  
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Introduction 
 
Copper(I) halide aggregates constitute a large family of compounds studied for 
decades for their photochemical and photophysical properties.1-11 This class of 
compounds is attracting renewed interest12-16 because of its potential applications in 
high-efficiency OLEDs.17-19 Coordination systems based on copper halides show a 
remarkable structural diversity,15 which arises from the many possible combinations 
of coordination numbers (two, three and four) available for copper(I) and for the 
geometries that can be adopted by the halide ions (from terminal to !2- and up to !8-
bridging modes). 
Organophosphine copper(I) halides have been extensively studied in the past20-22 and 
several species with different metal coordination numbers and metal:ligand 
stoechiometries (Figure 1) have been already synthesized and the crystal structure 
determined, while the luminescence properties have been explored only recently 
without a clear assignment on the nature of the emission bands. With respect to 
Cu(I) structures with halogens and amine-based ligands,5, 23, 24 when the organic 
ligand is an aromatic phosphine, further interactions such as back bonding from the 
metal to the phosphorous system must be taken into account25,26 and can play a role 
in the photophysics of the complexes. Since the organophosphine copper(I) iodide 
complexes could find applications in light emitting diode technology a full 
comprehension of the emission bands is essential to tune the emission properties.  
The 1:1:1 Cu:halogen:ligand complexes CuX(PR3) have tetrameric structures which 
may either be cubane-like (with all copper atoms pseudo-tetrahedral and all X atoms 
serving as !3-bridges) or step-like (with the tetramer containing two pseudo-
tetrahedral and two three-coordinated copper atoms and two !3- and two !2- 
iodides). The 1:1:2 adducts CuX(PR3)2 may have either monomeric three-coordinate 
structures or dimeric pseudo-tetrahedral structures. The dimer compounds 
Cu2X2(PR3)y (y= 2-4)nicely illustrate the propensity of the organophosphine 
copper(I) systems to form different polynuclear complexes with similar stabilities 
with different copper geometries of coordination.27 At last the 1:1:3 adducts all seem 
to have monomeric pseudo-tetrahedral coordination.28  
In solution, different complexes are simultaneously present due to the high constant 
of dissociation of the PPh3 ligand.25 Despite the presence of a plethora of complexes 
in solution, pure compounds can be obtained as precipitates: the stoichiometry ratio 
determines the nuclearity of the compounds, while the polymorph or isomer 
outcome can be influenced by the choice of solvent or by the procedure used. 
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Figure 1.1 | Schematic representation of some examples of different geometries and stoichiometries for 
CuI aggregates; a) [Cu2I2L2]; b) [Cu2I2L3]; c) [Cu2I2L4]; d) [Cu4I4L4] step-like; e) [Cu4I4L4] cubane-like; f) 
[CuIL]! coordination polymer 

 
In this work we report on the synthesis and characterization (both structural and 
photophysical) of different Cu(I) coordination compounds with the PPh3 ligand. All 
compounds have been obtained either by methods described in literature29-32 and/or 
via solvent-free reactions such as kneading or vapor digestion.33, 34It is well known 
that these approaches can be a valid alternative to traditional synthetic methods, 
since they reduce the amount of solvent required and are usually quantitative in 
yields. Sometimes, non-solution methods also allow the synthesis of different 
compounds which are not found via solvent synthesis.35 As previously reported in 
the literature, the synthesis with CuI:PPh3 ratio of 1:3 yielded upon crystallization 
the monomer [CuI(PPh3)3] (form a),29 but we observed also a new polymorph 
[CuI(PPh3)3] (form b) which is a metastable form. CuI:PPh3 ratio of 1:2 yielded the 
dimer [CuI(PPh3)1.5]2

32 and, finally, a CuI:PPh3 ratio of 1:1 yielded to the 
crystallization of the cubane-like compounds [CuI(PPh3)]4 (form 1b)36 and 
[CuI(PPh3)]4 (form 1a)30 and the step-like compound [CuI(PPh3)]4 (form 2).30 The 
conversions within the isomers and polymorphs were studied in solution and via 
vapor digestion.We focused our attention on the luminescence properties of the 
dimer and the tetramers, which exhibit remarkably different emission features 
depending on the nature of the compound, which make these complexes interesting 
as sensor-like materials. The photophysical characterization was carried out in the 
solid and in solution and the results were interpreted on the basis of current theories 
on the luminescence of Cu(I) cubane clusters4, 37, 38 with new indications for the 
specific case of organophosphine based complexes, whose properties have been 
scarcely investigated up to now. 
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Results and Discussions 

 

Synthesis and structure of [CuI(PPh3)3] (form a) and [CuI(PPh3)3] (form b) 

Monomeric coordination compounds with a 1:3 molar ratio stoichiometry of CuI 
salt and PPh3 were synthesized utilizing the experimental instructions previously 
reported.29 The product obtained was a mixture of two concomitant polymorphic 
forms: [CuI(PPh3)3] (form a), which corresponds to a known structure and 
[CuI(PPh3)3] (form b) whose structure was determined by us. [CuI(PPh3)3] (form b) 
(Figure 2a) crystallizes in the monoclinic P21/c space group while [CuI(PPh3)3] (form 
a) (Figure 2b) crystallizes in a denser structure in the trigonal P3 space group 
(1.39g/cm3 and 1.42g/cm3 respectively) which suggests that [CuI(PPh3)3] (form a) is 
the stable form at room temperature, according to the Kitaigorodsky’s density rule.39 
The stability of [CuI(PPh3)3] (form a) was confirmed by an overnight slurry 
experiment in chloroform where the polymorph b converted into form a. No 
further analyses were performed on these two monomeric forms because of the 
difficulty to obtain them as pure powder.  
 
 

 
Figure 1.2 | a) [CuI(PPh3)3] (form a) and, b) [CuI(PPh3)3] (form b); hydrogen atoms are omitted for 
clarity.  

 

 

 
 

!" #"
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Synthesis and structure of [CuI(PPh3)1.5]2 

Dimeric compound [CuI(PPh3)1.5]2 has been synthesized following the experimental 
procedure previously reported in the literature.32 The [CuI(PPh3)1.5]2 structure 
consists of a 4-atom ring (Cu2I2), in which the halogen atom acts as a bridge between 
copper atoms. Different copper coordination numbers are observed in this complex 
as shown in Figure 3: one copper atom binds two P-based ligands and it has a 
distorted tetrahedral geometry while the other copper atom has a trigonal geometry. 
The distance between the two metal atoms is 3.044(5) Å; luminescence features 
linked to Cu-Cu distances are reported in the following section. We obtained also 
the solvate species [CuI(PPh3)1.5]2!CH2Cl2 from the crystallization process (see ESI) 
which shows Cu-Cu distance (3.0444(5) Å) comparable to [CuI(PPh3)1.5]2 and it is 
isomorphic to [CuCl(PPh3)1.5]2!CH2Cl2 reported in literature.40  
 

 
Figure 1.3 | The [CuI(PPh3)1.5]2 unit; hydrogen atoms are omitted for sake of clarity. 

 

Synthesis and structure of [CuI(PPh3)]4 

Compounds with 1:1:1 ratio have been obtained only as in the form of tetrameric 
units; however it was possible to isolated two polymorphs of [CuI(PPh3)]4 a cubane-
like cluster and a step-like cluster, as shown in Figure 1d-e. 
The first synthesis was carried out by following the reported procedure30 resulting in 
the expected [CuI(PPh3)]4 (form 1a), however, on repeating, the synthesis a second 
phase appeared which we characterized as form 1b of [CuI(PPh3)]4.

36, 41. Interestingly, 
once form 1b had been obtained, a mixture of 1a and 1b was subsequently obtained 
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on repeating the synthesis. At each repetition step, the percentage of form 1b 
became predominant and increasing at each reaction, until only form 1b could be 
obtained (see Figure 1.4). 
 

 
Figure 1.4 | a. calculated X-ray powder pattern of [CuI(PPh3)]4 (form 1a); b. X-ray powder diffractogram 
of compounds obtained from the first synthesis corresponding to [CuI(PPh3)]4 (form 1a); c. X-ray powder 
diffractogram of compounds obtained from the second synthesis both form 1a and 1b of  phases 
[CuI(PPh3)]4 could be recognized; d. X-ray powder diffractogram of compounds obtained in subsequent 
syntheses corresponding to form 1b; e. calculated X-ray powder pattern of form 1b. 

 
The metastable [CuI(PPh3)]4 (form 1a) product could no longer be obtained as a pure 
form in our laboratory, and mixtures of forms 1a and 1b were obtained when the 
synthesis was carried out in a different laboratory and with fast crystallization 
process. This complex can be counted in as a new example of disappearing 
polymorphs.42 
[CuI(PPh3)]4 (form 1a) is therefore the metastable form at RT, as also suggested by 
the lower density compared to 1b (1.72 g/cm3 versus 1.77 g/cm3 at RT).39  
Diffraction data for both polymorphs 1a and 1b were collected at RT and 90K and 
structures were found to be in agreement with those previously reported.29, 36 The 
cubane-like clusters of [CuI(PPh3)]4 form 1a  and 1b are distorted (see Table 1) with 
the shortest Cu-Cu distance equal to 2.839(3) Å and 2.945(4) Å respectively at RT 
which are longer than the Van der Waal distance (2.80 Å)43. All Cu-Cu distances 
show a dramatic decrease on lowering the temperature with minima Cu-Cu distances 
equal to 2.7427(8) Å and 2.828(2) Å for 1a and 1b at 90K. On the basis of the 
copper distances, only 1a at low temperature should shows features ascribable to 
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cluster-centered interactions while the photophysical behavior suggests the presence 
of such interactions also at RT for both compounds. 
 

 

Figure 1.5 |a. The [CuI(PPh3)]4 cubane-like unit; hydrogen atoms are removed for clarity and in shorter 
distances Cu atoms are bonded together; b. Overlap between Cu4I4 clusters in [CuI(PPh3)]4 1a (yellow) 
and [CuI(PPh3)]4 1b (purple); phenyl rings are removed for clarity 

 
The step-like cluster [CuI(PPh3)]4 form 2 (Figure 1.6) has been obtained according to 
the reported synthesis30. However no single crystals could be obtained and X-ray 
powder diffraction data was measured at 90K to ascertain that the crystal structure 
was retained. (Figure A.6.) 
The step-like cluster [CuI(PPh3)]4 form 2 is characterized by two copper atoms 
pseudo-tetrahedral and two three-coordinate copper atoms; although a quite short Cu-
Cu distance is observed in the complex (2.834(2) Å at RT) the different coordination 
around the copper atoms seems to be responsible for the weak luminescence 
properties of this compound (vide infra). 
 

Figure 1.6 | The [CuI(PPh3)]4 form 2 unit; hydrogen atoms are removed for sake of clarity. 
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Table 1.1 | Cu-Cu distances in cuprous organophosphine compounds. All distances are reported in Å. 
Labels are in agreement with those reported in Appendix A.  

[CuI(PPh3)1.5]2 
[CuI(PPh3)]4 1a  

RT 
[CuI(PPh3)]4 1a 

 90K 
[CuI(PPh3)]4 1b 

RT 
[CuI(PPh3)]4 1b   

90K [CuI(PPh3)]4 2 

Cu
1 

Cu
2 3.0444(5) Cu1 Cu2 2.928(8) Cu1 Cu2 2.7431(4) Cu1 Cu1 2.945(3) Cu1 Cu1 

2.8281(4
) Cu1 Cu1 2.834(2) 

   Cu
1 Cu3 2.896(6) Cu1 Cu3 3.0809(4) Cu1 Cu2 3.174(5) Cu1 Cu2 3.1051(4

) Cu1 Cu2 3.404(3) 

   Cu
1 Cu4 2.873(4) Cu1 Cu4 2.7971(8)          

   Cu
2 Cu3 2.839(3) Cu2 Cu3 2.9985(7)          

   Cu
2 Cu4 3.165(3) Cu2 Cu4 2.8085(8)          

   Cu
3 

Cu4 3.109(4) Cu3 Cu4 2.8080(9)          

 

Solvent free reactions 

The possibility of obtaining compounds based on CuI:PPh3 via solvent free reactions 5 

with CuI:PPh3 ratio 1:1, 1:2 and 1:3 was also explored. Kneading process (i.e 
grinding the physical mixture with a drop of solvent)33 produced only [CuI(PPh3)]4 

(form 2) irrespectively of the ratio or solvent used.  
The physical mixture of between CuI and PPh3 with different ratios was exposed to 
vapor of organic solvents and the final products depend on the starting solvents and 10 

ratios.  Form 2 was obtained with the CuI:PPh3 1:1 molar ratio exposed to vapor of 
acetonitrile; monomeric [CuI(PPh3)3] (form a) was obtained with the CuI:PPh3 =1:2 
molar ratio exposed to acetonitrile vapour while in the all the other cases only the 
monomer [CuI(PPh3)3] (form b) was observed.  
 15 

Interconversions between isomers 

The isomer conversion via exposure to solvent vapour was also investigated. It has 
been observed that the two isomeric forms [CuI(pic)]! and [CuI(pic)]4 interconvert 
in  presence of organic solvent.24 In our case form 1b exposed to saturated 
atmosphere of acetonitrile fully converts into form 2 as confirmed by XRPD 20 

measurements. Since solid form 1b is characterized by a bright green emission while 
form 2 shows only a very weak emission band (vide infra), the conversion between 
the two isomeric forms produces a switch-on/switch-off signal which can be easily 
detected by naked eyes. When [CuI(PPh3)]4 (form 1a) is exposed to vapors of 
acetonitrile it rapidly converts into form 1b which subsequently transforms into 25 

form 2. The conversion from 1b to 2 was observed in other experimental conditions 



Chapter 1 

 20 

such as in kneading experiments with acetonitrile or toluene  
or slurry experiments. The conversion is reversible since it is possible to obtain 1b 
from a slurry of form 2 with seeds of form 1b. All interconversions are summarized 
in Scheme 1. 
 5 

 

Figure 1.8 | a) [CuI(PPh3)]4 (form 1b) calculated; b) [CuI(PPh3)]4 (form 1b) experimental; c) [CuI(PPh3)]4 

(form 2) experimental after conversion; d) [CuI(PPh3)]4 (form 2) calculated 

 

 10 

 

Scheme 1.1 | Summary of all interconversions between polymorphic and isomeric forms.  
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Photophysical properties 
 
The photophysical properties of compounds 1a, 1b, 2 and [CuI(PPh3)1.5]2 and of the 
free ligand PPh3 have been investigated in solution and in the solid state, both at 5 

room temperature and at 77K. The main luminescence data are summarized in Table 
2. Toluene has been used as a solvent for 1a, 1b and [CuI(PPh3)1.5]2, to retain the 
main cluster features of the complexes. For the same reason acetonitrile was chosen 
for the solubilization of [CuI(PPh3)]4 form 2, but this compound was found to be 
unstable in solution. It is worth recalling that previous studies on Cu:Cl:PPh3 10 

complexes in solution have highlighted the presence of different equilibria between 
various complexes due to ease of exchange of the PPh3 ligand.25 The absorption 
spectra of compounds 1a, 1b and [CuI(PPh3)1.5]2 in toluene show absorption features 
extending up to 350-400 nm, ascribable to CT transitions, while the absorption of 
the free ligand PPh3 does not exceed 320 nm (see Figure S7).31, 44 15 

Forms 1a, 1b and [CuI(PPh3)1.5]2 are non emissive in air equilibrated solutions and 
display a weak emission centered around 620 nm in air-free toluene at room 

temperature (!em = 2-3 ! 10-3), with lifetimes on the order of 200-300 ns (Figure S8 
and Table 2). The similarities between the emission features of the three compounds 
point to a loss of the rigid cluster structure in solution in favor of a comparable 20 

pseudo-tetrahedral geometry or to the formation of a similar thermodynamically 
stable species and the observed luminescence can tentatively be assigned to MLCT 
(metal-to-ligand charge transfer) excited states.45 In the dimeric compound 
[CuI(PPh3)1.5]2, Cu(I) experiences both a trigonal and a tetrahedral geometry, the 
latter with two phosphine ligands, and the tetrahedral part of the cluster is probably 25 

responsible for the emission. Compound 2, where the tetrahedral coordination of 
copper includes only one phosphine ligand is instead non-stable in solution, since 
only a weak emission from PPh3 was observed. 
At 77K in glassy toluene all the three emissive compounds show a luminescence 
band centered around 415 nm, that is largely hypsochromically shifted in 30 

comparison with the room temperature emission, and is blue-shifted also with 
respect to the low temperature emission of the free PPh3 ligand (Figure S7 and Table 
2). The 77K luminescence of PPh3, in fact, is centered at 445 nm with a lifetime of 
13.6 ms and is attributed to phosphorescence.31 The spectral features and the 

lifetimes, on the order of 200 µs, of the luminescence of the complexes at 77K, 35 

suggest a ligand contribution to the emission, that can be tentatively assigned to a 
mixed MLCT/LC (ligand-centered) phosphorescence. A similar long-lived blue 
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emission in solution at 77K has been recently reported for Ag(I)-bis(diphosphine) 
complexes, and has been attributed to 3MLCT/3IL (intra-ligand) states based on 
tetrahedral geometry.46 Reflectance spectra of solid samples of PPh3 and complexes 
1a, 1b, [CuI(PPh3)1.5]2 and 2 (Figure S8), revealed absorption bands below 350 nm for 

the ligand, with maxima at 212 and 264 nm, ascribable to phenyl-centered and n!"* 5 

phosphorous!phenyl transitions, respectively,25, 47 and a longer extension of the 
absorption up to 370 nm for the complexes, with the exception of 2 that tails till 420 
nm. A clear band at 300 nm is more pronounced for the two solids 1a and 1b while 
solid [CuI(PPh3)]4 2 displays a more pronounced absorption around 350 nm. 
With respect to the solution case, the solid state luminescence differentiates to a 10 

larger extent the four examined complexes. The two polymorphic forms 1a and 1b, 
show different features. Form 1a displays a bright green-yellow emission at 544 nm 
at room temperature whereas at 77K a dual emission is clearly observed, with 
maxima at 410 and 591 nm (see Figure 9a and Table 2), that noticeably render the 
resultant emission color nearly white. These luminescence features closely resemble 15 

the behavior of Cu(I) cubane structures with aromatic amine ligands,5-8, 23 widely 
studied by Ford and co-workers, where a dual emission from CC (cluster-centered) 
and XLCT (iodide to ligand charge transfer) poorly coupled triplet excited states 
occur. The room temperature emission of form 1a can thus be attributed to 3CC 
(low energy, LE, emission), and the same band red-shifts at 591 nm at 77K due to 20 

the shortening of the Cu-Cu distance at low temperature.35, 48 The band at 410 nm 

that appears at 77 K, with a lifetime of 170 µs, can then be ascribed to 3XLCT (high 
energy, HE, emission). This compound presents a Cu-Cu distance in the cluster of 
2.839(3) Å at RT, slightly longer than the sum of the orbital radii (2.80 Å), which 
markedly shorten up to 2.7427(8) Å at 90K. Interestingly, the LE band at 591 nm 25 

shows a rise of 7.3 µs, followed by a decay of 26.0 µs (see Figure S9). Ford and co-
workers also describe LE rise-times considerably shorter than the HE emission 

lifetime (ns vs µs range) for Cu4I4L4 clusters with pyridinic ligands, speculating on a 
third higher energy state that directly populates the LE state5. Excitation spectra 
monitored at 590 nm and 410 nm at low temperature and that measured at 544 nm 30 

at room temperature (Figure 9a), closely resemble those reported for 3XLCT and 
3CC bands of solid [CuI(py)]4.

49 The excitation spectrum measured on the LE band 
is more confined below 350 nm, also if a clear differentiation is difficult due to the 
overlap of the two emission bands. Solid 1b behaves quite differently from its 
polymorphic form 1a, showing at room temperature a green emission centered at 35 

518 nm with a lifetime of 3.2 µs, significantly blue-shifted with respect to the room 
temperature emission of 1a. At low temperature, then, a dual emission is also 
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observed, but with one band centered at 434 nm and a less intense band at 516 nm, 
substantially unshifted with respect to the room temperature case (Figure 9b and 
Table 2). The description of the dual luminescence of compound 1b in terms of 
3XLCT and 3CC is less straightforward, in consideration of the fact that all the Cu-
Cu distances estimated in the cluster are longer than 2.80Å (2.945(4) Å, see Table 1). 5 

It is however emerging from recent examples in the literature that organophosphine 
copper(I) halides with Cu-Cu distances in the range 2.9-3.0 Å show this type of 
thermochromism, characterized by a  dual emission at low temperature with a LE 
band almost unshifted with respect to the room temperature emission and a blue 
HE band.17, 36, 50 The excitation spectra measured at both temperature are similar to 10 

those observed for [CuI(PPh3)]41a (Figure 9b), indicating a similar nature of the 
excited states and confirming the CC nature of the LE band. The reduced shift in 
the position of the LE band with temperature can be interpreted considering that at 
longer Cu-Cu distances the distortion of the CC state with respect to the ground 
state is reduced49. The occurrence of a CC based emission in clusters with Cu-Cu 15 

distances longer than 2.8 Å, however, seems to be correlated to the presence of the 
aromatic phosphine ligand. It is known that the phosphorous-metal bond of 
triphenylphosphine-transition metal complexes, is not simply describable by the 
charge donation from the phosphorous lone-pair orbital to the metal, but 

interactions between the metal d orbitals and the phosphorous-carbon ! orbitals 20 

also participate to the bond26. We can thus speculate that the involvement of 3d 

electrons in a “back-bonding” toward the ligand render the d"s,p metal centered 
contribution to the CC state less effective: the 3CC emission should be of 
predominant halide-to-metal charge transfer (XMCT), thus possible also at distances 
slightly longer than the sum of the van der Waals radii and less sensitive to the 25 

contraction of the Cu-Cu cluster occurring when the temperature is decreased. DFT 
calculations have been performed on Cu4X4L4 structures with L=PH3 or NH3,

47 
indicating a larger X contribution to the HOMO and a larger Cu contribution to the 
LUMO when L=PH3, but further calculations are required to investigate the nature 
of the transitions when the phosphine bear aromatic groups. To gain more 30 

information about the nature of the luminescence behavior of [CuI(PPh3)]4 form 1b, 
the luminescence properties of cubane [CuBr(PPh3)]4, have been investigated, where 
Cu..Cu distances are between 3.087(2) and 3.541(4)Å at RT.51 The emission of the 
solid at room temperature and of both solid and toluene solution at 77K are 
reported in Figure S11 and relative data are reported in Table S1. The emission at 35 

620 nm in solution is extremely weak, and the spectral features confirm a 3MLCT 
nature of the transition. The solid shows an emission band at 492 nm at room 
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temperature and a more vibrationally resolved emission that peaks at 442 nm at low 
temperature, with no strict evidence of dual behavior. The RT spectrum is blue-
shifted with respect to form [CuI(PPh3)]4 1b, indicating that the substitution of the 
halogen has effect on the transition, that can be thus of 3XMCT (CC) nature. At low 
temperature the emission appear blue shifted compared to the HE band of form 1b 5 

and with features suggesting a  mixed 3XLCT/LC character. The LE band in this 
case can be weak and hidden by the tail of the other band, due to the closeness in 
energy of the two states. The low temperature emission in solution has a spectral 
shape coincident with all the other cases, indicating independence from the halogen 
and confirming a 3MLCT/3LC nature. Compound [CuI(PPh3)1.5]2 emits at 482 nm at 10 

room temperature and at 414 nm at 77K with no evidence of dual emission (Figure 
9c). The Cu-Cu distances in this case are much longer than the sum of the orbital 
interaction radii (3.044(5) Å) and this leads to describe the luminescence at room 
temperature in terms of 3XLCT phosphorescence; the excitation spectrum recorded 
at 482 nm is in line with this analysis. The excitation spectrum measured at 414 nm 15 

at low temperature, instead, is markedly blue-shifted, suggesting a more pronounced 

LC nature of the emission, supported also by the long lifetime of 397µs. It can be 
noticed that in all the three previously discussed cases the 77K solid state emission 
(considering the HE bands for polymorphs 1a and 1b) is very similar for spectral 
features and lifetime to that registered in solution at the same temperature and this 20 

point to a similar nature of the emitting excited state that clearly involves the ligand 
orbitals. [CuI(PPh3)]4 (form 2), that is non-emissive in solution, shows a very weak 
luminescence also in the solid state. The room temperature emission, centered at 527 

nm with a lifetime of 3.4 µs, slightly blue-shifts at 515 nm at low temperature, with a 

lifetime of 11.7 µs (Figure 9d and Table 2). The excitation spectrum at room 25 

temperature show a sharp absorption at 354 nm, responsible of the observed 
emission (excitation below 300 nm yielded a more broadened and red-shifted 
emission).  In this compound, the crystal data evidenced the presence of only one 
Cu-Cu distance in the unit cell of 2.83 Å (Table 1), close to the orbital interaction 
limit, so the observed weak emission can be tentatively interpreted in terms of 30 

3XLCT emission at both temperatures. 
 
 
 
 35 
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Table 1.2 | Luminescence parameters of the ligand and Cu(I) complexes in air-free toluene solutions and 
in the solid state, at room temperature and at 77 K. 

 
  Emission at r.t.  Emission at 77 K  

!maxa/ nm !emb "c/ µs  !maxa/ nm "c/ µs 
PPh3 

 
Solution 

Solide 
468 
437 

6.0 ! 10-3 
 

0.6 ! 10-3 
0.8 ! 10-3 

 445 
434 

13.6 ! 103 
2.4 ! 103 

[CuI(PPh3)]4 1a 
 

Solution 
Solid 

628 
544 

2.9 ! 10-3 
 

0.26 
4.7 

 412 
410, 591 

224.8 
117.3, 26.0 d 

[CuI(PPh3)]4 1b 
 

Solution 
Solid 

628 
518 

1.7 ! 10-3 
 

0.22 
3.2 

 412 
434, 516 

190.4 
271.8, - 

[CuI(PPh3)1.5]2 

 
Solution 

Solid 
620 
482 

1.9 ! 10-3 
 

0.28 
7.1 

 412 
414 

185.8 
397.0 

[CuI(PPh3)]4 2 
 

Solution 
Solid 

- 
527 

- 
 

- 
3.4 

 - 
515 

- 
11.7 

aFrom corrected emission spectra.b Emission quantum yields in solution, determined by comparing 5 

corrected emission spectra, using quinine sulfate in air-equilibrated 1 N H2SO4 (!em = 0.546)52 as a 
standard for PPh3 and [Ru(bpy)3]Cl2 in air-equilibrated water (!r = 0.028)52 as a standard for the 
complexes, excitation at 300 nm for PPh3 and at 330 nm for the complexes.c Excitation at 278 or 300 nm 
for PPh3 and at 331 nm for the complexes.d A rise time of 7.3 µs is detected, see text. e Emission spectra 
of PPh3 in the solid state are shown in Figure A10. 10 

Figure 1.9 | Normalized emission and excitation spectra of solids (a) [CuI(PPh3)]4 form 1a, (b) 
[CuI(PPh3)]4 form 1b,(c) [CuI(PPh3)1.5]2 and (d) [CuI(PPh3)]4 form 2, at room temperature (thick solid 
lines) and at 77 K (dashed lines). For (a) and (b) the excitation spectra at 77K measured on the HE band 
are reported as dashed lines whereas those measured on the LE band are reported as thin solid lines. 
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Conclusions 

Our study confirms the tendency of organophosphine copper(I) iodide compounds 
to form polynuclear complexes of different structural types but of similar stabilities. 
On the other hand the observation of the existence of two polymorphs: [CuI(PPh3)3] 
a and b and [CuI(PPh3)]4 1a and 1b for both species suggests also the propensity of 
organophosphine copper(I) iodide compounds to afford polymorphic modifications, 
probably because of the flexibility of Copper(I) in coordination systems.  
The extensive photophysical characterization in solution and solid allowed to a 
deeper understanding on the nature of the emissive bands. Room temperature 
emission is postulated to be of 3CC nature also in compound [CuI(PPh3)]4 (form 1b) 
which has Cu--Cu distances longer than 2.80 Å, a behavior not observed in similar 
complexes with nitrogen based ligands. The experimental evidence suggests that the 
3CC excited state  has a predominant halide-to-metal charge transfer (XMCT) 
nature, which is in agreement with the absence of bathochromic shift in lowering the 
temperature. The contraction of the cubane cluster [CuI(PPh3)]4 (form 1a) at low 
temperature reduces the distances among the Cu atoms till 2.7431(4) Å, which is 
shorter than the sum of the van der Waals radii. In this case the 3CC emission can be 
considered of both d !s,p metal centered and XMCT nature, and the red-shift of 
the LE band at low temperature is indicative of the effect of the shortening of the 
Cu—Cu distance on the transition. In solution the HE bands are described as mixed 
3MLCT/3LC. 
In summary, we have prepared and characterized a rather unusual pair of 
polymorphs and isomers and studied their interconversion and luminescence 
properties. Our results have established that [CuI(PPh3)3] as form a is more stable 
than as form b at RT, while in the case of the tetrameric compounds [CuI(PPh3)]4 
form 1b is more stable than form 1a. The relative stability of the isomers, on the 
other hand, depends on the nature of the solvent. [CuI(PPh3)]4 as form 1b converts 
into form 2 in presence of solvents such as ethanol, acetonitrile and 
dichloromethane, while the reverse reaction takes place only in slurry in toluene. The 
conversion can be easily detected by naked eye because forms 1b and 2 show a 
dramatic difference in the emission yield and the system could be used as a switch-
on/ switch-off signal. 

Experimental Section 

Synthesis of [CuI(PPh3)3] forms a and b 

The synthesis of the two forms a and b of compound [CuI(PPh3)3] was carried out 
by utilizing the experimental instruction as previous reported in literature.29 
Stoichiometric quantities of CuI (1 mmol, 0,190 g) and PPh3 (3 mmol, 0.786 g) were 
refluxed for 2-4 hours in chloroform and the hot, clear solution has been filtered. 
On slow cooling and evaporation of the solvent, the products have been separated 
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as colourless crystal. A mixture of polymorphs a and b was obtained. 
An also different synthetic strategy has been developed to make [CuI(PPh3)3] b: 
CuI salt (1 mmol; 0.190 g) was dissolved in dimethylchloride under reflux then a 
solution of PPh3 (3 mmol; 0,786 g) in n-hexane was added. After two days colourless 
crystals of [CuI(PPh3)3] b appeared. 
Polymorph b was also obtained exposing: a) a 1:1 molar ratio physical mixture of 
CuI and PPh3 to vapour of toluene; b) a 1:2 molar ratio physical mixture of CuI and 
PPh3 to vapour of toluene, acetonitrile and dichloromethane; c) a 1:3 molar ratio 
physical mixture of CuI and PPh3 to vapour of toluene, acetonitrile. 

Synthesis of [CuI(PPh3)1.5]2 

The synthesis of [CuI(PPh3)1.5]2  was previously reported in literature.32 We report an 
alternative synthetic strategy. CuI (1 mmol, 0.190 g) was dissolved in 20mL of 
acetonitrile stirring at 70 °C. Then, a solution of PPh3 (2 mmol, 0.524g) in AcCN (20 
mL) was added to the clear solution. The solution was stirred at 70°C over-night, 
crystals with prismoidal shape appears after two days. 

Synthesis of [CuI(PPh3)]4  form 1a e [CuI(PPh3)]4  form 1b 

The synthesis of compound [CuI(PPh3)]4 form 1a has been made utilizing the 
experimental instruction as previous reported in literature.29 CuI (1 mmol, 0.190g) 
and PPh3 (1 mmol, 0.262 g) have been refluxed overnight in toluene. Very slow 
cooling (overnight) of the resultant clear solution to room temperature resulted in 
well formed crystal of the complex [CuI(PPh3)]4.

 

As best described in discussion section, we had some difficulties to re-prepare 
[CuI(PPh3)]4 form 1a, the second time we followed the above described experimental 
procedure, we obtained a mixture of polymorph 1a and 1b, and from the third time 
on, we obtained always the most thermodynamically stable polymorph 1b.  
Compound [CuI(PPh3)]4 form 1a could be re-prepared in drastically kinetic 
conditions; copper(I) iodide (0.190g, 1 mmol) was dissolved in toluene under reflux 
and than a solution in toluene of PPh3 (0.262 g, 1 mmol) has been added, the 
transparent solution  was suddenly evaporated under reduced pressure. The 
predominant compound was mainly 1a even if minor quantity of 1b have been 
observed. 

Synthesis of [CuI(PPh3)]4  form 2 

The synthesis of compound [CuI(PPh3)]4 form 2 was made utilizing the experimental 
instruction as previous reported in literature.20 Stoichiometric quantities of CuI (1 
mmol, 0190g) and PPh3 (1 mmol, 0.262g)were refluxed for 1 hour in chloroform and 
the hot, clear solution filtered. On slow cooling and solvent evaporation, the 
product separate as colourless crystal. 
The same compound has been obtained grinding physical mixture of CuI and 
triphenylphosphine in 1:1 molar ratio with two drops of toluene or grinding physical 
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mixture of CuI and triphenylphosphine in 1:2 and 1:3 molar ratio with two drops of 
acetonitrile. 
 
Photophysics: Solvents used for photophysical determinations were of 
spectroscopic grade (C. Erba). Dilute solutions were analyzed in 10 mm path length 
square optical Suprasil Quartz (QS) cuvettes at room temperature, solid samples 
were placed inside two quartz slides, while capillary tubes immersed in liquid 
nitrogen in a home-made quartz Dewar were used for measurements at 77 K for 
both solids and solutions. The absorption spectra of solutions were obtained with a 
Perkin-Elmer Lambda 950 UV/vis/NIR spectrophotometer, whereas reflectance 
spectra of solid samples were acquired on a Perkin-Elmer Lambda 9 UV/vis/NIR 
spectrophotometer equipped with a 60 mm integrating sphere. 
Emission and excitation spectra were measured in a SpexFluorolog II 
spectrofluorimeter, equipped with a Hamamatsu R928 phototube, in right angle 
mode for solutions and front face mode for solids. Corrected emission spectra are 
reported, the uncertainty on the band maxima is 2 nm. Luminescence quantum 
yields in solution were evaluated from the area of the luminescence spectra, 
corrected for the photomultiplier response, with reference to quinine sulfate in air-

equilibrated 1 N H2SO4 (!em = 0.546)52 for PPh3 and to [Ru(bpy)3]Cl2 in air-

equilibrated water (!r = 0.028)52 for the complexes. The samples, with absorbances 
< 0.1, were bubbled with Ar for approximately 15 min and sealed in home made 10 
mm optical cells. The luminescence tail of toluene emission below 450 nm was 
previously subtracted from the spectra. 

Luminescence lifetimes in the range 0.5 ns – 100 µs were measured with an IBH 
5000F time-correlated single-photon counting device, by using pulsed NanoLED 

excitation sources at 278 or 331 nm (pulse width ! 0.6 ns). Longer lifetimes were 
measured on the same IBH 5000F TCSPC device, by using a pulsed SpectraLED 
excitation source at 370 nm or on a Perkin-Elmer LS-50B spectrofluorimeter 
equipped with a pulsed Xe lamp and in a gated detection mode. Analysis of the 
luminescence decay profiles against time was accomplished with the Decay Analysis 
Software DAS6 or with the PHOSDecay Software provided by the manufacturers, 
with an estimated error on the lifetimes of 10%. In some cases the low temperature 
luminescence of the solid samples showed multiexponential decays; Table 2 reports 

lifetimes corresponding to pre-exponential factors > 80%. 
X-ray powder diffraction: X-ray powder diffractograms were collectedon a 
PanalyticalX’Pert PRO automated diffractometer with CuK! radiation and 
X’Celerator detector without a monochromator equipped with a Anton Paar TK 450 
chamber to collect data at low temperature.  The program PowderCell53 was used for 
calculation of X-ray powder patterns. 
Crystal structure determination: Crystal data for 1a and 1b  were collected on a 
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Oxford Xcalibur S with MoK! radiation, " =0.71073 Å, monochromatorgraphite 
and equipped with a liquid nitrogen Oxford-Cryostream device. 
Crystal data and details of measurements are summarized in Table S2. SHELX9754 
was used for structure solution and refinement based on F2. Non-hydrogen atoms 
were refined anisotropically. Hydrogen atoms bound to carbon atoms were added in 
calculated positions. Mercury55 was used for the graphical representation of the 
results. 
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Abstract: A metal organic framework (MOF) based on the cluster of [Cu4I4DABCO2] (1) (DABCO=1,4-
diazabicyclo[2.2.2]octane), MOF 1, shows a bright emission with maximum at 556 nm and emission 
quantum yield of 0.53 in the solid state. When the large cavities of the MOF are loaded, during the 
synthesis, with different amounts of ferrocene (FeCp2, [(!5-C5H5)2Fe(II)]), MOF 1 luminescence decreases 
with the increase of ferrocene content, reaching an almost complete quenching for 3.5% w/w of cage 
loading, corresponding to the complete filling of the MOF cavities. When an electric potential is applied 
to the FeCp2@MOF 1 deposited onto an ITO glass, the Fe(II)Cp2 is oxidized to Fe(III)Cp2+, and the 
MOF 1 emission is partially switched on again, indicating that a photoinduced electron transfer reaction is 
contributing to the quenching process. 
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Introduction 

In the last decades, crystal engineering has developed a new concept of supramolecular 
chemistry in the solid state. Crystal engineers are devoted to the design and synthesis of 
new crystalline solids with desired physical and chemical properties starting from an 
adequate choice of molecular building blocks and framework structures. 
The crystal engineering paradigm has led us to the idea of using this approach to 
construct crystalline devices. As a device is “a thing made for a particular purpose”[1] 
which is made of different pieces with different functionalities assembled together, in 
the same way, a crystalline device is a crystal made of different molecules with different 
chemical functionalities assembled together to obtain a final material whose properties 
can be activated by appropriate external stimuli.  
Metal-organic frameworks (MOFs), which are nowadays extensively studied for 
biology[2], drug delivery[3], gas storage/uptake[4], separation[5], sensing[6] and catalysis,[7] are 
good candidates for the construction of such crystalline devices, since they are 
characterized by a robust framework and cavities to allocate guest molecules. The 
exploitation of the interactions between host and guest to tune some specific bulk 
properties (i.e. luminescence, magnetism ect.) is not novel and there is a number of very 
educative examples.[8] 
In our approach the crystalline device is based on the idea of having a guest molecule 
trapped into a luminescent MOF which can be subjected to external physical “stimuli” 
to modify host-guest interactions within the MOF and consequently the host 
luminescence.[9] From this viewpoint a crystalline device can be considered as a higher 
level step of crystal engineering since the final properties of the device are derived from 
the tunable combination of the specific properties of the host and of the guest.  
We have focused our attention on MOFs based on CuI clusters since they are 
characterized by a bright luminescence,[10] the metal precursor is cheap and readily 
available and they are easy to prepare also via solvent free reactions[11]. The luminescent 
properties of copper(I) halide aggregates have been extensively studied by Ford et al.[12] 
who showed that luminescent behaviour and geometry of the aggregate are strictly 
related, especially when the copper atoms coordinate saturated ligands  since the 
luminescence, arising from the so called “cluster-centred”(CC) excited states, occurs 
only when the Cu!!!Cu distance is lower than the sum of the orbital interaction radii.[12c] 
Herein we report on the photochemical and electrochemical properties of MOF 1, 
which is made of nodes based on Cu4I4 cubane clusters and a saturated amine (DABCO, 
1,4-diazabicyclo-[2.2.2]octane) as a secondary building units, loaded with different 
amounts of FeCp2 [(!5-C5H5)2Fe(II)] molecules. The overall structure of MOF 1 presents 
large cavities connected by small channels which permit the exchange of small guest 
molecules such as ethanol, methanol, acetonitrile etc.[10] Otherwise, large guest 
molecules can be embedded into the framework during the synthesis; these guest 
molecules are trapped in the cavities without any possibility to leave from the structure.  
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Figure 2.1 | The left side of the figure represents the situation in which the MOF is “turned on” as a light 
bulb in a closed electrical circuit; on the right part, the electrical circuit is improved with a switch and the 
MOF is loaded with ferrocene. Upon oxidation/reduction of the ferrocene the MOF luminescence can 
be turned on/off.  

 
We chose to load the MOF 1 with ferrocene (FeCp2) since it is an optimum candidate to 
build a crystalline device: in fact, FeCp2 can in principle interact with the excited states of 
the cage. Ferrocene is widely used as luminescence quencher and electron donor in 
supramolecular photochemistry, analytical chemistry and biology[13]. The relatively low 
energy of its lowest triplet excited state (ca. 1.16 eV)[14] and a low oxidation potential (ca. 
0.45 V vs SCE in polar solvents),[15] allows ferrocene to act as an efficient triplet excited 
state quencher in triplet-triplet energy transfer processes and as an electron donor in 
photoinduced electron-transfer reactions.[16] In the literature, only few reports describe 
the occurrence of host-guest photoinduced energy-transfer processes in the solid state 
between MOF hosts and permanently loaded guests.[17] Among these, in two cases 
ferrocene has been used as guest and the observed luminescence quenching of the 
Tb(III)-based[17b] and Zn(II)-based[17c] MOFs has been interpreted in terms of energy-
transfer processes. Additionally FeCp2 is characterized by a low oxidation potential, so 
that it can be easily oxidized by conventional electrochemical techniques (external stimuli) 
and finally it has appropriate dimensions to fit the MOF 1 cavities preserving the 
original organometallic network. As planned, once ferrocene is loaded into the MOF 
structure, the FeCp2@MOF 1 luminescence is turned off; applying an electric potential 
to the FeCp2@MOF 1 deposited onto an ITO glass, Fe(II)Cp2 is oxidized to Fe(III)Cp2

+, 
which differently interacts with the excited states of the cage and the luminescence of 
MOF 1 is partially “turned on” again. Thus FeCp2@MOF 1 represents a remarkably 
simple and reversible switch off/switch on solid state system. It is worth pointing out 
that, although chemical systems working on “on/off signal” are known in solution in 
supramolecular chemistry[18] this is the first time, to the best of the authors knowledge, 
that luminescence is controlled by external stimuli in an all-sufficient MOF-guest system 
in the solid state. 
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Results and Discussion 
 
Quantification of FeCp2@MOF: MOF 1, as reported in our previous work,[10] is based 
on Cu4I4 clusters bridged by saturated N-donor DABCO ligands; the crystalline 
structure presents two mono-dimensional channels that contain disordered solvent 
molecules. One channel is centred at the origin of the unit cell and it develops along the 
c axes with an accordion-like shape, whereas the second channel is centred on ! a and 
! b and is parallel to the first one. The solvent molecules trapped in the channels can 
be exchanged by exposure of MOF 1 to vapour of different solvents.[10]  

 

 

 
 

Figure 2.2 | Voids analysis in channels of MOF 1. View of the crystal structure of MOF 1 along c axes (a) 
and along b axes (b). One channel is centred on the origin and is characterized by cavities with a diameter 
up to 16.18 Å connected by apertures with diameter of 7.06 Å and a total volume of 650 Å3 per unit cell, 
whereas the second channel is centred on ! a and ! b and it has a diameter of 7.07 Å with volume of 
322 Å3 per unit cell (distances are measured from diagonally opposite hydrogen atoms in the channel). 
The channels (highlighted in green) are calculated with Mercury[19]: light green is outer surface, dark green 
is the inner surface. 
 
 

When the synthesis of MOF 1 is carried out in acetonitrile solution in presence of 
different amounts of ferrocene, the products obtained present the same powder pattern 
of MOF 1 (Fig B.1). This suggests that the ferrocene has appropriate dimensions to be 
accommodated into the cavities without modifying the network structure. Atomic 
absorption spectroscopy technique (AAS) with external standard method has been used 
to determine the real amount of ferrocene loaded into the channels for each synthesis. 
As described in Figure 3, increasing the amount of ferrocene dissolved in solution 
corresponds to a loading curve of ferrocene into the channels that reaches a plateau at 
3.5% w/w of loading, when in the solution is present only 10% in mole of ferrocene 
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with respect to the amount of CuI used. It derives that 3,5% w/w of loading 
correspond to the maximum amount of ferrocene that can be accommodated into the 
cavities in the accordion-like channels and can be reasonably associated to the complete 
filling of the MOF channels with ferrocene units. The plateau value of loading also 
corresponds to the almost complete quenching of MOF luminescence, as discussed in 
details below. The product with the highest percentage of loading (3.51 % w/w) will be 
indicated in the following text as FeCp2@MOF 1. 

 

 
 

Figure 2.3 | Photochemical behaviour of FeCp2@MOF 1 with different FeCp2 content. Percentage of 
FeCp2 dissolved in solution vs. percentage of FeCp2 loaded into the channels (black line) and vs. absolute 
emission quantum yield (red line). The empty red squares refer to !em values below instrumental 
resolution. 

 
 
Photophysical characterization: A comprehensive photophysical study has been 
carried out on MOF 1 and on the ferrocene loaded systems. Reflectance spectra of solid 
samples of MOF 1 loaded with the different amounts of ferrocene evidence the 
presence of the guest inside the MOF pores. An absorption band peaking around 430 
nm, not present in the spectrum of pristine MOF 1, in fact, gradually appears in the 
spectra of the ferrocene containing samples (Fig. B.2). This is consistent with the 
absorption contribution of ferrocene, which shows a main absorption peaks at ca. 440 

nm (" ! 100 M-1 cm-1 in organic solvents).[16c, 20] Solid-state photoluminescence of MOF 
1 is characterized by a broad luminescence band, peaking at 556 nm, and by an 
excitation profile in the 250-400 nm region.[10] The emission is ascribed to a triplet 
excited-state of cluster-centered (CC) nature, i.e. of mixed iodide-to-copper charge 
transfer (XMCT) and d!s-p copper-centred (MC) nature; these transitions originate in 
the Cu4I4 core only when the Cu!!!Cu distance in the cluster is lower than the sum of 
the orbital interaction radii. The large Stokes shift (10700 cm-1) is explained by the high 
distortion of the CC state with respect to the ground state.[12b, 21] 
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Table 2.1. Luminescence data of solid MOF 1 loaded with various amounts of FeCp2 indicated as 
percentage w/w, as measured by AAS. 

 
% FeCp2  !em[a] " / µs[b] 

0 0.532 ± 0.015 14.4  
1.10 0.429 ± 0.009 8.0 [d] 

9.8 (73%); 3.2 (27%) 
1.90 0.170 ± 0.022 4.5 [d] 

5.4 (76%); 1.8 (24%) 
2.80 0.041 ± 0.004 n.d. 
3.30 0.016 ± 0.004 n.d. 
3.40 -[c] - 
3.10 -[c] - 
3.51 -[c] - 

 
[a]Absolute emission quantum yields, excitation at 334 nm. [b] Luminescence lifetimes, excitation at 331 
nm. [c] Below instrumental resolution. [d] Weighted average value. n.d. is not detected. 

 

The absolute emission quantum yield of solid MOF 1, 0.53 (Table 2.1), is a remarkably 
high value for copper based solid materials. The loading of ferrocene into the MOF 
pores unequivocally leads to a quenching of MOF 1 luminescence, with a clear inverse 
relationship between the percentage (w/w) of loaded FeCp2 and the MOF emission 
quantum yield (Figure 2.3 and Table 2.1). A visualization of the quenching effect of the 
ferrocene loading on the photoluminescence of the solid MOF material can be pursued 
comparing emission spectra of samples characterized by different loadings (Fig. B.3), 
obtained with the use of an integrating sphere (see Experimental Section for details).  

Also the luminescence lifetime of solid MOF 1 (14.4 µs, Table 1) decreases with the 
increasing amount of ferrocene loaded inside the MOF pores. Whereas the emission of 
MOF 1 shows a mono-exponential decay, the luminescence of the ferrocene loaded 
MOF samples show multi-exponential decays that can be reasonably fitted by bi-
exponential functions (Table 2.1). This behaviour can be ascribed to a non-
homogeneous location of the ferrocene guest molecules inside the MOF structure. 
Considering a weighted average lifetime for the MOF luminescence in the presence of 
ferrocene (Table 1), the lifetime quenching roughly follow that of the emission quantum 
yield. Above 1.90 % (w/w) of loading, the lifetime is not measureable. MOF 1 
luminescence decays at different amounts of loading are reported in Figure B.4. 

On the basis of the absolute emission quantum yield values, that give a more definite 
quantification of the quenching effect with respect to the measured lifetimes, a Stern-
Volmer analysis has been performed. Mathematical treatments that include static 
quenching in the pristine Stern-Volmer equation have been afforded for solution cases 
where both diffusional and static quenching can occur. Generally, static quenching can 
be due either to the formation at the ground state of a non-fluorescent complex or to a 
high probability that the chromophore and the quencher happen to be adjacent in space 
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when the chromophore is excited. This causes an upward deviation from the linearity of 
the Stern-Volmer relationship and a modified equation, (1), has been derived: [22] 

 
!!
! ! !! !! ! !!!!!!!     (1) 

 
F and F0 are, respectively, the quenched and unquenched emission intensities, KD is the 
dynamic Stern-Volmer constant, [Q] is the quencher concentration, V is the active 
volume surrounding the chromophore where the quencher should exist to have static 
quenching and Y is a factor that embodies quenching due to transient effects. In the 
present case, where diffusion of the quencher is precluded by the crystalline nature of 
the system, the diffusional term can be neglected (KD = 0) and only the term accounting 
for the static quenching has to be considered. The concentration of the quencher can be 
expressed as molar fraction (x) of the loaded ferrocene, calculated considering the moles 
of FeCp2 and the moles of the [Cu4I4DABCO2] cluster in the MOF (Tab. B.1), i.e. the 

minimal photoactive cell in the structure (see below). A plot of !0/! as a function of the 
ferrocene molar fraction is reported in Figure 4. It can be seen that the fitting based on 
equation (2) is excellent (Figure 4).    

 

            !!!
! !! ! !!!!!       (2) 

 

The observed trend is reasonable also considering that a ferrocene molar fraction of 
0.16 corresponds to the total loading of the MOF pores with ferrocene (vide supra) and 
that from the crystallographic data it can be estimated that each pore able to host a 
ferrocene unit is surrounded by eight [Cu4I4DABCO2] clusters. 
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Figure 2.4 | Modified Stern-Volmer Plot of MOF 1 emission quenching as a function of the molar 
fraction of FeCp2 and fitting of the data (R2 = 0.997, V = 43.38, Y = 23.11, solid line) according to 
equation (2), see text. 
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Electrochemical characterization: The electrochemical properties of MOF 1 and 
FeCp2@MOF 1 films supported onto a conducting substrate have been investigated by 
cyclic voltammetry (CVs) in various solvents (PBS or acetonitrile). CV is a quite 
powerful tool for exploring the redox behaviour of MOFs.[23] The CV of MOF 1 in 
acetonitrile, (Figure 5a solid line), shows one large irreversible oxidation peak at 1.3 V 

(vs. SCE). A re-reduction peak located at !0.5 V is observed in the reverse scan, thus 
suggesting that the [Cu4I4DABCO2] cluster would undergo a relatively slow but 
reversible redox process. However, subsequent scans showed the gradual decrease of 
the CV peaks that was attributed to the irreversible loss of electroactive material 
associated to degradation of the films upon oxidation of the MOF.   
Interestingly, the presence of the ferrocene moiety embedded within the MOF structure 
is clearly evidenced by the different CV behaviour of FeCp2@MOF 1 with respect to 

pristine MOF 1. In particular, the oxidation process taking place at !0.4 V (see Figure 5a 
dashed line) is likely to be associated to the Fe(III)Cp2

+/Fe(II)Cp2 couple. 
 

      
 

Figure 2.5 | Electrochemical analysis of both MOF 1 and FeCp2@MOF 1. a. Cyclic voltammetry of MOF 
1 (solid line) and FeCp2@MOF 1 (dashed line) in CH3CN, 80 mM TBAH, scan rate 100 mV s-1. b. Cyclic 
voltammetry of FeCp2@MOF 1 in PBS solution, scan rate 50-100-200-500 mV s-1. Inset: peak current vs. 
scan rate.  
 

In line with this attribution, the peak current of the anodic peak (with E1/2 = 0.45 V) 
displayed in Figure 5b was found to depend linearly on scan rate (see inset in Figure 5b), 
as typically observed for surface-immobilised species. Furthermore, the large irreversible 
anodic peak at 1.3 V (and its cathodic counterpart at 0.5 V) in pristine MOF 1 is largely 
decreased and is replaced, in the case FeCp2@MOF 1, (Figure 5a, dashed line), by a 
weak shoulder superimposed onto the increasing background current. Such a behaviour 
was interpreted as the consequence of the electrostatic repulsion induced by the 
embedded ferrocinium guests that would shift the MOF 1 oxidation towards more 
positive potentials, i.e., outside the investigated potential window.  
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Figure 2.6 | a. Applied potential dependent PL spectra of MOF 1 in PBS solution upon the excitation at 
350 nm (applied potential from the top 0-300-400-600-800-900-1000 mV). b. Differential emission 
spectrum of FeCp2@MOF 1 in PBS solution obtained upon excitation at 350 nm upon oxidation of 
FeCp2 (at 0.75 V). PMT bias 750 V. Potential are reported vs. SCE.  
 

Significant changes in the emittive properties of MOF 1, were brought about by changes 
of its redox state carried out electrochemically at MOF 1 drop-cast films onto ITO 
electrodes. Figure 6a shows the progressive bleaching of MOF 1 emission obtained by 
the progressive increase of the applied potential, from 0 to 1.0 V. Reversal of the 
applied potential, however, did not produce any sizeable recovery of emission intensity, 
in line with the above hypothesis of film degradation under oxidative conditions.  
By contrast, in FeCp2@MOF 1, where emission is fully quenched in the pristine state 
(see above), a sizeable - although rather weak - emission was obtained upon oxidation at 
0.75 V, that corresponds to the full oxidation of the embedded ferrocene moieties, 
Figure 6b. From this point of view, FeCp2@MOF 1 would then behave as a crystalline 
photo-device where emission is controlled by the redox state of the guest, although the 
full reversibility of such a process could not be proved under the present conditions due 
to low stability of films.  

 
Deactivation of photoexcited FeCp2@MOF 1.   
Energy transfer vs. electron transfer routes: The emissive triplet excited state of 
MOF 1 copper cluster has an energy content of 2.15 eV, value that can be derived from 
the emission data at 77K.[10] An energy-transfer process toward the ferrocene lowest 
singlet excited state can be excluded by the high energy content of the latter (2.70 eV).[13] 
The lowest triplet excited state of ferrocene can instead come into play; it has been in 
fact recently reported to lie at 1.16 eV[14] compared to ca. 1.70 eV of previous 
assignments.[13, 20, 24] Triplet-triplet energy transfer, would be thus strongly exothermic of 
ca. 1.0 eV and spin allowed. This process would probably occur via a Dexter type 
mechanism, although a quantitative discussion on the energy-transfer mechanism is 
prevented by the lack of data on the absorption profile corresponding to the population 
of the ferrocene triplet. The occurrence of an electron transfer process leading to the 
quenching of the emissive excited state of the MOF cluster has also to be considered. In 
the solid state, at a difference with the solution case, the kinetics and the 
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thermodynamics of photoinduced electron transfer reactions are less predictable, mainly 
due to the difficulties in the estimation of the dielectric constant of the medium and in 
the prediction of its influence on the process.[25] Estimation of the energy content of the 
charge-separated (CS) state can thus be attempted only on the basis of the oxidation and 
reduction potentials of the donor and the acceptor partners, respectively.  In the present 
case, transfer of an electron from the HOMO of the ferrocene to the partially empty 
HOMO of the MOF triplet excited state would lead to a CS state characterized by a 
reduced MOF copper cluster and an oxidised ferrocene unit. The electrochemical data 
show that FeCp2 oxidizes easily in FeCp2@MOF 1, at 0.45 V vs. SCE (in agreement with 
literature data),[15b] whereas the reduction peak of MOF 1 is not observable in the 0/-0.5 
V explored window and this leads to assume a value more negative than -0.5 V for the 
reduction potential of MOF 1. The CS energy level can be thus approximately located at 
a value higher than 0.95 eV, i.e. reasonably below the level of the MOF triplet. Both 
energy transfer and electron transfer can thus contribute to the observed quenching of 
MOF emission, with a major contribution of the former.  
The spectroelectrochemical outcomes evidence that oxidation of the ferrocene inside 
the MOF produces a sizeable weak recovery of emission. Following the reasoning, the 
observed recovery can be ascribed to the block of the reductive electron transfer from 
FeCp2 to the excited MOF when ferrocene is in its oxidized state. The low value of 
recovery could be explained considering that: i) the ferrocene units deeply located in the 
MOF sample are experimentally difficult to oxidize, ii) the energy transfer process, 
reasonably less affected by the oxidation state of ferrocene, continues to be effective, iii) 
another quenching mechanism, i.e. an oxidative electron transfer from the MOF excited 
state to the ferrocenium unit, can come into play. The estimated energy of this CS state 
is, in fact, 0.85 eV (derived from Eox(MOF 1) = 1.30 V and Ered Fe(III)Cp2+/Fe(II)Cp2 = 0.45 V vs 
SCE): the driving force might render the oxidative electron transfer competitive with 
the energy transfer process. 
 
Conclusion 
 

In this paper, the crystalline device FeCp2@MOF 1 has been prepared and fully 
characterized. The MOF 1 has been shown to accept ferrocene molecules in the 
channels as guest molecules in a broad composition range and ferrocene interacts with 
the MOF structure acting as a luminescence quencher. The emission quantum yield of 
the MOF can be decreased until a complete switch off as a function of the ferrocene 
loading. An exhaustive photophysical and electrochemical characterization has been 
carried out on FeCp2 loaded MOF 1. The experimental evidence can be interpreted in 
terms of both energy and electron transfer processes, with a prevalent contribution 
from the first. Upon oxidation of the guest the emission can be partially recovered. 
Importantly, as required for a crystalline device the emission of FeCp2@MOF 1 can be 
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“switched on and off” by applying an external stimulus, in our case upon electrochemical 
oxidation of the embedded ferrocene. 
 
Experimental Section 
 
General: All glassware was dried in an oven set to a temperature of 80 °C for 24 h prior 
to use. All reagents were purchased from Sigma Aldrich and used without further 
purification.   
MOF 1: MOF 1 has been prepared as described in literature.[10] 
FeCp2@MOF 1: CuI (0.190 g, 1 mmol) has been dissolved under stirring at 70 °C in a 
solution of ferrocene in 40 mL of acetonitrile.  An acetonitrile solution of DABCO 
(1.34 g, 1.2 mmol) has been added to the previous one under stirring when all CuI salt 
has been dissolved. The weight percentage of ferrocene into the MOF is proportionate 
to the amount of ferrocene dissolved in the solution during the synthesis according to 
the list in brackets (1.10%=0.0019 g, 0.01 mmol; 1.90%=0.009 g, 0.05 mmol; 
2.80%=0.0186 g, 0.10 mmol; 3.30%=0.0372 g, 0.20 mmol; 3.40%=0.0930 g, 0.5 mmol, 
3.10%=0.148 g, 0.8 mmol; 3.50%=0.186 g, 1 mmol). Increasing the amount of FeCp2 
embedded inside the MOF, the powder colour verging turned on yellowy (due to the 
ferrocene absorption contribution in the 400-500 nm range, see main text). 
AAS: External standard method has been performed to determine the amount of FeCp2 
trapped into the MOF. The amount of FeCp2 has been determined by interpolation 
with the standard line obtained analysing five different standard solutions in HCl 0.5 M 
with 0.25 ppm, 0.50 ppm, 1.0 ppm, 1.5 ppm, 2.0 ppm and 3.0 ppm of Fe(II) 
respectively with a Perkin Elmer AAnalyst 400. 
Photophysics: All determinations made use of powder samples placed inside two 
quartz slides. Reflectance spectra of solid samples were acquired on a Perkin-Elmer 
Lambda 9 UV/vis/NIR spectrophotometer equipped with a 60 mm integrating sphere. 
Each spectrum is the average of 2-3 measurements. Absolute photoluminescence 
quantum yields were measured according to the method of deMello,[26] by using an 
integrating sphere and an originally developed apparatus.[27] The excitation source was 
composed by a mercury lamp and a band pass interference filter at 334 nm; all 
measurements were repeated three times. The limit of detection of the system is 2%. 
Luminescence lifetimes were measured with an IBH 5000F time-correlated single-
photon counting apparatus, by using a pulsed NanoLED excitation source at 331 nm. 
Analysis of the luminescence decay profiles against time was accomplished with the 
Decay Analysis Software DAS6 provided by the manufacturer, with an estimated error 
on the lifetimes of 10%. Lifetime measurements have been repeated from three to five 
times. 
Electrochemistry: The CV study was carried out on drop-cast films obtained by 

deposition of 50 µl from an acetonitrile suspension on an optically transparent electrode 
surfaces (OTE). Electrochemical measurements were carried out with an AUTOLAB 
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electrochemical station (Ecochemie, Mod. PGSTAT 30). All the electrochemical 
experiments were carried out in a PTFE cell with a 3 mm diameter aperture and with an 
O-ring placed on top of the ITO substrate and tightened using two connecting screws. 
Thin films of the MOF were formed on the working electrodes by applying a drop (~50 
!L) of a 1% (w/v) CH3CN solution of the MOF to the electrode surface,[28] this was 
allowed to dry in the dark for 12 h, the counter electrode was a platinum spiral and the 
reference electrode was a SCE electrode.  
Spectroelectrochemistry: Spectroelectrochemical measurements were performed with 
a Varian (Cary Eclipse) spectrofluorimeter. Thin films of the MOF were formed as 
previously described (see electrochemical experimental session). The 
spectroelectrochemistry measures were carried out in an airtight single-compartment cell 
described elsewhere,[29] using  modified ITO as the working, platinum as a counter 
electrodes and SCE as reference electrode. The potential was set using an AMEL model 
552 potentiostat connected to an AMEL model 568 function generator. 
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Abstract: Organo-copper(I) halide complexes with a C4I4 cubane core and cyclic 
amines as ligands have been synthesized and their crystal structures have been 
defined. Their solid state photophysical properties have been measured and 
correlated with crystal structure and packing. A unique and remarkably high 
luminescence quantum yield (76%) has been measured for one of the complexes 
having the cubane clusters arranged in a columnar structure and hold together by N-
H--I hydrogen bonds. This high luminescence quantum yield is correlated with a 
slow radiationless deactivation rate of the excited state and suggests a rather strong 
enhancement of the cubane core rigidity bestowed by the hydrogen bonds pattern. 
Some preliminary thin film deposition experiments show that these compounds 
could be considered good candidates for applications in electroluminescent devices 
because of their bright luminescence, low cost and relatively easy synthesis processes
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Introduction  

Copper(I) halide complexes constitute a large family of compounds based on a 
relatively abundant metal element and of relevant photochemical and 
photophysical interest.1-11 Relying on their versatile coordination environment 
these compounds play a unique role in both physical and biological research and 
application.3 Recently there has been a surge of interest in studying these 
complexes, which are currently at the forefront of coordination chemistry and 
crystal engineering research12-15 as active material for optoelectronic devices.16-19 

In the past few decades, new concepts for lightning and display applications have 
been the target of an extensive research20-22. Organic Light-Emitting Diodes 
(OLEDs) are the most promising devices for these tasks, as they can be 
manufactured with low cost processes and can be purpose-built in thin, flexible 
and lightweight substrates23. Organometallic complexes based on iridium,24 
platinum25 and osmium26 are commonly used as materials in OLEDs due to their 
high emission quantum yield and wavelength tunability while, very recently, 
copper(I) has appeared in literature as a good candidate to replace such expensive 
metals for OLEDs.16, 19, 27  

Whilst the luminescence in solution in halogen-organocopper(I) complexes has 
been studied for decades,6, 8 very little work has been done on these complexes in 
the solid state19, 27-29. However, the photophysical properties of the solids could be 
very different from those in solution due to the molecular organization through 
the crystals, which can be expected to affect the energies and/or the kinetics of 
the excited states.30-32 In this respect, polymorphism, (i.e. the existence of different 
crystal forms for the same molecular or supramolecular entity), could play a key 
role in determining the final photophysical properties.32 

Ford et al. extensively studied the luminescence properties of copper(I) halogen 
complexes having a Cu4X4 core with cubane –like geometry6, 33-36 and showed that 
the luminescence behaviour and environment  (solvent or rigid matrix) of the 
complexes are strictly related.33 In the case of the cluster Cu4I4(pyridine)4,

4 for 
example (hereafter 1), two distinct emission bands were observed in solution, 
whose high-energy band was attributed to a triplet halide-to-ligand charge transfer 
(3XLCT), while the low-energy emission band was attributed to a triplet Cu-I 
Cluster-Centred (3CC) excited state with the excitation localized to the Cu4I4 core, 
only possible in the presence of an interaction between the metal centres.37 The 
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3CC emission band was shown to display a peculiar sensitivity to the temperature 
and rigidity of the medium.38 

In this chapter we aim to gain insight into the correlation between photophysics 
and structure of Cu4I4L4 cubane complexes in which every copper ion binds three 
iodide atoms and then completes its first coordination sphere with a N-based 
ligand such as pyridine (L1), piperidine (L2), N-methyl-piperidine (L3), 
quinuclidine (L4), 3-quinuclidinol (L5) (see scheme 3.1). 

 

 

Scheme 3.1 | General representation of a Cu4I4L4 cubane cluster; 1=pyridine, 2=piperidine,  
3=N-methylpiperidine, 4=quinuclidine, 5=3-quinuclidinol. 

 

Apart from pyridine, we considered only saturated ligands with the aim of 
excluding photophysical process involving the ligand’s ! system and determine 
which parameters affect the cluster-centred characteristics such as basicity, ability 
to form hydrogen bonds, different groups bonded to the coordinating nitrogen. 
The different pKb values allow to determine if the emission quantum yield in 
solid is related to the bond strength between ligands and copper atoms. The 
substitution of hydrogen with a methyl group on the coordinating nitrogen atom 
will allow us to verify if the CC excited state radiatioless deactivation due to the 
N-H bending modes coupling, as hypothesized in solution,33 can be removed. 

Moreover, the ligands show a progressive rigidity and different ability to form H-
bonds and consequently allow to investigate how the vibrations involving the 
ligand " backbone can influence the photophysical properties of the complexes. 
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Some preliminary thin film deposition experiments have been carried out in order 
to envisage applications of these complexes in solid-state optoelectronic devices. 

Results and discussion 

Six tetrakis((µ3-Iodo)-ligand-copper(I)) cubane complexes have been synthesized: 
Cu4I4pyridine4 (1), Cu4I4piperidine4 (2), Cu4I4N-methylpiperidine4 (3), 
Cu4I4quinuclidine4 (4) and two crystal forms of Cu4I4(3-quinuclidinol)4 (5a and 
5b). For all complexes, crystal structure and photophysical properties in the solid 
state have been measured. Complexes 1 and 2 have already been studied and their 
crystal structure and photophysical data (apart from solid state emission quantum 
yields) are reported,4, 33, 38, 39 while 3, 4, 5a and 5b are here accounted for the first 
time.  

Synthesis and Crystal Structures 

Compounds 1 and 2 were obtained as crystalline powders by following the 
literature synthesis, 3, 4, 5a and 5b were obtained by modification of the literature 
synthesis. Single crystals of 3, 4, 5b were obtained by triple layer crystallization 
(see experimental part). While no single crystal suitable for SCXR analysis of 5a 
could be obtained, its structure has been determined from X-ray powder 
diffraction data via Rietveld refinement of a starting model derived from the 
single-crystal coordinates of 4 as we found the two structures are isomorphous 
(see below).  

 

Figure 3.1 | Distorted cubane cluster with nitrogen atoms belonging to the ligand coordinating 
the copper atoms 
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The crystal structures of 1-5 are characterized by the presence of distorted cubane 
clusters (see figure 3.1) and in all compounds the Cu--Cu distances are compatible 
with metallophilic interactions as, inside the Cu4I4 clusters, they are shorter than 
two times the van der Waals radius of Cu which has been recently evaluated as 
1.92 Å40, 41 (see table 1). The ligand molecules are located on the vertex of the 
tetrahedral coordinating copper atoms as sort of blades. 

Table 3.1: Interatomic distances in Cu4I4 clusters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a, b are referred to crystallographic independent cubane clusters in the structure. 

In compound 1, 2 and 3 the complexes are piled up to form columns, which run 
parallel to one another. (see figure 3.2). In compound 1 only weak C-H!!!! 
interactions are present among the discrete entities, while compound 2 is 

 Cu—Cu (Å) Cu—I (Å) I—I (Å) 
1 2.619(2) 

2.684(6) 
2.689(3) 
2.707(8) 
2.719(4) 
2.721(1) 

2.630(4) 
2.665(3) 
2.669(6) 
2.670(3) 
2.677(5) 
2.692(3) 

2.697(4) 
2.701(4) 
2.720(7) 
2.733(2) 
2.790(2) 
2.794(4) 

4.443(7) 
4.478(8) 
4.488(2) 
4.513(2) 
4.529(4) 
4.594(2) 

2 2.595(5) 
2.640(1) 

2.682(3) 
2.687(3) 
2.711(4) 

4.473(3) 
4.584(1) 

 
3 2.868(3) 

2.946(2) 
2.690(1) 
2.696(4) 
2.683(2) 

4.351(1) 
4.480(2) 

4 2.671(2)a 
2.696(3)a 
2.725(3)b 

2.669(2)a 
2.685(8)a 
2.695(1)a 
2.682(2)b 

4.459(2)a 
4.493(1)a 
4.456(1)b 

5a 2.695(2)a 
2.720(2)a 
2.749(3)b 

2.692(2)a 
2.709(3)a 
2.719(5)a 
2.706(7)b 

4.498(1)a 
4.533(2)a 
4.496(3)b 

5b 2.648(3) 
2.660(2) 
2.662(4) 
2.705(4) 
2.706(2) 
2.745(1) 

2.661(3) 
2.679(6) 
2.683(3) 
2.688(8) 
2.689(7) 
2.692(2) 

2.696(4) 
2.699(6) 
2.704(3) 
2.715(2) 
2.717(4) 
2.721(1) 

4.42972) 
4.438(3) 
4.441(3) 
4.588(4) 
4.504(2) 
4.564(2) 
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characterized by the presence of intermolecular hydrogen bonds. The hydrogen 
atoms belonging to the nitrogen point to the iodine atoms of an adjacent cluster 
and form N-H!!!I interactions.  Evidence of the hydrogen bond comes from the 
alignment of the N-H-I atoms (159°(1)) and the H--I distance (2.935 (3) Å) which 
is shorter than the sum of the atomic radii (3.16 Å).42 Since the clusters are piled 
up, each cubane cluster results to be pinched by eight hydrogen bonds, four in 
one side and four in the opposite side (see figure 3.2b). 

In compound 3 the Cu-Cu distances are about 2.868(3) Å and 2.946(2) Å, slightly 
longer than the other compounds but it seems not to affect the photophysical 
properties. As for 2, in compound 3 the cubane clusters are piled up in columns, 
but, the tertiary nitrogen atom of the N-methylpiperidine rules out the formation 
of hydrogen bond interactions among the cubane complexes.  

 

 

 

 

 

 

 

 

 

 

 

g 
 

Figure 3.2 | The columns of cubane moieties in compound 1(a), 2 (b) and 3 (c) and how they pack 
in the crystal structures 1(d), 2 (e) and 3 (f). In 2(b) the N-H---I hydrogen bonds are highlighted in 
blue. In d, e, f hydrogen atoms are omitted for the sake of clarity. Crystal structure of 4 (g): the 
two independent cubane moieties are coloured in purple and orange. Hydrogen atoms are 
omitted. 

 
Compound 4 crystallizes with a cubic lattice and is characterized by two different 
cubane moieties that are not symmetry related. In the structure one asymmetric 
cluster occupies the node and the centre of the cell while the second asymmetric 
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cluster is located on the face. This particular arrangement prevents the formation 
of columns observed in the previous structures (figure 3.2 a-f).  

Two crystal forms 5a and 5b have been obtained by reacting CuI with 
quinuclidinol. Single crystals of 5a could not be obtained, but its powder X-ray 
diffraction pattern shows it to be isomorphous with structure 4 (figure 3.3). The 
unit cell parameter of 5a was easily refined using the cell parameter of 4 as 
starting point. 

 

Figure 3.3 | X-ray powder pattern of 5a (red line) compare with the one of the isomorphic 
compound 4 (black line) 

The structure of 5a was then solved from the powder data using, as initial 
coordinates for rigid-body Rietveld refinement, the structure of the compound 4 
conveniently modified by changing the H atoms into O-H groups in positions 3, 
5 and 8 with respect to N in the quinuclidinol ligand with 1/6 occupancy 
(because of the rotation along C3 and of the chirality of the ligand in those 
positions). The position of the hydroxyl groups results to be disordered and 
although the hydroxyl groups belonging to different clusters could form hydrogen 
bonds, a hydrogen bond pattern cannot be identified. 

Compound 5b presents the same complex units as 5a and in this case, the 
hydroxyl groups are disordered mainly over two positions. The Cu4I4L4 can be 
described as triangular based pyramids, which are arranged in layers with the 
parallel bases to form a flat side while the opposite side is characterized by the 
presence of the vertex of the pyramids. The layers face one another in a 
complementary way and form curvy monodimensional channels in which 
disordered solvent molecules are trapped (see figure 3.4). The presence of solvent 
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molecules in the crystal structure has been confirmed by TGA analysis (see 
Appendix C). 

 

 

Figure 3.4 | Voids analysis in compound 5b. Hydrogen atoms are removed for clarity. Curvy 
monodimensional channels (Ø 8.57 Å) are present in the structure along the b axis. The cubane 
moieties are packed along the bc plane like pyramidal blocks in complementary sound absorbing 
panels.  

Conversions 

A variable temperature XRPD analysis has been performed on 5b with in situ 
characterization of the powder. As shown in figure 3.5, on heating up the powder 
to 100 °C loss of crystallinity is observed due to the release of the disordered 
solvent molecules trapped into the channels (see Appendix C). At 135°C, peaks 
of the 5a phase appear in the diffractogram while the peaks intensities of the 5b 
phase decrease. A 5b to 5a polymorphic conversion is complete at 150 °C. After 
cooling down to ambient temperature no recovery of 5b phase occurs and the 
phase 5a remains stable. 
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!
Figure 3.5 | Variable temperature XRPD analysis performed on 5b, 100 °C: loss of crystallinity 
due to the solvente release; 135°C: Appearance of peaks of 5a phase. 150 °C: Complete 
conversion to form 5a; Cooling down to rt the phase 5a remains stable.  

 

Photophysical properties 

All complexes have been characterized by recording excitation and emission 
spectra and measuring luminescence quantum yields and lifetimes in the solid 
state. The photophysical data are reported in Table 2. Luminescence behaviour in 
solution was not investigated since our aim was to evaluate the effect of the 
crystal structure on the photophysical properties. Moreover, all complexes are 
poorly soluble and their emission properties are expected to be largely depressed 
in solution as proved by the big drop of the luminescence quantum yield for 1 
and 2 in solution (Table 3.2, in parenthesis, taken from the literature4) as a 
consequence of a big distortion of the excited state respect to the ground state, 
which is also the reason of the large red shift of the emission band. The fast 
radiationless deactivation of the excited state in solution, represented by the high 
value of the decay constant knr (Table 3.2), remarkably high for 2, is associated to 
an efficient coupling of the ligand vibrations with the electronic transition.33 Apart 
from 1, having an unsaturated ligand whose !* orbitals are involved in the 
excitation conferring a 1XLCT character on the transition, the excitation spectra 
of all the other complexes are characterized by an envelope of bands extending 
below 400 nm which are associated with a so-called “cluster centred” (1CC) 
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electronic transitions which goes from HOMOs, localized mainly on the iodide 
lone pairs, to LUMOs having Cu-Cu bonding and Cu-I antibonding character37, 43 
(figure 3.6). The emission bands have their maxima between 540 nm and 570 nm 
associated to radiative decay from cluster-centred triplet states (3CC) 
characterized by lifetimes in the 10-15 µs range and highly distorted respect to the 
ground state geometry as shown by lack of vibrational structure and large Stokes 
shifts.37 This picture is consistent with cuprophilic interactions, which are 
compatible with Cu-Cu distances inside the Cu4I4 clusters shorter than two times 
the van der Waals radius of Cu which has been recently evaluated as 1.92 Å. 40, 41 
Even the rather long Cu-Cu distances in 3 (2.868 Å; 2.946 Å) do not prevent 
metal-metal interactions and 3CC emission.  

However, although having similar origins, the luminescence transitions occur with 
different quantum yields for the different compounds. Their values range in the 
40-50% for most complexes but a rather higher value for 2 (76%), and somewhat 
lower value for 5b (30%) have been measured. The quantum yield is dramatically 
increased compared to the data reported for 1 and 2 in solution, this behaviour 
agrees with an increase of the luminescence intensity upon stiffening of the local 
environment.  The quantum yield trend seems to correlate fairly well to the 
radiationless decay rate constant (knr) which has the lowest value for 2. Only for 
this complex the crystalline structure highlights the presence of N-H--I hydrogen 
bonds between adjacent clusters that assures rigidity to Cu4I4 cubane core 
preventing vibrations that promote non radiative decay of the excited state. Thus, 
while 2 in solution has an extremely low quantum yield, it jumps to the highest 
values as a solid.  

The cubane rigidity of this complex has some effect also on the radiative decay 
constant (kr), which is the highest one, and on the Stokes shift (9500cm-1) which 
is lower than the other clusters values ranging from 10200 to 12400 cm-1. Both 
effects can be correlated to a lower distortion of the excited state respect to the 
ground state as a direct consequence of N-H--I hydrogen bond which enhances 
the cubane core stiffness.  Accordingly, the more flexible crystal structure of 5b 
affects both kr and knr resulting in a lower luminescence quantum yield. An even 
lower value has been measured after heating at 80°C and cooling down the 
complex powder at room temperature (5ba in Table 1) as the desolvation process 
goes with a loss of crystallinity. The two isomorphous complexes 5a and 4 show 
similar quantum yields and kinetic constants. 
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!
Figure 3.6 | Normalized excitation spectra (250-450nm, excitation at the emission maximum) and 
emission spectra (400-800 nm, !exc=350nm). All measurements were done on powders at room 
temperature. 

Table 3.2 | Photophysical parameters for compounds 1-5b as powders at room temperature. In brackets 
toluene solution data from literature4.  

a Data related to the compound 5b once heated at 80 °C and than cooled down to ambient 
temperature. b Excitation maxima, data recorded at maximum emission wavelength. c Emission 
maxima, excitation at 350nm. d Lifetimes, excitation at 331nm. The kinetic constants kr and knr 
were calculated used the equations kr=" /# and knr=(1-")/ 
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(0.8) 
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370 

 
570 

(680) 
9500 0.76 

(0.0002) 
12.3 

(0.11) 
6.2 

(0.2) 
2.0 

(910) 
3 330 560 12400 0.44 10.6 4.2 5.3 
4 330 540 11800 0.50 14.2 3.5 3.5 
5a 350 550 10400 0.48 14.5 3.3 3.6 
5b 350 565 10900 0.30 10.3 2.9 6.8 
5ba 340 565 11700 0.15 9.8 1.5 8.7 
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max! em
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Thin films 

Having stated that a solid-vapour reaction occurred when the copper iodide 
crystalline powder was exposed to the ligand vapours at room temperature, the 
same reaction was attempted with a CuI thin film. A thin copper iodide layer was 
deposited on a polished glass slide by high-vacuum sublimation obtaining a 
polycrystalline, uniform, and smooth layer which showed the characteristic X-ray 
diffraction (111) peak of the ! phase. Then, the CuI film was exposed to the 
vapours of the ligand into a closed chamber until complete reaction, as suggested 
from the absence of any CuI peak in the XRPD analysis (see Appendix C). Our 
best results have been obtained exposing a 35 nm thick CuI layer to the vapours 
of quinuclidine and of 3-quinuclidinol at room temperature. The X-ray diffraction 
analysis directly performed in Bragg-Brentano geometry on these films shows that 
they are both amorphous. The photoluminescence spectra of both films are in 
agreement with the emission spectra of the 4 and 5a powders respectively. A 
sample obtained by reacting the CuI film with quinuclidine and showing a green 
luminescence when exposed to UV radiation ("=365 nm) is reported in figure 
3.7. When the CuI films were exposed to piperidine and N-methylpiperidine 
vapours the reaction was too fast due to the higher vapour pressures of these 
ligands and the samples resulted as blotched and not uniformly emissive layers. 
More trials are in progress in order to improve the film uniformity by carefully 
controlling the solid-vapour reaction. 

 

Figure 3.7 | Picture of CuI deposited onto silica glass slide after exposition to vapour of 
quinuclidine under 365 nm UV lamp irradiation.  
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Experimental Section 

General 

All glassware was dried in an oven set to a temperature of 80°C for 24h prior to 
use. All reagents were purchased from Sigma Aldrich and used without further 
purification.  

Photophysics 

All determinations made use of powder samples placed between two quartz slides 
and were done at room temperature. Excitation and emission spectra were 
obtained with a SPEX Fluorolog fluorometer; excitation spectra were monitored 
at the maximum emission wavelength and emission spectra were recorded 
exciting all samples at 350nm. Absolute photoluminescence quantum yields were 
measured according to the method of deMello,44 by using an integrating sphere 
customized to fit into the SPEX fluorometer sample compartment. The estimated 
error on the quantum yield is 10%. Luminescence lifetimes were measured with 
an IBH 5000F time-correlated single-photon counting apparatus, by using a 
pulsed NanoLED excitation source at 331 nm. Analysis of the luminescence 
decay profiles was accomplished with the Decay Analysis Software DAS6 
provided by the manufacturer, with an estimated error on the lifetimes of 5%. All 
decays were monoexponential. The kinetic constants kr and knr were calculated 
used the equations kr=!/" and knr=(1-!)/".45   

X-Ray powder diffraction 

X-Ray powder diffractograms were collected on a Panalytical X’Pert PRO 
automated diffractometer with CuK# radiation and an X’Celerator equipped with 
an Anton Paar TTK 450 low-temperature camera. The program Mercury46 was 
used for calculation of X-ray powder patterns.  

PXRD data of 5a were collected over the range 3–70° 2$ (2kW; Cu-K#1, 1.54056 
Å step size 0.017 2$), using a variable count time scheme.47 The Bruker D8 
Advance diffractometer was equipped with a LynxEye detector. The data set was 
background subtracted and truncated to 50° 2$ for Pawley fitting (%2 = 1.9). A 
scale-only Rietveld refinement against the original data set in the range 4°–65° 2$ 
to give a good final fit, Rwp = 2.89. 
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Crystal structure determination 

Crystal data for 3-4, 5b were collected on an Oxford Xcalibur S with MoK! 
radiation, "= 0.71073, monochromator graphite and equipped with a liquid 
nitrogen Oxford-Cryostream device. Crystal data and details of measurements are 
summarized in Table 3. SHELX9748 was used for the structure solution and 
refinement based on F2. Non-hydrogen atoms were refined anisotropically. The 
Mercury46 software package was used for the graphical representation of the 
resultant structures. 

Synthesis of compound 1  

CuI (1 mmol, 0.190g) was dissolved in the minimum amount of a saturated 
aqueous solution of KI (! 2mL). While stirring, pyridine (1.2 mmol, 0.01mL) was 
added. The product precipitated instantly as a whitish powder that gave yellow 
emission under UV/Vis radiation. The solid material was recovered by filtration 
on Buchner funnel and washed with saturated KI aqueous solution and bi-
distilled water. Once recovered, the powder has been dried in a desiccator with 
silica gel.  

Synthesis of compound 2  

CuI (1 mmol, 0.190g) was dissolved in the minimum amount of a saturated 
aqueous solution of KI (! 2mL). While stirring, piperidine (1.2 mmol, 0.008 mL) 
was added. The product precipitated instantly as a whitish powder that gave 
yellow emission under UV/Vis radiation. The solid material was recovered by 
filtration on Buchner funnel and washed with saturated KI aqueous solution and 
bi-distilled water. Once recovered, the powder has been dried in a desiccator with 
silica gel.  

Synthesis of compound 3  

CuI (5 mmol, 0.950 g) were added as solid into a flask were previously have been 
posed 2 ml of methyl-piperidine. 3 days after, during which the suspension have 
been taken under stirring at room temperature, the product has been filtered on 
Buchner funnel and washed with an aqueous saturated solution of KI and bi-
distilled cold water. Once recovered, the powder, that gave green emission under 
UV/Vis radiation, has been dried in a desiccator with silica gel. The titled 
compound has also been obtained after 10 minute of grinding in an agate mortar 
0.190 g of CuI (1mmol) with few drops of methyl-piperidine. As the ligand is 
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liquid and volatile at rt, the title compound has been obtained also via exposition 
of CuI to vapour of methyl-piperidine after 2 days. Single crystals were obtained 
by a three-layer crystallization: the lower layer was CuI dissolved in saturated 
aqueous solution of KI; the middle layer was pure ethanol and the top layer was a 
solution of methyl-piperidine in acetone. Crystals appeared after 5–7 days and 
were chosen with the help of UV lamp.  

Synthesis of compound 4  

CuI (0.095 g, 0.5 mmol) was dissolved in the minimum amount of a saturated 
aqueous solution of KI (! 2mL). While stirring, a solution of quinuclidine (0.068 
g, 0.6 mmol) in ethanol (1 mL) was added. The product precipitated instantly as a 
whitish powder with green emission under UV/Vis radiation. The solid material 
was recovered by filtration on Buchner funnel and washed with saturated KI 
aqueous solution and bi-distilled water. Once recovered, the powder has been 
dried in a desiccator with silica gel.  

Single crystals were obtained by a three-layer crystallization: the lower layer was 
CuI dissolved in saturated aqueous solution of KI; the middle layer was pure 
ethanol and the top layer was a solution of quinuclidine in n-hexane  

Synthesis of compound 5a  

Racemic 3-quinuclidinol (0.127 g, 1.2 mmol) was dissolved in methanol (1mL) at 
80°C and was added, under stirring, to a saturated KI aqueous solution of CuI 
(0.190 g, 1 mmol) at 80°C. The product precipitated as a fine white powder, with 
green emission under UV/Vis radiation; The solid material was recovered by 
filtration with Buchner funnel and washed with saturated KI aqueous solution 
and bi-distilled water. Once recovered, the powder was dried in a desiccator with 
silica gel.  

Synthesis of compound 5b 

CuI (1 mmol, 0.190 g) were added as solid into a flask filled with a solution of 
racemic 3-quinuclidinol (1 mmol, 0.127 g) in methanol (4 mL). 24 hours later the 
product was filtered on Buchner funnel and washed with an aqueous saturated 
solution of KI and bi-distilled cold water. Once recovered, the powder was dried 
in a desiccator with silica gel. The titled compound was also obtain after several 
hours of grinding in a ball milling a 1:1 physical mixture of the reagents with a 
catalytic amount of ethanol. Single crystals were obtained by a three-layer 
crystallization: the lower layer was CuI dissolved in saturated aqueous solution of 
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KI; the middle layer was pure ethanol and the top layer was a solution of 3-
quinuclidinol in water. Crystals appeared after 5–7 days and were chosen with the 
help of UV lamp. 

Conclusions 

Two known (1 and 2) and four new (3, 4, 5a and 5b) tetrakis((µ3-iodo)-ligand-
copper(I)) cubane complexes have been synthesized as crystalline powders and 
their photophysical properties have been measured. The crystal structures of 3, 4, 
5b have been determined by single crystal X-ray diffraction while 5a was solved 
from the powder data. 

All complexes show a cubane Cu4I4 core and are luminescent due to radiative 
decay of a cluster centred 3CC emitting state. Quantum yields are in the range of 
40-50% for all complexes apart from a slightly lower 30% for 5b and a 
significantly higher value of 76% for 2, which, to the best of the authors’ 
knowledge, has never been demonstrated previously for cubane complexes. No 
significant interactions between the constituting moieties are observed in the 
crystal structures of the complexes except for compound 2 where the clusters are 
hold together by hydrogen bonds in pillars. It results that each cluster is involved 
in eight hydrogen bonds, and clusters are aligned along the c axis to build a stiff 
columnar structure. We think that these interactions make the cluster extremely 
rigid and allow to get a very high luminescence quantum yield. On the other side, 
the less rigid structure of 5b results in the lowest quantum yield (30%). 
Desolvation of 5b leads to loss of crystallinity which goes together with an even 
more reduced quantum yield (15%).  

Some preliminary attempts to obtain thin films of the pure complexes have been 
performed by using solid-vapour reactions and some uniformly luminescent 
samples have been obtained. These results may be a first indication of the 
possibility of an application of these complexes as emissive layers in 
electroluminescent devices as they do not suffer from concentration quenching 
and have emissive triplet excited states which are compliant with the “triplet 
harvesting” frame for high efficiency OLEDs. 
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Abstract: The copper iodide complexes are known for their large variety of 
coordination geometries. Such diversity while making difficult to predict the final 
structure, permits the preparation of a great number of copper iodide complexes based 
on the same ligand. The target of the research was that of thoroughly exploring the 
chemistry of CuI and the ligand diphenyl-2-pyridyl phosphine PN by varying the 
stoichiometry ratio and/or the aggregation state. Six different compounds have been 
identified: [Cu4I4(PN)2], [Cu4I4(PN)2!(CH3CN)], [CuI(PN)0.5]", [CuI(PN)3] whose 
structures have been determined during this study, CuI(PN)2 which was characterized 
by powder diffraction and [Cu2I2(PN)3] which had been already reported. The 
preparation routes are also different: synthesis in solution yielded [Cu4I4(PN)2!(CH3CN)] 
and [CuI(PN)3] while [CuI(PN)0.5]" and CuI(PN)2 were obtained only via solid state 
reactions. These two latter examples confirmed that mechanochemistry is a valid route 
to explore the landscape of the possible structures of CuI derivatives. Crystallization by 
traditional solution procedures failed to give the desired crystal so structure 
determination of the new compounds was tackled in two ways: by attempting crystal 
growth via solvothermal synthesis and by resolving the structure from X-ray powder 
diffraction data with “direct space” methods. What is more the photophysical properties 
of the complexes that could be obtained as sufficiently pure powders, have also been 
investigated and are herein reported. 
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Introduction  

 
The complexes based on Copper Iodide are currently at the forefront of 
coordination chemistry and crystal engineering research because of the quest of 
active materials for optoelectronic.1-8 The interest stems from the increasing demand 
of more affordable complexes in preference to luminescent metal complexes based 
on precious (i.e. Platinum group) and rare earth metals, which are often quite 
expensive and environmentally problematic.9 The copper iodide complexes present 
several advantages: they are characterized by a large variety of coordination 
geometries which arise from the many possible combinations of coordination 
numbers (two, three and four) available for copper(I) and geometries that can be 

adopted by the halide ions (from terminal to µ2- and up to µ8-bridging);10 they 
present different luminescent levels which can be of ligand centred, charge transfer 
or, in the case of polynuclear compounds, even metal-centred nature;11,12 most of the 
complexes studied are characterized by a remarkable high quantum yield in solid 
state;4, 13, 14 and finally the reagents are cheap and it is relatively easy to obtain the 
final products.4, 15  
The luminescent properties of copper(I) halide clusters are strictly related to the 
geometries adopted by the clusters.12 In the case of the cubanes Cu4I4L4 for example, 
two distinct emission bands were observed, the high-energy band attributed to 
halide-to-ligand charge transfer (3XLCT), and the low-energy emission band was 
attributed to a triplet Cu-I Cluster-Centered (3CC) excited state with the excitation 
localized to the Cu4I4 core, only possible in the presence of an interaction between 
the metal centres. Recent studies have widened the possibility of the emission 
properties of Copper(I) compounds. Several Cu(I) compounds with P^N ligands 
present a low singlet–triplet splitting which allows the emission from both the 
singlet and the triplet excited state depending on the temperature. The singlet 
excited state, which is slightly higher in energy than the triplet state, can be thermally 
activated at the expense of the triplet state, leading to the so-called thermally 
activated delayed fluorescence (TADF). The TADF emission mechanism allows 
harvesting of both singlet and triplet excited states generated by charge 
recombination in electroluminescent devices, therefore light generation efficiency is 
enhanced. 13, 16  
Due to the increasing interested on CuI(P^N ligands) complexes for OLED 
application and for photochemistry studies,3, 13, 15, 17 we exploited the reactivity of the 
CuI towards diphenyl-2-pyridyl phosphine, hereafter PN. Two crucial aspects of the 
research will be presented: we will first discuss how the synthetic procedure 
influences the formation of the final product with particular attention to the 
mechanochemical synthesis; secondly we will address the different strategies to 
determine the crystal structure when the final product is a crystalline powder.  
The crystal engineering of copper halides is particularly difficult since in solution, 
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halocuprate complexes are involved in kinetically fast dissociative and associative 
equilibria18, 19 and the labile coordination numbers and geometries of both copper(I) 
and halide ions allows an inner-core variability difficult to predict. These complexes 
are characterized by a flat energy landscape confirmed by the presence of several 
different copper halides complexes in the CSD20 which present dramatically 
different nuclearity of the CuxIy cores such as discrete dimers, cubane tetramers, 
stepped cubane tetramers to infinity polymeric chains (including split stairs, zigzag, 
helical, staircase, rack and columnar ones). Although the final structures of the 
copper(I) halide complexes in crystals could be hardly designed, the reaction 
stoichiometry allows some degree of control of the copper(I) halide core: reactions 
with a stoichiometry ratio of CuI/L >>1 higher nuclearity are favoured while CuI/L 
<<1 promote the formation of monomers.21 However, to explore all the possible 
crystal forms it is necessary to vary not only the stoichiometry but also other 
parameters such as solvent, temperature etc.. To overcome the problem of the low 
solubility of the CuI which restricts the possibility of changing the solvent, the 
reactions can be performed in solid state which can yield to crystal forms hardly or 
even not obtainable in solution.22 The reactivity of CuI towards nitrogen, sulphur or 
phosphorous based ligands is very high and preliminary work of mechanochemical 
synthesis with CuI with N-base sature ligands are reported23, 24 and more extensive 
studies have been done for Copper thyocyanate complexs,25-27 in both cases 
mechanochemical synthesis led to the formation of compounds not obtained by 
solution synthesis.  
The main drawbacks in the mechanochemical reaction methods consist in the 
formation of microcrystalline products, obviously unsuitable for X-ray single crystal 
diffraction. The structural characterization is a key point to understand the 
properties and to design new compounds, that is why a great effort will be devoted 
to tackle this problem. Most of the times traditional crystallizations from solution, 
but also triple layer crystallizations, or seeding of solutions with microcrystalline 
powder of the desired compound fail to yield single crystals of amenable size for 
single crystal diffraction experiments. However, the structure can be determined 
from X-ray powder diffraction data, thanks to the development of “direct space” 
methods.28 This approach is particularly suited for materials constructed from well-
defined modular building units and it is more challenging for Copper Iodide 
complexes whose coordination is difficult to control. Spectroscopy techniques such 
as IR or Solid State NMR can give some insights on the coordination or on the 
asymmetric units but not guarantee the exact structure determination.26, 29 
The quest of suitable methods to obtain crystals for structure determination of 
Copper complexes led us to explore different crystallization processes including 
those based on solvothermal synthesis. Recently, several zeolites, commonly 
obtained by solvothermal synthesis, have been produced also by grinding or ball 
milling,30-33 which suggests that the solid state reactions can have several aspects in 
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common with the solvothermal conditions.25 Although, for large scale preparations, 
nowadays researches try to move from solvothermal to solvent–free reactions in 
order to reduce environmental impact and energy consumption, solvothermal 
synthesis can still be exploited to obtain single crystals of the desired compound 
since the high-temperature and high-pressure environments conditions created, 
would facilitate the crystallization process of complexes with poor solubility. 
Herein we report the synthesis of five new crystal forms of copper iodide with the 
diphenyl-2-pyridyl phosphine (PN): [Cu4I4(PN)2], [Cu4I4(PN)2! (CH3CN)], 
[CuI(PN)0.5]", [CuI(PN)3] and CuI(PN)2; as well as that of the known complex 
[Cu2I2(PN)3].

14
 Mechanochemical synthesis was decisive to obtain the new 

compounds [CuI(PN)0.5]" and CuI(PN)2 while the monomer [CuI(PN)3] is formed 
only by precipitation from solution. Not only the stoichiometry variation but also 
performing the reaction in solid state or solution allowed us to widen the landscape 
of crystal forms of copper iodide complexes with PN. The structures of [Cu4I4(PN)2] 
and [CuI(PN)0.5]" have been determined by single crystals obtained from 
solvothermal synthesis, while the bulk product has been obtained by reaction in 
solid state or solution. The structure of [CuI(PN)3] was determined by direct 
methods from X-ray powder diffraction data. 
All the compounds obtained are luminescent and the photophysical properties of 
the complexes that could be obtained as sufficiently pure powders, have been 
studied and reported. 

Experimentals 

General 

All reagents were purchased from Sigma Aldrich and used without further 
purification.  

Synthesis of [Cu2I2(PN)3] 

Copper(I) iodide (0.380 g; 2 mmol) and the PN ligand (0.789 g; 3 mmol) were 
suspended under nitrogen atmosphere in dry dichloromethane (10 mL) and stirred 
for 12 h at room temperature. The yellowish powder obtained was filtered and 
washed with a saturated solution of KIaq to remove the unreacted CuI and distilled 
water to remove KI. The same titled compound was obtained by grinding CuI (0.190 
g; 1 mmol) and PN (0.394 g; 1.5 mmol) with two drops of acetonitrile in a ball mill 
for 30 minutes at 20 Hz. 

Synthesis of [CuI(PN)3] 

Copper iodide (0.095 g, 0.5 mmol) was dissolved in saturated aqueous solution of KI 
(5 mL) then an acetone solution of PN (0,526 g, 2 mmol) was added under stirring. 
A whitish powder precipitates instantly which was filtered and washed with cold 
acetone.  
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Synthesis of [CuI(PN)2] 

Copper iodide (0.190 g ; 1mmol) and PN ligand (1.052 g; 4 mmol) were ground two 
drops of AcCN in a ball mill for 60 minutes at 20Hz. 

Synthesis of [Cu4I4(PN)2! (CH3CN)] 

 CuI (0.760 g; 4 mmol) dissolved in 20 mL of CH3CN at 40°C was added to a 
solution of PN (0.263 g; 1mmol) in 20 mL of CH2Cl2. The clear solution obtained 
was left standing at room temperature overnight. The brownish powder obtained 
was filtered and then washed with aqueous saturated solution of KIaq to remove the 
unreacted CuI and with distilled water to remove the KI. Ball milling of CuI (0.760 
g; 4 mmol) and PN (0.263 g; 1 mmol) with two drops of acetonitrile for 60 minutes 
at 20 Hz leaded to mixture of [Cu4I4(PN)2! (CH3CN)] and [CuI(PN)0.5]".  

Synthesis of [Cu4I4(PN)2] 

[Cu4I4(PN)2] can be easily obtained by heating [Cu4I4(PN)2! (CH3CN)] at 170°C. 

Crystallization of [Cu4I4(PN)2] and [CuI(PN)0.5]" 

Crystals of [Cu4I4(PN)2] suitable for SC-XRD analysis were obtained via 
solvothermal reaction by mixing 0.2 g of CuI with 0.8 g of PN in 1 mL of ethanol at 
170°C and slowly cooling down to ambient temperature in 7 days. 
Crystals of [CuI(PN)0.5]" suitable for SC-XRD were obtained via solvothermal 
conditions by mixing 0.2 g of CuI with 0.6 g of PN in 1 mL of toluene at 140°C and 
slowly cooling down to ambient temperature in 7 days. 

TGA measurements 

TGA measurements were performed using a Perkin Elmer TGA7 in the temperature 
range 35-700°C under N2 gas flow and heating was carried out at 5°C min-1. 

Photophysics 

All determinations made use of powder samples placed between two quartz slides 
and were done at room temperature. Excitation and emission spectra were obtained 
with a SPEX Fluorolog fluorometer; excitation spectra were monitored at the 
maximum emission wavelength and emission spectra were recorded exciting all 
samples at 350nm.  

X-Ray powder diffraction 

X-Ray powder diffractograms were collected on a Panalytical X’Pert PRO 
automated diffractometer with CuK! radiation and an X’Celerator equipped with an 
Anton Paar TTK 450 low-temperature camera. The program Mercury34 was used for 
calculation of X-ray powder patterns. XRPD data of [CuI(PN)3] were collected over 
the range 3–70° 2" with a Bruker D8 Advance diffractometer equipped with a 
LynxEye detector and focusing mirror.  
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Crystal structure determination 

Crystal data for [Cu4I4(PN)2] and [CuI(PN)0.5]! were collected on an Oxford Xcalibur 
S with MoK! radiation, "= 0.71073, monochromator graphite. Crystal data and 
details of measurements are summarized in Table 1. SHELX9735 was used for the 
structure solution and refinement based on F2. Non-hydrogen atoms were refined 
anisotropically. The uniqueness of the crystal of [CuI(PN)0.5]!, synthesized by 
solvothermal reaction, not allowed to obtain better data.  Bad quality data due to the 
poor cristallinity and high mosaicity of the sample. 
The Mercury34 software package was used for the graphical representation of the 
resultant structures.  CCDC 979008-979010 contains the supplementary 
crystallographic data for this paper. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif.  

 

Table 4.1 | Crystal data 

 [Cu4I4(PN)2] [CuI(PN)0.5]! [CuI(PN)3]
a 

Chemical formula C34H28Cu4I4N2P2 C17H14Cu2I2N1P1 C51H42Cu1I1N3P3 
Formula Mass  1288.28 644.15 980.28 
Crystal System Monoclinic Triclinc Trigonal 
a/Å 16.7222(3) 7.9805(7) 13.6471(2) 
b/Å 13.9164(3) 8.5298(8) 13.6471(2) 
c/Å 16.4466(3) 14.3667(14) 14.7400(4) 

!/° 90 78.092(8) 90 

#/° 99.688(2) 85.576(8) 90 

"/° 90 86.494(7) 120 

Volume/ Å3  3772.75(13) 953.05(15) 2377.4 
Temperature RT RT RT 
Space group P21/c P-1 P-3 
No. of independent 
reflections 

11078 2594 - 

Rint  0.0534 0.046 - 
Final R1 values  0.0489 0.1225  
Final wR(F2) values  0.0933 0.3395  
Final R1 values (all data) 0.0621 0.1386  

a Solved from X-ray powder diffraction. 
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Results and discussion 

 

Synthesis and Crystal Structures 

The copper iodide was reacted with PN with different synthetic procedures which 
differ mainly for the stoichiometric ratio or for the aggregation state (solid state or 
solution). The reactions in solution are carried out mainly in acetonitrile or saturated 
aqueous solution of KI in air, while the reactions in solid state were carried out via 
ball milling with a drop of acetonitrile. 
Six different compounds have been isolated so far, [Cu2I2(PN)3] recently described 
by Zink et al.13 [Cu4I4(PN)2] and its solvate form [Cu4I4(PN)2!(CH3CN)], 
[CuI(PN)0.5]" and [CuI(PN)3] whose structure has been determined during these 
studies and CuI(PN)2. 
The dimer [Cu2I2(PN)3] was easily reproduced by the synthesis described in the 
literature13 and it was also obtained by ball milling of CuI and PN with stoichiometry 
ratio 1:1.5 with a drop of acetonitrile. This complex seems to be very stable and it 
was obtained as an undesired product in several other reactions (up to stoichiometry 
ratio CuI:PN 3:1 or 1:3) both in solution and solid state. In many cases to avoid the 
presence of [Cu2I2(PN)3] the reactions were run with a great excess of one of the 
reagents. The dimeric core of [Cu2I2(PN)3] is characterized by a butterfly shape due 
to the presence of a bridging ligand coordinating with both N and P atoms, and a 
short copper-copper distance (2.7694(6) Å) consistent with metallophilic 
interactions (see table 4.2). The two other ligands coordinated only with the P atoms 

and they are described as ancillary ligands. The complexes interact via C-H---! and 

in the case of the ancillary ligands also via !-! interactions (see figure 4.1). These 
weak interactions do not affect the photophysical properties since the compound 
does not suffer of emission quenching. 
 

 
Figure 4.1 | a) [Cu2I2(PN)3] b) !-! interactions present in the crystal packing 
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The reactions carried in excess of CuI (stoichiometry ratio CuI:PN 4:1) leads to the 
formation of [Cu4I4(PN)2!(CH3CN)], and [CuI(PN)0.5]"; the pure phase of 
[Cu4I4(PN)2!(CH3CN)], is obtained by reaction in solution, while by ball milling a 
mixture of [Cu4I4(PN)2!(CH3CN)] and [CuI(PN)0.5]" is obtained; it was not possible 
to isolate the pure phase of [CuI(PN)0.5]". Single crystals of [Cu4I4(PN)2] and 
[CuI(PN)0.5]" have been obtained by solvothermal reactions while all other attempts 
to obtain crystals by triple layer crystallization failed. 
 

Table 4.2 | Copper-copper distances  

            Compound Distance/ Å 

[Cu2I2(PN)3] Cu1-Cu2  2.7694(6) 

 [CuI(PN)0.5]" Cu6-Cu7 
Cu5-Cu7 
Cu6-Cu8 
Cu5-Cu8 

2.7499(9) 
2.5883(9) 
2.574(1) 
2.699(1) 

[Cu4I4(PN)2] Cu3-Cu4 
Cu3-Cu3 
Cu4-Cu4 

2.771(7) 
2.900(7) 
3.485(6) 

 

 
[Cu4I4(PN)2!(CH3CN)] presents a powder diffraction pattern very similar to 
[Cu4I4(PN)2]; while the structure of the unsolvate form was determined by single 
crystal X-ray diffraction, it was possible only to index the powder pattern of the 
[Cu4I4(PN)2!(CH3CN)]. The Pawley refinement converged to Rwp=6.65% with a 
monoclinic cell, space group P21/c with parameters a=17.4853(5)Å, b=14.180(2) Å, 
c=16.303(2) Å, !=97.07(1)° and volume 4011.5(8)Å3 which is about 239Å3 greater 
than the volume of Cu4I4(PN)2. The difference in volume can be ascribed to the 
presence of one acetonitrile molecule in the asymmetric unit. The presence of the 
solvent was confirmed by the TGA which shows a 3.06% weight loss at 150°C 
corresponding to the release of one molecule of acetonitrile (calculated 2.96%) (see 
figure 4.2a). The transformation of [Cu4I4(PN)2!(CH3CN)] into [Cu4I4(PN)2] was 
observed also with variable temperature X-ray diffraction (see figure 4.2b). Instead 
of the common motif of cubane-like clusters, the [Cu4I4(PN)2] cluster adopts an 
“octahedral” geometry which it has been observed recently by Liu et al.4 The copper 

atoms are arranged in a parallelogram with µ4- iodides above and below the 

parallelogram and µ2- iodides bridging the copper atoms on the short edge. All Cu-
Cu distances are lower than the sum of the van der Waals radii (see table 4.2). 



Chapter 4 

!74 

 
Figure 4.2 | a) TGA curve of [Cu4I4(PN)2! (CH3CN)], the first step is consistent with the release of one 
acetonitrile molecule (experimental 3.08%, calculated 2.96%), b) Variable temperature X-ray powder 
diffraction: pattern reported are at 100°C bottom line, 150°C medium bottom line, 175°C medium top 
line and 200°top line. Bragg reflections of unreacted CuI are highlighted with the label. 

 

The aromatic ring interacts mainly via C-H---! interactions and !-! interactions 
involving the pyridine coordinating ring and a phenyl ring (see figure 4.3). The 
crystal packing suggests that the solvent molecules can be placed in the (1 0 0) plane 
which is the less dense. Further studies will be done to ascertain the crystal packing 
of [Cu4I4(PN)2! (CH3CN)]. 

 
Figure 4.3 | a) Compound Cu4I4(PN)2 ; b) crystal packing view along b axis. 

It is worth noting that [CuI(PN)0.5]" is easily obtained by mechanosynthesis, 
although not as a pure phase. Its formation was observed also in solid state reactions 
with stoichiometry ratio CuI:PN 1:1.5. The low solubility of the compound, which 
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characterizes all the coordination polymers, seems to preclude its formation from 
the synthesis in solution, while it seems a driving force in the solid state reactions. 
The solvothermal conditions (high temperature and high pressure) allow to 
crystallize phase which are known to be poorly soluble, as well, solid state reactions 
are known to reach phases which can be hard to obtain in solution as observed for 
the co-crystals.36 In our case the solvothermal synthesis were explored in order to 
obtain a single crystal of the desired phase, since the structure determination by X-
ray powder diffraction (XRPD) would be really challenging due to the lack of 
information on the molecular geometry of the complexes. 
Despite of all the structures of CuI(P^N ligands) described in the literature1-4, 13, 15, 37 
which show discrete complexes, the structure of [CuI(PN)0.5]! is characterized by a 
one–dimensional copper iodide polymeric structure. The infinite double chain of 
CuI presents short and long copper–copper distances (see table 4.2). Usually the 
tetrahedral coordination of the copper(I) ions is fulfilled by multidentate bridging 
ligands to construct a 2D sheet network;24, 38 in our case the PN ligand bridges two 
copper atoms but on the same chain and brings the two cooper atoms 3.0716(3) Å 
apart.  

 
Figure 4.4 | a. Polymeric structure of [CuI(PN)0.5]! ; b. crystal packing view along a axis.  Polymeric 
chains run parallel to each other. 

 
The reactions carried in excess of the ligand leads to the formation of two new 
phases: [CuI(PN)3] and CuI(PN)2. The pure compound [CuI(PN)3] is obtained only 
from reaction in solution carried with a stoichiometry ratio CuI:PN 1:4 while when 
the same reaction is carried out in solid state only CuI(PN)2 is obtained. The 
structure of [CuI(PN)3] was solved from powder pattern X-ray diffraction data even 
if the diffractogram acquired shows peaks of unwashed KI salt. The powder pattern 
is indexed by a trigonal cell with cell axes a=13.6471(2)Å, c=14.7400(4) Å volume = 
2377 Å3 and space group P-3. The volume of the asymmetric unit, 396 Å3, is 
consistent with the volume of the one third of [CuI(PN)3]. The solution is possible 
only if the monomer is located on the 3-fold axis. The structure was solved with a 
simulated annealing algorithm using as starting model one molecule of the ligand not 
bounded to the metal atom and the copper atom and the iodide with site occupancy 
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1/3. The Rietveld refinement converged to a Rwp= 7.681% and Rexp= 4.351% (see 
figure 4.5). The position of the nitrogen atoms was assumed from the structure 
solution since the packing features or the Rietveld refinement gave no hints on the 
possible position (see figure 4.6). The crystal packing of [CuI(PN)3] does not present 
important intermolecular interactions. It is worth noting that along the c axis the 
molecular disposition create cavities which can host solvent molecules as suggested 
also by the TGA curve (see figure 4.7a). Several attempts have been made to 
determine the crystal structure of CuI(PN)2, although the diffractogram does not 
present peaks of the reagents or of other known phases we were not able to index it 
(see figure 4.7). It is not possible to exclude the presence of more than one phase.  

 
Figure 4.5 | Rietveld refinement of [CuI(PN)3], red line is the calculated diffractogram, blue line observed 
diffractogram and grey line difference plot. Blue ticks correspond to the Bragg peaks of KI, black ticks 
correspond to the Bragg peaks of [CuI(PN)3]. 

 
 The empirical formula is suggested by TGA and VTXRPD (see figure 4.8). X-ray 
diffraction at variable temperature shows that [CuI(PN)3] starts to transform into 
CuI(PN)2 at 180°C and the complete transformation accompanied by amorphization 
is observed at 250°C. In the TGA curve the first step which corresponds to weight 
lost 0.81% is probably due to some solvent trapped in the crystals, the second step 
due to the release of one ligand (calculated 26.84% weight lost) which is suddenly 
followed by decomposition and the release of the second and third ligand. 

 
Figure 4.6 | a) Single molecule of [CuIPN3]; b) Packing of [CuIPN3] view along the c  axis. 
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!
Figure 4.7 | Powder pattern of CuI(PN)2  obatined by ball milling. 

 

 
 

Figure 4.8 | a) TGA curve of [CuI(PN)3], the first step (0.81%) is due to some solvent release,  the 
second step  can be ascribed to the release to one ligand molecule  which  is suddenly followed by the  
release of the  other ligand molecules; b) VTXRPD  of [CuI(PN)3], at 180°C ( green line) the peaks of  
CuI(PN)2 appear, the complete transformation is characterized is observed at 250°C. The powder pattern 
presents a low crystallinity profile. 
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Photophysical properties 

All complexes are luminescent in their solid state at room temperature with 
emissions spanning from green to yellow. The tetrahedral coordination around the 
copper(I) ion and the stiff molecular structure assured by rigid ligands hamper the 
Jahn-Teller distortion of the excited state and allow high emission quantum 
yields.39,40 Examination of the relevant bond angles reveals an only slightly distorted 
tetrahedral geometry around the Cu ions, demonstrating the fitting bite angle of the 
bidentate P^N ligand in the polynuclear complexes.13 The lack of concentration 
quenching make these complexes attractive for applications in solid state devices as 
OLEDs or LECs. Moreover their emissions stem from excited states populated by 
fast intersystem crossing, which allow the so-called “triplet harvesting” or “singlet 
harvesting” that leads to high electroluminescence efficiencies.13, 16, 41-43  
The emission lifetimes are relatively short, in the order of microseconds, thus 
preventing the excited state quenching due to triplet-triplet and triplet-charge 
interaction processes origin of the typical roll-off in the electroluminescence 
efficiency decay at high currents.44 
The frontier orbitals involved in electronic transitions have a (X+M)LCT character, 
only slightly affected by the halogen/metal orbital ratio contributing to the HOMO, 
and dependent on the CuxIx nuclearity, and by the number of bridging ligands that 
contribute to the LUMO.  
The emission spectra of the complexes that could be obtained as sufficiently pure 
powders are represented in figure 4.9. The dimeric [Cu2I2(PN)3] complex shows an 
emission band with maximum at 525 nm which has been assigned to a temperature 
assisted delayed fluorescence (TADF) from a (X+M)LCT singlet excited state in 
thermal equilibrium with the triplet state lying at a very close energy level.13  
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Figure 4.9 | Emission spectra of [Cu2I2(PN)3] (solid, black), [CuI(PN)3] (dash, green) and 
[Cu4I4(PN)2!(CH3CN)] (dash-dot, red) as crystalline powders at room temperature. 
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The monomer [CuI(PN)3] has a very similar emission band most probably ascribable 
to a transition akin to the [Cu2I2PN3] one.  
None of the two compounds show radiative decay from excited states generated by 
cuprophilic interactions. Instead, the red-shifted and broader emission band of the 
[Cu4I4(PN)2! (CH3CN)] octahedral complex is indicative of a cluster centred (CC) 
transition at lower energy contributing to the emission.4  

Conclusions 

The copper iodide complexes are known for their large variety of coordination 
geometries which allows a great deal of different stoichiometries to be attained with 
compounds based on the same ligand. One of the targets of the research described 
in this paper was that of exploring as thoroughly as possible the chemistry of CuI 
and the ligand diphenyl-2-pyridyl phosphine PN. Five new different compounds 
have been discussed: [Cu4I4(PN)2], [Cu4I4(PN)2!(CH3CN)], [CuI (PN)0.5]", [CuI(PN)3] 
whose structure has been determined during this study, and CuI(PN)2 (see scheme 
4.1). Two main synthetic parameters were changed, the stoichiometry and the media 
in which reactions were carried out, whether in solution or the solid state. Regarding 
the stoichiometry, we have discovered that only by using great excess of one of the 
reagents it is possible to move from the dimeric structure [Cu2I2(PN)3] and to obtain 
new compounds with higher ligand/CuI ratios. In terms of synthetic routes we have 
shown that solution synthesis yielded [Cu4I4(PN)2! (CH3CN)] and [CuI(PN)3] while 
[CuI(PN)0.5]" and CuI(PN)2 were obtained only via solid state reactions, which posed 
the additional problem of structure determination when only polycrystalline samples 
are available. One way to circumvent this problem is that of finding an alternative 
way to grow single crystals of the desired species. This is why in our study we have 
explored in parallel the solvothermal synthesis with CuI and PN in an attempt to 
obtain the same species as produced by solid state reactions. In such a way we have 
obtained single crystals of [Cu4I4(PN)2] and [CuI(PN)0.5]" which allowed full 
identification of this latter mechanochemical products by comparison of observed 
and simulated patterns. The observation that [CuI(PN)0.5]" could be obtained by 
solid state reaction and by solvothermal method suggests that the two processes can 
reach similar conditions which are not allowed in the traditional synthesis in 
solution. [Cu4I4(PN)2] and [Cu4I4(PN)2! (CH3CN)] present a very similar powder 
patterns which suggests that the solvated compound should maintain the same 
geometry, upon thermal treatment [Cu4I4(PN)2! (CH3CN)] convert into [Cu4I4(PN)2]. 
The crystal structure of [CuI(PN)3] was solved from powder pattern X-ray 
diffraction data. Only the empirical formula of CuI(PN)2 was postulate. This 
compound was obtained by ball milling or upon heating of [CuI(PN)3] at 180°C, 
which corresponds in the TGA curve, at the release of one ligand. All the 
compounds obtained are luminescent and the photophysical properties of the 
complexes that could be obtained as sufficiently pure powders, have been reported. 
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Scheme 4.1 | Scheme of the compounds obtained and their relationship. Blue arrows indicate synthesis in 
solution, green arrows synthesis in solid state and orange arrows thermal treatment. 
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Abstract: Two different compounds based on copper iodide and 3-
(aminomethyl)pyridine have been synthesized and characterized. 
The structure of the catena(bis(µ3-iodo(3-aminomethyl)pyridine))-copper(I) (1) 
consists in a metal-organic framework based on copper iodide coordination 
polymers bridged by 3-(aminomethyl)pyridine bi-dentate ligands. The structure of 
1 has been solved by XRPD data since no single-crystal has been obtained. It 
showed an overall white emission at ambient temperature due to the co-presence 
of complementary 3CC and 3XLCT emission bands. Structure of 2 has not been 
determined while the stoichiometry Cu2I2(3-(aminomethyl)pyridine)2 has been 
suggest by thermal analysis. A thermal induced transition 2 to 1 has been 
observed at 150°C as a consequence of one ligand loss in the asymmetric unit. 
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Introduction 

Lighting has been an indispensable technology in today’s 7/24 society. From the 
invention of incandescent bulbs, implementation of fluorescent tubes, to the presently 
fast-growing solid-state lightening, it has been the key fixture in defining the quality of 
modern life. White organic light-emitting devices (WOLEDs) have been intensively 
studied in recent years1, 2 due to their potential for highly efficient and cost effective next 
generation lighting. 3 In a WOLED, white light is typically generated through the 
simultaneous emission of multiple emissive materials, which need to be employed in 
either a single emissive layer with multiple molecular emitters or multiple emissive 
layers.4 

One of the current academic interests is in the pursuing single white-light phosphors to 
avoid the intrinsic colour balance, device complication, and high-cost problems 
associating with multiphosphors or multi-LEDs. 5 Examples are rare but still can be 
found in the research field of organic molecules or polymers, 6-10 metal-doped or hybrid 
inorganic materials, 11-14 metal complexes, 15-17and nanomaterials.18-20 

Significant progress has been achieved in both increasing the efficiency and allowing for 
colour tuning by use of emitters based on Ir,21-25 Pt 26, 27 and Os28, 29 because with these 
both triplet and singlet excitons formed upon charge recombination in the emissive 
layer can be utilized.30, 31 These materials, however, are produced from rather expensive 
metals, which is one reason why more abundant and cost-efficient metals with d10 
configuration such as Cu(I), Ag(I), or Au(I) have received more attention recently.5, 32-36 
Copper(I) halide aggregates constitute a large family of compounds studied for decades 
for their photochemical and photophysical properties.37-41 

Particularly, interest in stimuli-responsive luminescent materials is steadily 
increasing momentum in the field of smart functionalized devices.42, 43 Recently, 
however, there has been a surge of interest in studying these complexes, which 
are currently at the forefront of coordination chemistry and crystal engineering 
research43-46 as active material for optoelectronic devices.35, 36, 47-49 
Since the first and so far the most famous luminescence thermocromic copper(i)-
iodide complex, Cu4I4pyridine4, which showed bright yellow luminescence at 
room temperature and an equally intensed blu-violet luminescence when cooled 
in liquid nitrogen50, luminescent thermocromic materials based on copper(I) 
clusters49, 51 have been enthusiastically pursued due to their excellent luminescence 
performance and stability52. 
These compounds exhibit two distinct triplet emission bands: a low energy (LE) 
and a high energy (HE). The LE band is due to the nature of the complex core 
and the transition comes from a mixed halogen-to-metal charge transfer and a 
metal-centred transition and for this reason is known as Cluster Centred 
transition (3CC). It is only possible in the presence of a cuprophilic interaction 
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when the Cu---Cu distance in the core is shorter than the sum of van der Waals 
radii.53 The HE band derive from a halogen-to-ligand charge transfer (3XLCT) 
and it is possible only in presence of ligand accessible !* or d orbital. 
When both requires are contemporary satisfied, the two triplet states are 
accessible from the same singlet excited state but an energy barrier separates 
them. The 3CC state are thermally populated so LE and HE relative intensities 
change in function of the temperature. This process has knows as thermocromic 
effect. Only recently, in the literature appears CuI pyridine based complexes in 
which the two emission band are both present at room temperature as the 3CC is 
sufficiently populated because the barrier between the XLCT and CC state are 
enough small to be crossed.48 
In the past two decades, metal-organic frameworks (MOFs) have received intense 
interest due to their potential application in gas separation54 and storage55, 56, 
catalysis57 and sensors58. Studies on the MOF photoluminescence (PL) are still in 
their infancy59; however, novel PL phenomena have been discovered, such as 
tuneable visible emission60 or tuneable luminescence intensity driven by the 
presence/absence of a dynamic guest61 or by controlling the guest properties by 
external stimuli as in a crystalline device.43   
In this chapter, a copper(I) based MOF in which both LE and HE emissions are 
contemporary observed at room temperature is reported. The ligand used to 
design the compound was 3-(Aminomethyl)pyridine (=3picolamine) which is 
characterized by two different N-based binding site. 
According to the synthesis used two different compounds with different 
metal/ligand stoichiometry ratio are easily obtained; the photochemical properties 
of the two are significantly different. 
 

 

Figure 5.1: Sketch of the (3-aminomethyl)pyridine) (=3-picolamine). 

 
Results and Discussion 
 
Two distinct compounds have been obtained according to the synthetic 
conditions. Catena(bis(µ3-iodo(3-aminomethyl)pyridine))-copper(I) (1) has been 
synthesised by reacting a large excess of copper iodide with respect to the ligand 
used (see experimental). A very interesting room temperature overall white 

N

NH2
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emission compound has been obtained, the photophysical properties of which 
are best reported in the section below. No single crystals of the titled compound 
have been obtained and the structure was solved by XRPD data. 
The indexing run was performed with TOPAS 4.162 and a centric triclinic lattice 
parameter set (a=9.94(3), b=7.60(2), c=7.63(5) !=99.0(1), "=96.25(12), # =108.86(2)) 
has been proposed. The data set was background modulated with a 6 parameters 
Chubychev function and truncated to 50° 2$ for Pawley fitting (%2 = 4.4). Structure 
solution was performed with a rigid body of the ligand not restrained on torsion angle 
values. Copper and iodine atoms coordinates are refined independently. The crystalline 
structure results in a non-porous Metal-Organic Framework made by a series of 
coordination polymers (CPs) that grow along the crystallographic c-axis. 
Cu2I2(3picolamine) stoichiometry has been found in the asymmetric unit. The castled-
like CPs are made by pseudo-tetrahedral copper ions, every of which bonds three iodide 
ions and than complete its first coordination sphere with the N-based ligand. 
Metallophylic interactions are present in the structure since the copper-copper distances 
are 2.771(3) Å, 2.787(1) Å and 3.123(2)Å. The bi-dentate organic ligands bridge the CuI 
chains in a 3D network. Along the same chain the ligands are in a antiparallel manner 
and two neighbour copper ions bind the ligands moieties alternatively by pirydinic ring 
and amino group. The bridged CuI columns are wedged together in layers parallel to (-
110) direction separated by 3.36 Å due to the inter-layers &- & interactions among ligand 
aromatic rings as reported in figure 5.2. A Rietveld refinement against the original data 
set in the range 4°–65° 2$ gave a good final fit, Rwp=7.2. In the refinement step, the 
ligands torsion angles are restrained to the move along the values range found by CSD 
statistics and the coordination bonds are forced to be coherent to copper(I) pseudo-
tetrahedral geometry.  

 

Figure 5.2 | packing of 1 along ab plane. CuI columns are aligned parallel to the (-1 1 0) Miller 
plane. Inter-layers &- & interactions among ligand aromatic rings are highlighted in dashed blue 
line. Hydrogen atoms are omitted for sake of clarity 
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Figure 5.3 | Rietveld analysis plot. red line is the calculated diffractogram, blue line observed 
diffractogram and grey line difference plot. Blue ticks to the Bragg peaks of 1. 

 

The emission profile of 1 concerns two distinct emission bands, which are concomitant 
at ambient temperature. The maxima of the two bands are respectively 470 nm e 690 
nm. As reported in figure 5.4, the emission profile is plotted at different temperature 
and it is evident that the emission intensity of the two bands are inversely proportional 
to the increase of temperature. To the best of the author knowledge only one example 
has been reported in literature with a similar emission profile in which both XLCT and 
CC emission band are present at ambient temperature in copper(I) based compounds.48 
At ambient temperature the CIE diagram coordinates are x=0.24 y=0.29 with correlated 
color temperature = 16600K and with a Color Rendering Index (CRI) = 80. 

 

" !!!!!!!!!!!!!!!# !
Figure 5.4 | (a) Normalized excitation spectra (!exc=365nm) at 298 K (solid line) and 77 K (dashed line); 
(b) CIE diagram: the red point localize on the diagram the overall emission colour of the sample at rt. 

 

[Cu2I2(3picolamine)2] (2) as been obtained by reacting in equimolar stoichiometry the 
two reactants. The yellowish powder obtained after precipitation (see experimental) gave 
a high crystalline sample but no single crystal suitable for SCXRD analysis have been 
obtained by any crystallization process. The structure of the titled compound has not 
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yet been solved neither by XRPD data. The photophysical behaviour of 2 is 
summarized in table 5.1. The emission profile shows a unique band with maximum at 
496 nm which is ascribable to a 3CC transition. According to that, it is presumable that 
metallophylic interactions are present in the structure. The metal/ligand stoichiometry 
ratio has been determined by TGA analysis that shows a weigh loss of 17.7% consistent 
with the loss of one ligand molecule from an asymmetric unit of Cu2I2(3picolamine)2 

(see Appendix E). Once 2 has been heated up to 130°C it start to convert into 1 until a 
complete transformation has been achieved at 180°C as best described in VT-XRPD 
analysis reported in figure 5.6. The phase 1 was still stable once the sample has been 
cooled at rt.  

 

Figure 5.6 | VT-XRPD analysis plot; at 150°C 2 starts convert into 1; at 225°C 2 completely transforms 
into 1 that is still stable once cooled at ambient temperature.  

 
Conclusion 
 
Two different compounds based on copper iodide and 3-(aminomethyl)pyridine 
have been synthesized and characterized. 
The structure of the 1 consists in a metal-organic framework based on copper 
iodide coordination polymers bridged by 3-(aminomethyl)pyridine bi-dentate 
ligands. The layers of 1 has been solved by XRPD data. It showed an overall 
white emission at ambient temperature due to the co-presence of complementary 
3CC and 3XLCT emission bands. A thermal induced transition 2 to 1 has been 
observed at 150°C as a consequence of one ligand loss in the asymmetric unit. 
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Experimental Section 

General 

All glassware was dried in an oven set to a temperature of 80°C for 24h prior to 
use. All reagents were purchased from Sigma Aldrich and used without further 
purification.  
 
Synthesis of catena(bis(µ3-iodo(3-aminomethyl)pyridine))-copper(I) 
CuI (3mmol; 0.570 gr) was dissolved in 50mL or acetonitrile at 80°C, when the 
solution turned limpid, the ligand (1mmol; 100µL) was added whit a syringe 
under stirring for 30 second. A high crystalline whitish powder precipitated at the 
bottom of the flask, than it was filtered on a bucker funnel and washed with 
acetonitrile. 
 
Synthesis of Cu2I2(3-picolamine)2 
CuI (1mmol; 0.190 gr) was dissolved in minimum amount of KI saturated 
aqueous solution at rt, when the solution turned limpid, the ligand (1mmol; 
100µL) was added whit a syringe under stirring. A high crystalline yellowish 
powder precipitated at the bottom of the flask, than it was filtered on a bucker 
funnel and washed with acetonitrile. 
 
X-ray diffraction analysis 
X-Ray powder diffractograms were collected over the range 3–70° 2! (40mW-
40mA; Cu-K"1, 1.54056 Å step size 0.017 2!) on a Panalytical X’Pert PRO 
automated diffractometer with CuK" radiation and an X’Celerator equipped with 
an Anton Paar TTK 450 low/high-temperature camera.  

Photophysics 
All determinations made use of powder samples placed between two quartz slides 
and were done at room temperature. Excitation and emission spectra were 
obtained with a SPEX Fluorolog fluorometer; excitation spectra were monitored 
at the maximum emission wavelength and emission spectra were recorded 
exciting all samples at 350nm. Absolute photoluminescence quantum yields were 
measured according to the method of deMello,63 by using an integrating sphere 
customized to fit into the SPEX fluorometer sample compartment. The 
estimated error on the quantum yield is 10%. Luminescence lifetimes were 
measured with an IBH 5000F time-correlated single-photon counting apparatus, 
by using a pulsed NanoLED excitation source at 331 nm. Analysis of the 
luminescence decay profiles was accomplished with the Decay Analysis Software 
DAS6 provided by the manufacturer, with an estimated error on the lifetimes of 
5%. All decays were monoexponential. 
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Introduction 

Copper (I) complexes are abundantly descripted in the previous chapter as good 
candidate for OLED devices. Few examples are already reported in literature1-4 with 
good performance parameters and it is plausible to think that the use of d10 complexes 
will increase in the next years as active material in luminescent devices. However many 
problems still remain unsolved. The copper (I) complexes are generically not very 
soluble and it means that deposition processes such as drop casting or spin coating, 
which still remain the easiest way to deposit the emission layer, cannot be used in this 
case. Volz et al. elude this problems with a series of extraordinary high efficient 
binuclear copper iodide complexes based on 2-pyridil-bisphophine ligand in which one 
ligand molecule binds in chelating mode the two metal atoms while other two ancillary 
ligands bond just one metal atom each. 1, 2 These kinds of complexes are soluble in 
organic solvents and are easily deposited via drop casting. However if the complexes 
still remain insoluble in organic solvents (or even soluble in not-suitable solvent for 
optoelectronic apparatus) the emissive layer can be deposit by sublimation in a high 
vacuum chamber. The complex stability to those extreme conditions (high temperature/ 
low pressure) treatment still remains the key problem to the applicability of this method. 
To avoid this problem it is possible to synthesize “bigger” complexes with ad hoc 
designed ligand (usually to enhance the lone pair back donation from the ligand to the 
metal d-orbital), with the aim of improve the stability performances of the complex in 
the sublimation process. 

Herein, our experience on emissive layer deposition is reported as a step-by-step 
improvement path. Also a new non-conventional layer-by-layer deposition route has 
been suggested and a preliminary OLED device prototype has been proposed. 

 

General procedure for thin film high vacuum deposition on glass substrates 

A microscope glass slide was cut in a 2.5 cm square plate. The glass surface has to be 
carefully cleaned before to be used as substrate for film deposition in order to obtain a 
much more uniform film and decrease the roughness of the deposited layer. Frist of all 
the glass were cleaned mechanically with a powder-free paper and acetone to roughly 
take out powder particles than, the slide were held by a acetone filled sample holder and 
placed in a ultrasonic bath for 20 minutes. To complete the cleaning step, the glass slide 
were than bring in a “clean room” where were exposed to a very low wavelength 
ultraviolet beam to remove all the impurities and to prepare the surface to the film 
grafting. The clean room is a special laboratory in where the inner atmosphere has 
filtered to prevent the powder particles creation particularly on the glass slide. In the 
clean room a special work wear is required to prevent the air pollution. 
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The vapour deposition was performed with sublimation equipment. Few milligrams of 
the solid material that have to be deposited on the glass slide were put inside a tungsten 
boat placed in between the two electrodes. The glass substrate was located on an 
appropriate sample holder right above the sublimation source, in the range of the 
sublimation cone (figure 6.1). The space gap between the sample holder and the 
sublimation source has optimized to deposit a good and uniform coverage of the glass 
slide and to limit the film roughness. After checked the sample and the substrate were 
place in the right position, a 2x10-6 mBar pressure were obtained by a vacuum pumping 
system. 

Once the desired pressure was reached, the voltage applied to the electrodes was gently 
increased to get a constant rate of sublimation as deposition (usually in the range of 0.2-
0.4 nm s-1). A really sophisticated balance, based on the resonance frequency of quartz 
crystal, fixed at a known distance from the glass substrate, records the amount of 
material that is being deposited and the instantaneous deposition rate. All depositions 
were made in the same experimental conditions of pressure and deposition rate. 

 

(
Figure 6.1 | Schematic representation of sample and substrate disposition inside the sublimation’s bell 

 

Direct complex sublimation 

Direct vacuum sublimation of complex Cu2I2PN3 (PN=2-pyridyl(bisphenylphosiphine)) 
(Chapter 4) on a glass substrate produced an heterogeneous and non-uniform white film. 
We select the titled compounds since it was very well characterized (both by us and by 
Baumann et. al)1 and it get a fantastic high emission quantum yield value approximately 
in the range between 80 and 90%. Even if the absorption spectrum could not be 
obtained directly on then sample deposited on the glass slide because of the large 
scattering due to the non-uniformity of the film, in the Figure 6.2b are shown the 
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excitation and emission spectra. The emission band is centered at 518 nm with a 
shoulder near 700 nm. In the excitation spectrum both the complex absorption at 
around 350 nm and the CuI absorption at around 420 nm are present. 

 

Figure 6.2| (a) Comparison between the sublimation product (red line) and the calculated pattern of 
Cu4I4PN2 (black line). Low angle diffraction is magnified in the box (left); (b) Normalized excitation 
(black line) and emission (red line) spectra for the sublimation of the complex Cu2I2PN3 (right) 

 

CuI thin films 

Direct deposition of the complex into film was unsuccessful due to the degradation of 
the complex at high temperature and low pressure. Having stated that a solid-vapour 
reaction occurred when the copper iodide crystalline powder was exposed to the ligand 
vapours at room temperature, the same gas-solid reaction was attempted with a CuI thin 
film. This procedure has, of course, lots of experimental parameters that might be 
optimized also to increase the reproducibility of the process (e.g. distance between the 
glass support and the ligand powder, the temperature of the system which is directly 
linked to the reaction rate etc.)  

There are many papers in literature speaking about copper iodide thin films5-11, and we 
decided to sublime CuI in a high vacuum chamber. A thin copper iodide layer was 
deposited on a polished glass slide by high-vacuum sublimation obtaining a 
polycrystalline, uniform, and smooth layer. The X-ray diffraction analysis performed on 
the sample (Figure 6.3) has shown us a unique peak at !25° 2! which correspond to a 
"-CuI preferred oriented (111) Miller plane12. 

!
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Figure 6.3 | Comparison between polycrystalline and sublimed !-CuI samples. 

 
The !-phase is the stable until 350°C and it is the commercial form we usually used also 
in wet reactions. The transmission spectrum (Figure 6.4a) was recorded on a 100 nm 
thick CuI sample and it is coherent with the previously reported on polycrystalline 
material7. Two peaks are shown in the spectrum: the main one at 406 nm (3.06 eV), the 
less intense at 336 nm (3.69 eV). The band gap is calculated approximately at 3.1 eV13, 14. 
The energy difference between the two bands (0.63 eV) is coherent with the spin-orbit 
splitting of the higher CuI valence band ("15,2)  reported in literature (0.64 eV) 3. The 
evaluation of the sample roughness has been performed by AFM analysis (Figure 6.4b). 
On 35nm thick samples, the mean value of roughness is about 3 nm, so less than 10%. 
A so high value was also due to the glass support. 
 

  

Figure 6.4 | (a) (left) Transmission spectrum of the 100nm thick CuI samples. The two peaks at 336 and 
406 are shown. A long range of transparency in the visible region is recorded; (b) (right) AFM analysis 
performed on 35nm thick CuI samples deposited on glass slide. 
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Gas-solid reactions 

The CuI film was exposed to ligand vapours into a closed chamber until complete 
reaction, as suggested from the absence of any CuI peak in the XRPD analysis. 
Our best results have been obtained exposing a 35 nm thick CuI layer to the 
vapours of quinuclidine and of 3-quinuclidinol at room temperature. The X-ray 
diffraction analysis directly performed in Bragg-Brentano geometry on these films 
shows that they are both amorphous. The photoluminescence spectra of both 
films are in agreement with the emission spectra of the Cu4I4quinuclidine4 (4 in 
chapter 3) and Cu4I4(3-quinuclidinol)4 form a (5a in chapter 3) powders 
respectively. A sample obtained by reacting the CuI film with quinuclidine and 
showing a green luminescence when exposed to UV radiation (!=365 nm) is 
reported in figure 3.7. 

An alternative procedure has been attempted to deposit a thin film of the complex. 
Once the copper iodide has been sublimed on a glass slide, it was dipped in a ligand 
ethanol solution. In this case, the ligand use was 2-pyridin(bisphenylphosphine) (PN) 
and, since the sample was characterized by a very high luminescence (Figure 6.5), it was 
however characterized by a too high roughness value to be use in a OLED device. 

 

 

 

Figure 6.5 | First result obtained by dipping of the CuI in an ethanol solution of the ligand. Exposed 
under UV-light at 365 nm 
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Layer-by-layer deposition (LBL) 

The improvement of the complex deposition experiment was done subliming 
sequentially CuI and the ligand. For this procedure we decided to use 2-
pyridin(bisphenylphosphine) as ligand. A 80 nm thick layer of copper iodide has been 
deposited as previously described and 40 nm of ligand have been sequentially deposited 
on top. The emission spectra of the sample (A) was coherent with the one of Cu2I2PN3 

complex which definety points out that the solid-gas reaction has took place. 
 

(
Figure 6.6| Excitation and Emission spectra of polycrystalline Cu2I2PN3 (black line), and after layer-by-
layer deposition of reagents (red line) 

 

The excitation spectrum (red curve in figure 6.6) does not show any appreciable 
absorption by the very thin layer of the complex. Instead, it is representative of the 80 
nm thick CuI film and proves the sensitization of the complex emission by energy 
transfer from CuI. To increase the complex film thickness, a layer-by-layer deposition 
has been performed. To maintain to CuI-PN stoichiometry ratio 1:1.5 as in the complex, 
simply math consideration has been taken into account as different reagent density 
(!(CuI) = 5.7 g/cm3 ; !(PN) = 1.4 g/cm3) and the consequently different number of 
molecules deposited in a volume unite by sublimation process. The result suggests that 
to maintain the 1:1.5 stoichiometry ratio between the reagents, a ratio of 1:8 in thickness 
respectively of CuI and PN has to be used in the sublimation process. So that, 2 nm 
thick CuI layer has been deposited on top of the samples (A) and 16 nm thick PN layer 
followed it. This procedure was repeated two times (B and C). The emission spectra 
reported in figure 6.7a shown a progressive increase of the complex emission intensity. 
Since the CuI emission intensity increase as well, we can estimate that not all the copper 
iodide deposited sequentially reacts with the ligand and it kick up the complex emission 
by layer-by-layer energy transfer process. The XRD analysis performed on the final 

*(+,-. 
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sample (C) has shown the preferred oriented (001) miller plane of the complex 
Cu2I2PN3 which suggest the lattice was deposited along the crystallographic c-axis as 
represented in figure 6.8. 

 

!
Figure 6.7 | (a) (left) Normalized excitation emission spectra for the samples with different layers: 
emission spectrum for sample (A) with 80nm copper iodide and 40 nm PN (black line), excitation and 
emission spectra for the sample with more 2 nm CuI layer and 16 nm PN layer deposited once (B) (green 
line) and two times (C) (blue line); (b) (right) Crystalline film obtained with layer-by-layer deposition of 
CuI and PN under UV-light at 254 nm. 
 

 

a  b  

Figure 6.8| (a) X-ray powder pattern of  polycristalline Cu2I2PN3 (red line) and the sample (C) deposited 
on glass slide (blue line); (b) Schematic rappresentation of how the molecules crsytallize on the slide 
during the sublimation process. 

 

OLED design and preparation 

The preparation of an OLED device consists in a step-by-step deposition of different 
layers with different functions. We proposed an example that might be optimized. The 
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substrate was prepared cutting a 2.5cm square piece from a bigger glass slide covered by 
ITO on one side. It was, than, scraped off by etching process: the central zone was 
sheltered by an insoluble foil while it was treated with an “aqua regia” solution to remove 
the ITO from the bordering, non-covered zone. The substrate for OLED was obtained 
as shown in figure 6.9. Afterwards the substrate was cleaned as described before (see 
general procedure). The layers were deposit by LBL deposition: a schematic 
representation of the layers is reported in figure 6.10. 

 

 

Figure 6.9 | Substrate schematic representation before (left) and after (right) etching. The cyan area 
represent the ITO on the substrate. 

 

The first 80 nm CuI layer plays a double role of both hole transport layer and reactant for 
the formation of the complex with the followed 40 nm of PN. As better described in 
the previous paragraph, to increase the emission intensity from the emitting layer, layer-
by-layer deposition of 2nm CuI and 16 nm PN layers as been done twice. A 25nm of 
TPBI (1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene) and 0.5 LiF have been added 
respectively as electron transport layer and electron injection layer. The last 100nm thick 
Aluminum layer has deposited as counter electrode 

 

Figure 6.10 | Schematic representation of OLED device based on LBL deposition process 

( (( ( (

Etching process 
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When a low voltage (2-4 V) was applied to the OLED a rather large current flow was 
recorded and some light output was observed as short blinks. No continuous light 
emission could be observed. This behavior is maybe due to a large non uniformity of 
the deposited film which results in a non-uniform applied electric field that can rise to a 
very high current flows with high temperature and device damage in the thinnest parts. 
Moreover the CuI conductivity is rather high and a larger layer thickness is needed to 
have a better charge balance in the emitting layer. More experiments are needed to 
improve the film deposition and try different device architectures (thicknesses, types of 
electron transport layer, cathodes etc.) 

 

 

Figure 6.11 | Device for the characterization of the OLED; in background, the glass container for Ar 
atmosphere. 
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Introduction 

The art of solving from powder diffraction data has developed rapidly and powder 
diffraction itself has played a central role in structural chemistry, physics and material 
sciences over the past ten years. Important advantages in structural studies of materials, 
ranging from high temperature superconductor to molecular hydrogen storage to 
luminescent materials, have relied heavily on the powder diffraction techniques. If taking 
into account both the developments of molecular materials and the consequent need of 
a deeper knowledge of how these materials work at the atomic level, it becomes clear 
that structure determination represents a key procedure to understand their properties 
and to design new tailor made compounds. For these reasons a great effort has been 
devoted to tackle this problem. Structure determination is the bread and butter of a solid 
state scientist. Solving the 3D-structure of a molecular material by performing a single 
crystal X-ray diffraction analysis is nowadays, relatively easy. However, having at least a 
single crystal suitable in dimensions and purity is a prerequisite for this analysis. This still 
remains the bottleneck step and, in the worst case, even if a single crystal has been 
obtained, it might not correspond to the interesting bulk powder1 

In fact, the developments in powder diffraction have been driven by a growing need for 
tools that are able to probe the structures of materials that are only available in powder 
form, or can only be studied as powders (e.g. under difficult in situ conditions). In these 
ill-fated cases, structure solution from powder data seems to be the only way to win the 
day, even if the route to a successful structure determination is still by no means as 
straightforward and routine as it is with single-crystal diffraction. Unfortunately, 
structure determination from powder diffraction data is much more complex than from 
single crystal data: this is associated almost entirely with the collapse of the three 
dimensions of crystallographic information onto the single dimension of the powder 
pattern.2  

The aim of this chapter is not to teach how to achieve the right and successful strategy 
to solve structure by powder diffraction data or even to evaluate the best route one can 
hike over all the possibilities (for that I could recommend to read the book Structure 
determination from powder data edited by W. David, K. Shankland, L. McCusker, Ch. 
Baerlocher that was my bible and my source of inspiration during the last years), but to 
contextualize the use of this technique into my research area. The structure 
determination process can be considered a search for the successful way through a maze, 
sometimes the best one could be neither the shortest nor the simplest one. Although 
there are many paths leading to the center, which represents, in our consideration, the 
target of the molecular structure, they are not all appropriate or even practicable for a 
given problem and the user experience could play a key role to finally solve the structure. 
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Figure 7.1 | The structure determination maze. 

  

As I already reported in previous chapters, since the introduction paragraph, the copper 
iodide complexes are characterized by a plethora of coordination geometries which arise 
from the many possible combinations of coordination numbers (two, three and four) 
available for copper(I) and geometries that can be adopted by the halide ions (from 

terminal to µ2- and up to µ8-bridging)3. 

Predicting a priori the geometry of the complex synthesized, still remains a tricky step.  
Although in our previous works, we synthesized lots of these kinds of complexes, and 
nowadays we have the feeling to approach this problem, the only knowledge of the 
reaction conditions, like solvent and reactants ratio used, is still not sufficient to 
prediction the final product geometry, even if they influence it dramatically.  In our 
routine, before starting to solve the complexes structure by XRPD data, the powder 
itself is characterized as much as possible by thermal analysis like DSC and TGA to try, 
at least, to clarify the ratio between the metal atoms and the ligand molecules. Elemental 
analysis could also be recommended. More routine-less analyses are suggested to 
understand the right coordination pattern like SS-NMR or FTIR. 

When the stoichiometry ratio is determined unequivocally, the following step is to work 
on sample: as McCusker suggested in her work, “everything depends upon the sample itsef; […] 
time invested in producing a high quality polycrystalline sample (e.g. high purity and crystallinity) prior 
to a structural investigation is time well spent”. The grade of success will depend upon the 
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quality of the data and these, in turn, depend in quality of the sample. So, come back to 
the lab to improve, recipe in the hand, the sample purity and crystallinity and, once hit 
the target, the data collection is performed as best as possible increasing the exposition 
time and reducing the step size. 

Working with lab data (and with k!1 and k!2 Cu radiation source) makes indexing step 
ever more tricky than it actually is and the determination of the correct lattice 
parameters comes out from several considerations. The golden rule is that the lattice 
volume should be coherent with the stoichiometry previously found and than, it is a 
good practice to use different indexing algorithms: if they give the same lattice 
parameters, it could be a signal that it is the right path.  

Before moving to the solution step, other few considerations have to be done:  

1. the space group have to be determined and even if it is suggested by the indexing 
software it has to be reasonable with the hypothesized geometry.  

2. once the stoichiometry have been defined, the coordination pattern have to be 
theorized according to symmetry elements in the SP, since, copper iodide complexes 
could arrange in the different way with the same stoichiometry (e.g. closed or open 
cubane clusters, di- or tetranuclear clusters) 

3. the coordination patter will be dramatically influenced by the number of the active 
binding sites: for multidentate ligands the discrimination of the number of the effective 
binding sites they used to bound the metal centre with will be a good starting point for 
preliminary z-matrix writing.  

The complexity could increase much more than this considering that copper iodide 
compounds are well known also to grow in mono-dimensional polymeric chains or bi-
dimensional layers4 or even in metal-organic frameworks (porous or not)5. 

The aim of these questions does not want to be to discourage to solve structure of 
copper iodide complexes from powder diffraction data but to underline how challenging 
it is and to justify the small number of copper(I) complexes solved by XRPD reported 
in literature. In the previous chapters few examples of structure solution from powder 
data of copper(I) complexes have been reported (chapter 3, 4 and 5) without any 
emphasis on the strategy used to solve the structure. In those cases different approach 
have been followed to hit the mark and in the next paragraphs I just want to sum up the 
step list has been carried on. 

Structure determination of Cu4I4(3-quinoclidinol)4 

Two crystal forms of Cu4I4(3-quinoclidinol)4 (5a and 5b) (name are consistent 
with those reported in chapter 3) have been obtained by reacting CuI with 3-
quinuclidinol. Single crystals of 5a could not be obtained, but its powder X-ray 
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diffraction pattern shows it to be isomorphous with Cu4I4quinuclidine4 structure 
(4) (Figure 3.3 page 52). The unit cell parameter of 5a was easily refined using the 
cell parameter of 4 as starting point. The structure of 5a was then solved from the 
powder data using, as initial coordinates for rigid-body Rietveld refinement, the 
structure of the compound 4 conveniently modified by changing the H atoms 
into O-H groups in positions 3, 5 and 8 with respect to N in the quinuclidinol 
ligand with 1/6 occupancy (because of the rotation along C3 and of the chirality 
of the ligand in those positions).  
 

 
Figure 7.2 | Sketches of a) quinuclidine and b) 3-quinuclidinol 

 
 
The position of the hydroxyl groups results to be disordered and although the 
hydroxyl groups belonging to different clusters could form hydrogen bonds, a 
hydrogen bond pattern cannot be identified.  
PXRD data of 5a were collected over the range 3–70° 2! (2kW; Cu-K"1, 1.54056 
Å step size 0.017 2!), using a variable count time scheme.2 The Bruker D8 
Advance diffractometer was equipped with a LynxEye detector. The data set was 
background modelled with a 6 parameters Chubychev function and truncated to 
50° 2! for Pawley fitting (#2 = 1.9). A scale-only Rietveld refinement against the 
original data set in the range 4°–65° 2! to give a good final fit, Rwp = 2.89. 
 
 
Structure determination of  
catena(bis(µ3-iodo(3-aminomethyl)pyridine))-copper(I) 
 

The powder of the titled compound has been obtained by mixing together a large excess 
of copper(I) iodide with respect to ligand used in a refluxing acetonitrile solution (see 
experimental section in chapter 5 page 90) . After the two components have reacted, a 
highly crystalline whitish powder has been obtained that was than collected in Bragg-
Brentano geometry on a flat sample stage.  

The indexing run was performed with TOPAS 4.16 and a centric triclinic lattice 
parameter set (a=9.94(4) Å, b=7.60(1) Å, c=7.63(6) Å, "=99.01(1), $=96.25(4), % 
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=108.86(2); volume=531.4 Å3) has been proposed. The data set was background 
subtracted and truncated to 50° 2! for Pawley fitting ("2 = 4.4). The lattice volume 
suggested is coherent with a stoichiometry CuI:L=2:1 since the volume of CuI and 3-
picolinamine are respectively 61 Å3 and ! 144 Å3 therefore, assumed P-1 as space-group 
(Z=2),  the lattice content will be Cu4I4(3-picolamine)2. As a consequence of the volume 
considerations, the ligand has to bind two different copper atoms in bridging mode with 
both pyridinic and amino nitrogen atoms but there are not sufficient information to 
know a priori neither how the ligand links the copper atoms nor the inorganic part 
nuclearity. 

Structure solution was performed with a rigid body of the ligand not restrained on 
torsion angle. DASH7 software was used to write the z-matrix of the organic ligand. The 
fragment used was taken by single crystal structure on CDS, conveniently modified. 
Copper and iodine atoms coordinates are refined independently without further restrains. 

The crystalline structure results in a non-porous Metal-Organic Framework made by a 
series of coordination polymers (CPs) that grow along the crystallographic c-axis. 
Cu2I2(3picolamine) stoichiometry has been found in the asymmetric unit. The castled-
like CPs are made by pseudo-tetrahedral copper ions, every of which bonds three iodide 
ions and than complete its first coordination sphere with the N-based ligand. 
Metallophylic interactions are present in the structure since the copper-copper distances 
are 2.771(3) Å, 2,787(1) Å and 3.123(2)Å. The bi-dentate organic ligands bridge the CuI 
chains in a 3D network. Along the same chain the ligand are put in a antiparallel manner 
and two neighbour copper ions bind the ligands moieties alternatively by pirydinic ring 
and amino group. The bridged CuI columns are wedged together in layers parallel to (-
110) direction separated by 3.36 Å due to the inter-layers #- # interactions among ligand 
aromatic rings as reported in figure 5.2 (chapter 5, page 87). A Rietveld refinement 
against the original data set in the range 4°–65° 2! gave a good final fit, Rwp = 7.2. In 
refinement step, the ligands torsion angles are restrained to the move along the values 
range found by CSD statistics and the coordination bonds are forced to be coherent to 
copper(I) pseudo-tetrahedral geometry. 

 

Structure solution of CuIPN3 

The structure of [CuI(PN)3] (Chapter 4) was solved from powder pattern X-ray 
diffraction data even if the diffractogram acquired shows peaks of unwashed KI salt 
came out from the last synthetic step. 
The powder pattern was indexed by a trigonal cell with crystallographic 
parameters of a=13.6471(2) Å, c=14.7400(4) Å volume = 2377 Å3 and space 
group P-3. The volume of the asymmetric unit, 396 Å3, is consistent with the 
volume of the one third of [CuI(PN)3]. The solution is possible only if the 
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monomer is located on the 3-fold axis with copper and iodine atoms on special 
position (1/3, 1/3, z). Even if it is not usual for the PN ligand to bind copper 
ions only by phosphor atom (with nitrogen atom not involved in any 
coordination bond), this monomeric geometry was supposed as similar to the ! 
form of CuI(PPh3)3

8
 (chapter 1), which crystallizes in the same crystallographic 

space group. In that case, the triphenylphosphine ligands bind the copper atom 
which stay on the rotational axis as the iodine atom. The powder pattern shows 
the presence of unwashed KI salt due to last synthetic step. The indexing run was 
performed taking apart the KI phase peaks, while all the following steps were all 
performed in the presence of a scale-only Rietveld refinement of KI phase. The 
structure was solved with a simulated annealing algorithm using as starting model 
one molecule of the ligand describer as rigid body in which torsion angles of the 
phenyl groups are left free to move along all the positions. In our description the 
ligand molecules are not preliminary bounded to the metal atom and the copper 
and the iodide ions are restrained to move along the C3 axis with 1/3 site 
occupancy. The Rietveld refinement converged to a Rwp= 7.681% and Rexp= 
4.351% (see figure 4.5). The position of the nitrogen atoms was assumed from the 
structure solution since the packing features or the Rietveld refinement gave no 
hints on the possible position (see figure 4.6). The crystal packing of [CuI(PN)3] 
does not present important intermolecular interactions. It is worth noting that 
along the c axis the molecular disposition create cavities, which can host solvent 
molecules as suggested also by the TGA curve (see figure 4.7a). 
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Chapter 8 

Tuning the colour and efficiency in OLEDs by 
using amorphous or polycrystalline emitting 

layers 
 

In the following chapter my contribution was about the carachterization of the 
sample as polycrystalline powders and glass-deposited thin films. I report the 
published paper as it is in Journal of Material Chemistry, C. 2013, 1, 1823-1831. 

 

 

 

Abstract: We investigated the nature of the emissive states in newly synthesized 
cyclometallated Pt complexes containing a chelating 2-pyridyl tetrazolate (2-PTZ) ligand, 
namely Pt(ppy)(2-PTZ) and Pt(F2ppy)(2-PTZ) as solid-state phosphor, by examining 
their structural properties versus their phosphorescence (PH) and electroluminescence 
(EL) characteristics. It is found that the observed tuning of both PH and EL spectra, 
their red shift and shortening decay with increasing concentration in the complex blends 
is due to a competition between three emissive states: monomer, excimer and dimer. 
The pure dimer emission appeared in neat films, reaching high PH quantum yield of 
about 75% and external EL efficiency approaching 10% for the OLED based on neat 
Pt(F2ppy)(2-PTZ) complex film as emitting layer (EML). X-ray diffraction proved high 
structural order of the latter thin film. These findings have direct impact on the design 
of a new OLED generation based on single phosphor multi-emission controlled by 
structural order degree of the EML. 
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Introduction 

The efficient parallel phosphorescent emissions from bi-molecular (B-M) and mono-
molecular (M-M) excited states1 render the Pt complexes very attractive for organic 
optoelectronics.2 Among others, they allow the colour and efficiency of organic light-
emitting devices (OLEDs) to be effectively tuned.3 The square planar structures enable 
the Pt complex molecules to facially aggregate through attractive intermolecular 
interactions of Pt-Pt or ligand-ligand or a combination of these, thereby facilitating 
formation of (B-M) states, either in the ground state (dimers) or in the excited states 
(excimers). Emission from (B-M) states are normally associated with a low quantum 
yield. This is due to an increase in the rate of radiationless relaxation of the excited state, 
arising from increased intermolecular phonon interactions in extended molecular 
systems, and an overall reduction in the oscillator strength of the dimer due to the fact 
that only a fraction of the oscillator strength of the dimer transition is derived from the 
parent monomer transition.4 There have been, however, reports on molecules exhibiting 
high singlet excimer efficiency (~75%),5 though triplet excimer efficiencies have long 
remained very low,6 only recently high PH and EL efficiencies, from triplet excimers 
formed on heavy organometallic phosphor molecules, have been reported. For example, 
red and near-infrared light-emitting devices were demonstrated with maximum external 

quantum efficiencies of !EL=2.4% (at 0.05 mA/cm2) based on a neat film FPt1 complex 

as triplet aggregate emitter7 and of !EL=14.5% (at 1 mA/cm2) based on a neat film 
PtL2Cl complex as triplet excimer emitter8 showing photoluminescence (PL) efficiency 

of !PL(excimer) ! 35%.9 Moreover, !PL(excimer) =74% > !PL(monomer) = 49% has 
recently been reported for another Pt complex (PtL26Cl).10 Broad featureless emission 
from B-M excited states (excimers and dimers) becomes therefore even more attractive 
to the manufacturing of efficient red and NIR OLEDs7,8,11 as well as to the 
improvement of white OLEDs (WOLEDs) where a combination of phosphorescent 
molecule with the red-shifted excimer PH yields emission approaching white light based 
on single emissive dopant.12 
 Within the framework of our recent studies dealing with the use of Ir(III)-tetrazolate 
complexes as highly efficient emitters for OLED-type devices,13 we now describe the 
first examples of very luminescent Pt(II)-tetrazolate phosphors in which the colour 
tuning of their emissions is due to the formation of two different B-M aggregates 
induced by the phosphor concentration. We demonstrate highly efficient OLEDs 
employing novel materials Pt(ppy)(2-PTZ) and Pt(F2ppy)(2-PTZ), where 2-PTZ stands 
for the chelating 5-(2-pyridyl)tetrazolate anion and ppy and F2ppy represent the 
cyclometalating ligands deriving from 2-phenylpyridine and 2-(2,4-
difluorophenyl)pyridine, respectively. These complexes (Scheme 8.1 for molecular 



Chapter 8  

 116 

structures) are used as single dopant emitter in the emissive layers (EMLs). They take 
part in constituting a relatively simple device structure (Experimental section and Fig. 
F.2) which allows colour change from green to red as the phosphorous concentration 
increases. However, their concentration-imposed successive red shift is due to three 
different radiative states: monomer, excimer and dimer. A substantial part of this work 
is dedicated to elucidate the presence of two phosphorescent B-M aggregates in solid 
thin films through optical and structural characterizations and their correlations. 

Experimental 

Synthetic procedure for the target Pt(II) complexes 

The preparation of the target cyclometalated Pt(II) complexes was accomplished by a 
two step procedure involving the preliminary synthesis of the chloride-bridged Pt(II) 

dimers [Pt(ppy)(µ-Cl)]2 and [Pt(F2ppy)(µ-Cl)]2, which were obtained by the reaction of 
the metal reagent K2PtCl4 with one equivalent of the appropriate cyclometalating ligand 
in a 3/1(v/v) 2-methoxyethanol/water mixture.14 Then, the obtained Pt(II) dimers were 
treated with an excess (3 equiv.) of 2-(1,H tetrazol-5-yl)pyridine without the need of acid 
scavengers. The product complexes displayed very low solubility in all the common 
solvents. In particular, in the case of [Pt(F2ppy)(2-PTZ)] it was not possible to record 
any NMR spectrum and the confirmation of the composition was provided only by the 
analysis of the ESI mass spectral data that displayed ion peaks patterns consistent with 
the expected formulation.  
In principle, the reactions might lead to the formation of two different geometric 
isomers. However, according to reports dealing with similar cyclometalated Pt(II) 
derivatives,15 we believe that the pronounced trans effect induced by the ciclometalating 
carbon might rule the formation of the isomer depicted in the scheme S1 as the 
predominant species. 

 
 

Scheme 8.1 | Synthesis of [Pt(ppy)(2-PTZ)] (R= H) and [Pt(F2ppy)(2-PTZ)] (R=F) 

N

R
Pt

R

N

Pt Pt

N

Cl

Cl

NN
N

N
N

2Methoxyethanol

Reflux
10 hrs

R

R

R

R

R=H, F

2

H

3 equiv.

NN

N N

N



Tuning the colour and efficiency in OLEDs by using amorphous or polycrystalline emitting layers 

 117 

General Procedure for the synthesis of the cyclometalated Pt(II) complexes 

A 100 mL round-bottomed flask was charged with 0.25 mmol (1 equiv.) of the 

appropriate Pt dimer, [Pt(ppy)(µ-Cl)]2 or [Pt(F2ppy)(µ-Cl)]2, and 0.4 mmol (1 equiv) and 
0.75 mmol (1.5 equiv) of 2 (1,H tetrazol-5-yl)pyridine (2-PTZH). Then, 15 mL of 2-
methoxyethanol were added and the stirred suspension was kept at the reflux 
temperature for 10 hours. After this time, the orange (in the case of [Pt(ppy)(2-PTZ)]) 
or purple (as for [Pt(F2ppy)(2-PTZ)]) precipitate that had formed was removed by 
suction filtration and washed with several 10 mL portions of diethyl ether. In the case of 
[Pt(ppy)(2-PTZ)] an additional aliquot of the product could be obtained by extracting 
the filtrate with three 20 mL portions of dichloromethane. The organic layers were 
combined and dried over MgSO4, and the solvent was removed in vacuum,, to afford 
[Pt(ppy)(2-PTZ)] (0.120 g, 48%) as an orange powder or [Pt(F2ppy)(2-PTZ)] (0.105 g, 
40%) as a purple microcrystalline powder. 

Characterization of both cyclometalated Pt(II) complexes: 

[Pt(ppy)(2-PTZ)] (orange powder, 0.120 g, 48%). ESI-MS: m/z 496 [M+H]+. 1H NMR 
(CDCl3, 400 MHz): 10.21 (d, 1H, J=5.6 Hz); 9.17 (d, 1H, J=5.6 Hz), 8.29 (d, 1H, J=8 
Hz); 8.12 (t, 1H, J=7.2 Hz); 7.86 (t, 1H, J=7.2 Hz), 7.63 (d, 1H, J=8 Hz), 7.48-7.45 (m, 
2H), 7.34 (d, 1H, J=8 Hz), 7.27-7.14 (m, 3H)Hi) ppm. 13C NMR (CDCl3, 100 MHz): 
153.7, 151.65, 140.2, 139.6, 132.9, 130.0, 125.6, 125.1, 124.3, 123.3, 122.7, 118.8 ppm. 
[Pt(F2ppy)(2-PTZ)] (dark purple powder, 0.105 g, 40%) ESI-MS: m/z 554 [M+Na]+. 
NMR data are not available because of the very low solubility in all common solvents. 

X-ray diffraction 

X-ray powder diffractograms were collected on a Panalytical X’Pert PRO automated 
diffractometer with CuKa radiation and X’Celerator.  All measurements were collected 
with Bragg-Brentano geometry. Peak positions were determined with Highscore Plus. 
Grazing incidence (GID) in-plane measurements were performed by using a SmartLab-
Rigaku diffractometer, equipped with a rotating anode (CuKa radiation) followed by a 
parabolic mirror, to collimate the incident beam, and a series of variable slits (placed 
after the sample position). 

Photoluminescence in films 

The samples in PMMA matrix were prepared by drop casting dichloromethane 
solutions of Pt complex and PMMA while thin films in TCTA blend and neat Pt 
complex films were prepared by codeposition in high vacuum (10-6 hPa) of two 
components or single deposition of Pt complex, respectively. Absorption and emission 
spectra were recorded using a Perkin Elmer Lambda 950 UV/Vis spectrophotometer 
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and an Edimburgh FLS920 spectrofluorometer, respectively. The photoluminescence 
quantum yields were measured by a custom integrating sphere system applied to the 
same Edinburgh spectrofluorometer and using DeMello’s method. Time resolved 
luminescence measurements were obtained with an Single-photon IBH model 5000 
counter. 

OLED preparation and experimental procedures 

OLEDs were fabricated by growing a sequence of thin layers on clean glass substrates 
pre-coated with a 120 nm-thick layer of indium tin oxide (ITO) with a sheet resistance 
of 20 Ω per square. A 60 nm thick hole transporting layer of [N,N’-diphenyl-N,N’-bis 
(3-methyl)-1,1’-biphenyl-4,4’ diamine (TPD)] 75 wt%: [bisphenolpol-A-polycarbonate 
(MW 32000-36000) (PC)]25wt% (Aldrich and Polysciences Inc., respectively) blend was 
spun on top of the ITO from a 10 mg/ml dichloromethane solution at room 
temperature. All remaining organic layers were deposited in succession by thermal 
evaporation under vacuum of ~ 10-6 hPa, followed by  high vacuum (~ 10-6 hPa) 
thermal-evaporation of the cathode layer consisting of 0.5 nm-thick LiF and by a 100 
nm-thick Al cap. The emitting layer (EML) was evaporated by co-deposition of the Pt 
complex and 4,4’,4’’-tris(N-carbazolyl-triphenylamine (TCTA) to form a 30nm-thick 
blend film (5w% Pt complex : 95w% TCTA) or by single deposition of Pt complex to 
form a 30nm neat film. The performance of the emissive layer has been optimized by 
locating the EML between exciton blocking layers of TCTA (10 nm) and 3-phenyl-4-(1’-
naphthyl)-5-phenyl-1,2,4-triazole (TAZ), the latter acting also as an electron transporting 
and hole-blocking layer (30 nm). The current-voltage characteristics were measured with 
a Keithley Source-Measure unit, model 236, under continuous operation mode, while 
the light output power was measured with an EG&G power meter and 
electroluminescence (EL) spectra by StellarNet spectroradiometer. All measurements 
were carried out at room temperature under argon atmosphere and were reproduced for 
many runs, excluding any irreversible chemical and morphological changes in the 
devices.  

Results and Discussion 

B-M Aggregates : excimer and dimer 

It is well known that the square planar configuration of Pt(II) complexes often leads to 
stacking and formation of aggregates which quenches the monomer luminescence.16 The 
resulting species may display their own, red-shifted photoluminescence and 
electroluminescence.17 
The broad band phosphorescence from Pt(II) organic complexes is often assigned to 
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the radiative decay of the bimolecular excited triplet states constituting quantum 
mechanical entities, excimers, which are a result of excitonic (EX) and charge-transfer 
(CT) resonances imposed optically or electrically between two nearest-neighbour 
molecules (M1, M2) and can be described by a function:18 

*

CT21
3
2

*

EX21
3
121

3 MMcMMc*MM +=  

Whereas the coefficients c1 and c2 determine the contributions of the EX and CT 
interaction components to the excimer. The relation between amplitudes of function, 
thus the excimer energy, depends on the distance between molecules M1 and M2 and 
their mutual orientation. 
Phosphorescent excimer can be formed indirectly by optical excitation of the single 
molecule, M1 or M2: 
 

hνexc + M1 ! 1 M1* + M2! 1(M1M2)* !3(M1M2)*! hνexcimer + M1 + M2   (1) 
 
or 
 

hνexc + M1 ! 1 M1* ! 3 M1*+ M2!3(M1M2)*! hνexcimer + M1 + M2   (2) 
 
In electroluminescence (EL) by charge recombination: 
 

M1
++ M2

- ! 1,3 M1*! 3 M1*+ M2!3(M1M2)* ! hνexcimer + M1 + M2   (3) 
 
or directly from charge pair precursor 
 

M1
++ M2

- ! (M1
+ M2

-) !1,3(M1M2)* !3(M1M2)* ! hνexcimer + M1 + M2   (4) 
 
Alternatively, phosphorescent aggregate states can be formed by the direct optical 

excitation of the ground-state, dimers, D≡(M1M2): 
 

hνexc + D ! 1D* ! 3D*! hνdimer + D        (5) 
 
and/or by their excitation as a result of the energy transfer from monomolecular triplet 
states: 
 

hνexc + M1 ! 1M1*!3M1* + D ! 3D*  ! hνdimer + D      (6) 
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In EL, the dimer-localized charge carriers can serve as recombination centres (charge 
traps), leading to the excited dimers as a result of direct recombination process on them 
 

D± + M3
− or  M3

+ ! 3D*  ! hνdimer + D       (7) 
 
or through energy transfer from 3M1* generated by the recombination M1

+ + M2
− (M3

−), 
where M3 represents either the dopant or matrix molecule. The triplet dimer emission 
has been observed in neat films of Pt(II) porphyrin.19 
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Figure 8.1 | Molecular structures of the Pt complexes studied in this work (top), and photoluminescence 
(PL) spectra of Pt(ppy)(2-PTZ) (a) and of Pt(F2ppy)(2-PTZ) (b) in solid state (bottom). In addition to 
structured molecular phosphorescence (monomer emission) below 480-500 nm, broad longer-wavelength 
emission bands appear when the  concentration of both complexes is increased. They are attributed to 
radiative transitions from bi-molecular (B-M) species: excimer and dimer with the emission maxima at 
shorter and longer wavelengths, respectively. 

 

Photo-physical properties 

The two complexes have been studied in solid-state matrix, namely a blend of the Pt 
complex in  4,4’,4’’-Tris(N-Carbazolyl-TriphenylAmine (TCTA) or Poly(Methyl 
MethAcrylate) (PMMA), and the neat film. Photoluminescence (PL), absorption (Abs) 
and photoexcitation (PE) spectra are displayed in Figures 8.1, 8.2 and 8.3. The influence 
of varying the concentration on the ability of the compounds to form bi-molecular 
species, and on the nature of such species, has been probed. From Figure 8.1 
remarkable difference is apparent in the PL spectra of the complexes at different 
concentration in PMMA and TCTA matrix. In addition to structured molecular 
phosphorescence (monomer emission) around 500 nm and a broad longer-wavelength 
emission band located immediately behind it (about 550-600 nm), a still longer-
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wavelength broad band around 670 nm appears in neat film (high concentration) for 
both complexes. 

 

 
Figure 8.2 | Absorption (Abs) spectra of Pt(ppy)(2-PTZ) (a) and Pt(F2ppy)(2-PTZ) (b) at different 
concentration in PMMA or TCTA matrix. 

 
The excimeric emissions of the 10% and 20% of Pt complex in TCTA (Fig. 8.1) are 
confirmed by the PE and Abs spectra (Fig. 8.2 and 8.3). In fact  these spectra 
correspond, except for a little Pt complexes contribution (Fig. 8.2 and 3, 0.1% Pt 
complex in PMMA), to that to the TCTA pure film. The absence of additional lower-
energy bands indicates excitation of isolated molecules that subsequently form the 
triplet emissive excimer species undergoing reaction (1) and/or (2). In both reactions, 
excimer phosphorescence is produced. However, beyond a certain point, a new even 
lower energy broad-band appears in neat film, which has a different excitation spectrum 
(Fig. 8.2b and 8.3b, PE spectra). We believe that this is due to an excited ground state 
dimer, D* [see reactions (5),(6)]. The emergence of a new low-energy band in the Abs 
and/or in the PE spectrum is consistent with the behavior displayed by well-known 
aggregating Pt complexes such as Pt(bpy)Cl2 or Pt(en)Cl2.

20 The long-wavelengths 
detected PE spectra differ from the absorption spectra as could be expected for a 
relatively low concentration of dimers. A straightforward conclusion is that we are 
dealing with molecular aggregates, in which the dimer formation can proceed due to 
shorter intermolecular distances and/or favorable intermolecular configurations. 
However, the dimerization is often the initial stage of crystallization and it is difficult to 
distinguish emission by randomly formed dimers from that of larger molecular 
aggregates or nano/microcrystals. To prove these latter assumptions a structural 
characterization of our solid samples is reported in the next section. 
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c  
Figure 8.3 |  Photo-Excitation (PE) spectra of Pt(ppy)(2-PTZ) (a) and Pt(F2ppy)(2-PTZ) (b) at different 
concentration in PMMA or TCTA matrix. PE spectra were detected at the monomer, excimer and dimer 
emission regions. While they are identical in TCTA matrix, distinct difference is apparent in case of both 
Pt complex neat films, attributable to the formation of dimers or higher aggregates. 

 
In order to integrate the optical properties of both platinum complexes, decay times of 
solid films of Pt(ppy)(2-PTZ) and Pt(F2ppy)(2-PTZ) were measured and they are 
reported in Table 1. Mono-exponential transient decays are observed for (a) low-
concentration 0.1% Pt complex: PMMA matrix (for both complexes), (b) 10 wt% for 
Pt(ppy)(2-PTZ) in TCTA, (c) 20 wt% for Pt(F2ppy)(2-PTZ) in TCTA and  (d) for both 
neat films on the microsecond scale (Fig. F.3). The lifetimes of the emissive species, 

obtained from exponential decay fits, show a decrease from !m=6.6; 8.1 µs to !excimer=3.8; 

1.4 µs  and finally to !dimer=0.7; 0.5 µs for these three different specimens, respectively. 
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Table M.1 | Photophysical properties of Pt complexes at different concentrations. 

film !max [nm] "PL [%] # [µs] Kr [s-1]a Knr [s-1]a 

0.1% in PMMA 
(monomer) 

486,518, 550 20 6.6 3.0x104 1.2x105 

10% in TCTA 
(excimer) 

535 45 3.8 1.2x105 1.4x105 

20% in TCTA 
(excimer&dimer) 

565 40 
3.5 [87%] 
0.7 [13%] 

- - 

Neat film 
(dimer) 

675 30 0.7 4.3x105 1.0x106 

0.1% in PMMA 
(monomer) 

470, 500, 530 10 8.1 1.2x104 1.2x105 

10% in TCTA 
(monomer&excimer) 

585 35 
3.1 [30%] 
1.4 [70%] 

- - 

20% in TCTA 
(excimer) 

610 52 1.4 3.7x105 3.4 x105 

Neat film 
(dimer) 

678 75 0.5 1.4x106 6.0x105 

[a] Radiative (Kr) and nonradiative (Knr) rate constants calculated from # and "PL values; estimated 
uncertainty ±10%. 

 
The dimer phosphorescence response function of the neat films (d) can be well 
approximated by a function:6a 

( )rtdt
E eeAtP !! //)( "" "=  

with #r= 7 and 11 ns and #d=0.7 and 0.5 µs for Pt(ppy)(2-PTZ) and Pt(F2ppy)(2-PTZ) 

respectively (Fig. F.3d). This indicates that the dimer excitation rate constant #r exceeds 

largely the monomolecular decay rate constant, #-1. The obtained value of #r is too long 
to reflect the rapid intersystem  crossing from 1M* to 3M* (at a probable rate 1012 s-1),21 
and suggests that only selected intermolecular arrangements can serve as the dimer 
forming sites at which the configuration of adjacent parallel molecules ensures a good 
overlap; the molecular excitons need around 10 ns to transfer the excitation energy to 
these sites. 
It is interesting to note that the measured decay time of the monomer emission  is much 
longer than the decay time of the B-M emissions. Both the radiative (kr) and overall 
non-radiative (knr) rate constants can be extracted from the quantum yield and the above 
lifetime data by means of the following relationships: 
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( ) 1nrr kk !+="  

( ) !=+=" rnrrrPL kkk/k  

In table M.1 all these photophysical parameters are listed. The data indicate that the 
reduced lifetime of the excited B-M states, compared to that of the M-M transitions, is 
due manly to their ten or hundred-fold increased kr. This indicates that either the B-M 
phosphorescence transitions of both Pt complexes are less forbidden than its monomer 
transition. The understanding of the relation Kr

(B-M)>> Kr
(M-M) is not straightforward, but 

a possible explanation could be that the B-M emissions can be originated from excited 
states with MMLCT (metal-metal-to-ligand charge transfer) character through Pt-Pt 
bimetallic interaction.11b,22 In addition we also have to take into consideration the fact 
that these B-M states could be less susceptible to energy migration quenching by 
chemical impurity or physical defects, which may lead to increase their  kr-to-knr ratio 
compared to that of M-M excited states.  
 

 
Figure 8.4 | X-ray patterns of thin films with simple scheme of the film structure:  (a) 20 % Pt(ppy)(2-
PTZ) in TCTA matrix and TCTA neat film, (b) Pt(ppy)(2-PTZ) neat film , (c) 20 % Pt(F2ppy)(2-PTZ) in 
TCTA matrix, (d) Pt(F2ppy)(2-PTZ) neat film . The big bump centered at 2!=21° is due to the quartz 
substrate. 

 
The Pt complex concentration-imposed successive red shift is accompanied by a non-

monotonous variation in the PL efficiency showing a maximum of "PL =45%  at the 
concentration c=10 wt%  and is lowered to 30% for the neat film of Pt(ppy)(2-PTZ) 
complex. Whereas in the case of Pt(F2ppy)(2-PTZ), the PL efficiency increases 
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monotonously with Pt concentration from !PL =10% for 0.1% Pt complex: PMMA 

blend, to !PL =75% for the neat film (Table 1). 
 

 
Figure 8.5 | Electroluminescence spectra (a) and CIE diagram (b) for OLEDs with different 
concentrations of Pt(ppy)(2-PTZ) in the EML. To show the real colour tuning, CIE coordinaties and 
photographs of OLEDs are given. 

 

Structural characterization  

Pt(ppy)(2-PTZ) and Pt(F2ppy)(2-PTZ) powder materials and thin films sublimed on 
quartz substrate have been structurally characterized by means of X-ray diffraction and 
DSC techniques.  
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TCTA matrix have been studied. All the Pt(ppy)(2-PTZ)  thin films consist of 
amorphous material (Figure 8.4a,b). Pt(F2ppy)(2-PTZ) thin films in TCTA matrix are 
amorphous (Figure 8.4c), on the other hand the as-deposited Pt(F2ppy)(2-PTZ) neat 
thin films result to be polycrystalline (Figure 8.4d). Complementary information on the 
structure of the Pt(F2ppy)(2-PTZ) polycrystalline films could be achieved by combining 
X-ray diffraction measurements collected in specular out-of-plane and grazing incidence 
in-plane geometries: the former detects the periodicities parallel to the substrate and the 
latter those perpendicular. The specular XRD pattern shows, together with a broad halo 
coming from the amorphous quartz substrate, the presence of three peaks (Figure 8.4d). 
The first peak corresponds to a interplanar distance equal to d=10.6 Å  and the others 
to the second and third order of diffraction of the same lattice planes (their values are 
d/2 and d/3).  

 
Figure 8.6 | Electroluminescence spectra (a) and CIE diagram (b) for OLEDs with different 
concentrations of Pt(F2ppy)(2-PTZ) in the EML. To show the real colour tuning, CIE coordinaties and 
photographs of OLEDs are given. 
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The lack of other reflections indicates a strong texturing of the film with the molecular 
stacking along the surface normal, and the d-spacing value suggests the molecules lye 
with the long axis approximately perpendicular to the surface.  

This molecular configuration is consistent with the periodicity revealed in-plane 
diffraction pattern (Figure 8.4d), where the detected peak, corresponding to d=3.45 Å, 
is consistent with the presence of Pt-Pt metallophilic interactions, such as those 
observed in several dimeric structures of cyclometallated Pt(II) complexes in single 
crystal.11b,22,23 The diffractogram of the Pt(F2ppy)(2-PTZ) film differs to those of the 
powder material (see Fig. F.5 and F.6), indicating the presence of a dimorphic system, as 
observed in several Pt(II) complexes.24 

 

OLEDs spectra and performances 

The devices consist of an indium tin oxide (ITO) coated glass anode transparent to the 
light generated in the emitter layer (EML) which consists of Pt(ppy)(2-PTZ) or 
Pt(F2ppy)(2-PTZ) (x wt%) – doped TCTA blend.  Holes are injected from the ITO 
anode, and pass through (TPD:PC) and TCTA hole-transporting layers (HTL), and 
recombine in the EML with electrons that were injected from a Al/LiF cathode and 
transported through the electron transporting layer (ETL) of a triazole derivative (TAZ). 
The 10 nm-thick TCTA layer, characterized by a triplet exciton energy ET of 2.85 eV, 
has been used to block triplet exciton transfer from the Pt complexes (ET=2.55-2.60 eV) 
to the non-radiative triplet of TPD (ET=2.45 eV). The 30 nm-thick layer of TAZ 
(ET=2.75 eV) plays a similar role of inhibiting quenching of the Pt complex triplet 
excitons at the cathode while at the same time blocking holes. These last two properties 
enable the recombination process to be confined to a 30 nm-thick EML layer (Fig. F. 2). 
Such an OLED architecture allowed us to maximize its performance parameters . In 
both OLED series the Pt complex concentration-imposed successive red shift is 
accompanied by a non-monotonous variation in the external EL quantum efficiency 

(QE) showing a maximum of !EL!10%  at the concentration c=15 wt% and then 
decreasing down to ~ 2% and 8% for the c=100 wt%  (neat film) of Pt(ppy)(2-PTZ) 
and Pt(F2ppy)(2-PTZ)  respectively.  At the same time, the EL QE from high dopant 
concentration EMLs exceeds that from monomer emitting samples (see table 8.1). 
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Figure 8.7 | Luminance vs applied voltage (a) and EL efficiency vs current density (b) of Pt(ppy)(2-PTZ) 
at different concentrations in the EML. Luminance vs applied voltage (c) and EL efficiency vs current 
density (d) of Pt(F2ppy)(2-PTZ) at different concentrations in the EML. 

 
 
Figures 8.5a and 8.6a show EL spectra of OLEDs for the Pt complexes at different 
dopant concentrations. It is clear that a reduction in its concentration in the EML leads 
to a relative increase of the green light emission band originating from the radiative 
decay of molecular triplet excitons of the isolated phosphorescent molecules of the Pt 
complex. On the other hand by reassigning the amount of the dopant concentration, the 
contribution of the broad yellow and red light bands emanating from the 
phosphorescent emission of the two Pt complex aggregates, excimer and dimer 
respectively, can be increased [see reaction (3) or (4) and (7)]. These emission bands 
have the main maxima at λ!600 nm for both Pt complexes at 15 wt% concentration 
and λ!675 and 655 nm for 100wt% of Pt(ppy)(2-PTZ) and Pt(F2ppy)(2-PTZ), 
respectively. The CIE coordinates for the OLEDs of 4, 15, 50, 100 wt% concentrations 
of both Pt complexes in their EML, show how varying the doping provides a simple 
way of tuning colour over a wide range from green to red (Figure 8.5b and 8.6b). 
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Figures 8.7a and 8.7c show the voltage dependence of luminance for the devices with 
different Pt complex concentrations. Luminance (B) increases monotonically with 
increasing dopant concentration (up to ca 10000 cd/m2) , always showing a tendency to 
saturation associated with the typical OLEDs high-voltage roll-off in the EL quantum 
efficiency (Figures 8.7b and 8.7d). A detailed examination of the B(V) and EL QE(j) 
characteristics show a distinct increase in luminance at 15 and 50 wt% of the Pt 
complexes, while for neat films the EL behaviors become quite different due to the 
great difference of their PH quantum yields , about 30% and 75%  for Pt(ppy)(2-PTZ) 
and Pt(F2ppy)(2-PTZ) respectively, and different electronic properties of their 
aggregates, that certainly influence the charge carrier recombination and quenching 
probabilities.  
The minor roll-off effect observed in neat film EMLs may be due to the fact that only 
emissive dimers are generated, and these emissive species are subject to weaker 
quenching as compared with quenching of monomolecular excitons. Indeed for all 
voltage range, the luminance of neat Pt(F2ppy)(2-PTZ) film-based devices is greater than 
that for blend-based ones, showing higher efficiency at high current density (high 
electric field) as shown in Figure 8.7c-d. 

Conclusions 

We have shown that both photoluminescence and electroluminescence from thin 
organic neat and blended films of cyclometallated Pt(II)-tetrazolate complexes 
constitute in general a combination of light generated by the phosphorescent decay of 
monomolecular and two different bi-molecular aggregates, “excimer” and “dimer”, that 
are formed either through the absorption of exciting photons or by recombination of 
holes and electrons when used as emitters of the EL devices. We examined the 
formation of phosphorescent states in blend and pure solid state phase (films) using the 
absorption, photoexcited and electroluminescent emission, and excitation spectra of a 
couple of Pt(II) complexes, Pt(ppy)(2-PTZ) and Pt(F2ppy)(2-PTZ), that differ for the 
structure of the cyclometalating ligand. We find that the spectral composition of the 
emission from either blends or pure solid state specimens exhibits strong material 
dependence changing the bands positions and their relative intensity, depending on the 
interaction character and relative molecular packing. While the emission from low-
concentration samples (4-15wt%) is dominated by monomer and/or excimer emissions 
(450-600 nm) with weak inter-molecular interaction, the principal emission from high-
concentration samples (50-100wt%) originates from dimers (600-800 nm) with strong 
inter-molecular interaction. 
The structural characterization reveals that Pt(ppy)(2-PTZ) neat film  is amorphous (no 
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peaks in X-ray diffractogram are present), while the fluorinated  complex Pt(F2ppy)(2-
PTZ) neat film consists of crystallites having a pronounced preferential orientation with 
respect to the substrate:  the lattice planes parallel to the susbtrate have 10.6 Å, spacing, 
which is close to the molecular length, and those perpendicular to the substrate a 
periodicity of 3.45 Å which is consistent with an effective Pt-Pt interaction. Coupling 
the structural and optical properties we can conclude that the concentration of 
phosphorescent triplet dimers is much higher in neat crystalline film of Pt(F2ppy)(2-
PTZ), by the presence of the dimers regularly distributed in the thin film, compared to 
the dimer concentration in the neat amorphous film of Pt(ppy)(2-PTZ) where dimers 
are randomly formed. The -F substituents on Pt(F2ppy)(2-PTZ) promote the molecular 
self-assembly into more uniform ordered structures along the thin film. Moreover the 
crystal packing in the “thin film“ form plays a fundamental role in promoting the 
radiative decay of the aggregate state and the dimer is characterized by a surprisingly 

high PL efficiency (!PL=75%). In fact we believe that a strong correlation between 
polycrystalline structures and Pt-Pt interaction could play a fundamental role in 
promoting the radiative decay of the aggregate excited state. 
The doping concentration of the phosphor complex in the conductive molecular matrix 
in blended films determines the relative monomer-excimer-dimer EL emission ratio and 
hence the colour of the emitted light can be tuned from green to red with high 
efficiency. Furthermore, phosphorescent dimer OLED based on neat polycrystalline 
film as emitter layer has been shown to be a new route for realizing efficient systems. 
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Figure A.1 | experimental and calculated diffraction pattern comparison for [CuI(PPh3)3]! 

 

 

Figure A.2 | experimental and calculated diffraction pattern comparison for [Cu2I2(PPh3)3] 
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Figure A.3 | experimental and calculated patter comparison for [CuI(PPh3)]41a 

 

Figure A.4 | experimental and calculated patter comparison for [CuI(PPh3)]41b 
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Figure A.5 | experimental and calculated patter comparison for [CuI(PPh3)]42 
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Figure A.6 | experimental and calculated patter comparison for [CuI(PPh3)]42 
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Figure S7. Luminescence profile at 580 nm of solid [Cu4I4(PPh3)4] 1b at 77 K and the bi-
exponential fitting (red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.8 | Arbitrarily scaled absorption (black thin) and room temperature (black 
thick) and 77K (red) corrected emission spectra of toluene solutions of PPh3 and 
compounds [Cu4I4(PPh3)4] 1a, [Cu4I4(PPh3)4] 1b and [Cu2I2(PPh3)3]; excitation at 300 nm 
for PPh3 and 330 nm for the Cu(I) complexes. The room temperature excitation spectra 
of the complexes measured at 600 nm are also reported (dash). 
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Figure A.9 | Reflectance spectra of solid samples of PPh3 (grey), [Cu4I4(PPh3)4]1a 
(black), [Cu4I4(PPh3)4]1b (red), [Cu4I4(PPh3)4]2 (blue) and [Cu2I2(PPh3)3] (green). 

 

 

 

 

 

 

 

 

 

 

 

Figure A.10 | Normalized corrected emission spectra of solid PPh3 at room 
temperature (solid line) and 77 K (dashed line). Excitation at 300 nm. 
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Figure A.11 | Normalized corrected emission spectra of solid Cu4Br4(PPh3)4 at room 
temperature (solid black line) and at 77 K (dashed black line) and of a toluene solution 
at 77K (red line). Excitation at 300 nm. 

 

 

Table A.1. Luminescence parameters of Cu4Br4(PPh3)4 in air-free toluene solution and in 
the solid state, at room temperature and at 77 K. 
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aFrom uncorrected emission spectra. b Emission quantum yield in solution, determined 
by comparing corrected emission spectra, using quinine sulfate in air-equilibrated 1 N 
H2SO4 (!em = 0.546) as a standard, excitation at 330 nm. c Excitation at 331 nm.d Large 
uncertainties due to the weakness of the emission. 
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Table A.2 | Crystal data and details of measurement for compound crystallized in this work. 

 [CuI(PPh3)3]b [Cu4I4(PPh3)4]1a [Cu4I4(PPh3)4]1b [CuI(PPh3)2]1.5*CH2Cl2 

Chemical formula C54H45CuIP3 C72H60Cu4I4P4 C72H60Cu4I4P4 C55H47Cl2Cu2I2P3 

Mr 977.25 1811.85 1810.84 1252.62 

Crystal system Monoclinic Monoclinic Cubic Monoclinic 

Space group P21/c P21/n I-43d P21/c 

T [K] RT 90 90 RT 

a [Å] 13.2375 (5), 13.4237 (10) 29.7864 (3) 15.7252(6) 

b [Å] 18.5976 (7) 26.406 (3)  19.5305(7) 

c [Å] 18.9297 (7) 19.4266 (11)  17.6410(8) 

! (°) 93.953 (4) 99.531 (7)  110.473(5) 

V (Å3) 4649.1 (3) 6791.0 (9) 26427.4 (5) 5075.7(4) 

Z 4 4 16 4 

F (000) 1984 3524 14080 2480 

" range [°] 2.68 – 29.02 2.78 – 29.18 2.56 – 29.01  2.68 – 29.09 

Radiation type Mo K# Mo K# Mo K# Mo K# 

! (mm$1) 1.27 3.19 3.28 2.29 

Measured reflns 24269 35458 13317 32388 

Unique reflns 10549 15590 4275 11167 

Parameters 424 758 253 578 

GOF on F2 0.76 1.04 1.02 1.23 

Rint 0.035 0.100 0.046 0.072 

R1(on F, [I > 
2%(I)]) 

0.044 
0.046 0.038 0.106 

wR(F2) 0.130 0.112 0.061 0.323 
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5 10 15 20 25 30 35 40

2!

 calc
 0 % w/w
 1.10% w/w
 1.90% w/w
 2.80% w/w 
 3.30% w/w
 3.40% w/w
 3.10% w/w
 3.51% w/w

 

Figure B.1 | XRPD analysis of MOF 1 (red line) combined with FeCp2@MOF 1 with 
different loading content of guest molecule in host structure; labels represent the 
percentage of FeCp2 w/w in FeCp2@MOF 1 (orange to pink lines). Black line 
represents the calculated XRPD pattern from SCXRD analysis performed on MOF 1. 

 

 

 

 

 

 

 

 

 

Figure B.2 | Reflectance spectra of solid samples of MOF 1 with different loadings of 
FeCp2 (% w/w, as measured by AAS). 
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Figure B.3 | Raw emission profiles of solid samples of MOF 1 with different loadings 
of FeCp2 (% wt/wt) obtained with the use of an integrating sphere and corrected for the 
absorption coefficient (see text). 
 
Figure B.3 reports the emission profiles of the samples placed in the sphere upon direct 
hit of the excitation beam,1 corrected for the absorption coefficient of the sample at the 
excitation wavelength, estimated by the use of the integrating sphere.2 It can be noticed 
that each determination of the value of the absolute emission quantum yield is a stand-
alone measurement and Figure B.3 only furnishes an immediate visual estimation of the 
effect of the ferrocene loading on MOF 1 emission. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.4 | Luminescence decays, on a semi-log scale, of MOF 1 at different amounts 
of FeCp2 loading and relative fittings 
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Table B.1| Conversion of guest/host weight ratio in guest/host molar ratio. 
(FeCp2=186g/mol; Cu4I4(DABCO)2=985g/mol). According to the CC emission band, 
Cu4I4(DABCO)2 has been chosen as the minimal emitting portion in MOF structure. 

Guest/Host (w/w) 
FeCp2 
(mol) Cu4I4(DABCO)2 (mol) 

Guest/Host 
(mol/mol) 

1.10% 0.59% 10.04% 6% 
1.90% 1.02% 9.96% 10% 
2.80% 1.51% 9.87% 15% 
3.30% 1.77% 9.82% 18% 
3.40% 1.83% 9.81% 19% 
3.10% 1.67% 9.84% 17% 
3.50% 1.88% 9.80% 19% 

 

 

 

Figure B.5| Calibration line for AAS experiment (R2=0.99972, black line). Iron standard 
solutions have been prepared in concentration of 0.25 ppm, 0.50 ppm, 1.0 ppm, 1.50 
ppm, 2.00 ppm. The iron concentration in samples of FeCp2@MOF 1 has been taken in 
the range of calibration line. 

 
 
 
 
 
 
 
1 Barbieri, A. & Accorsi, G. Absolute photoluminescence quantum yield determination of 

solid-state samples. EPA Newsletters, 26-35 (December 2006). 
2 Aurisicchio, C., Ventura, B., Bonifazi, D. & Barbieri, A. Photophysical Properties of 

Tolan Wavelength Shifters in Solution and Embedded in Polymeric Organic Thin Films J. 
Phys. Chem. C 113, 17927-17935 (2009).  
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Figure C.1 | Normalized excitation (black) and emission (red) spectra recorded on 
microcrystalline powder of 1. 

 

Figure C.2 | Normalized excitation (black) and emission (red) spectra recorded on 
microcrystalline powder of 2. 
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Figure C.3 | Normalized excitation (black) and emission (red) spectra recorded on 
microcrystalline powder of 3. 

Figure C.4 | Normalized excitation (black) and emission (red) spectra recorded on 
microcrystalline powder of 4.  
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Figure C.5 | Normalized excitation (black) and emission (red) spectra recorded on 
microcrystalline powder of 5a. 

 
Figure C.6 | Normalized excitation (black) and emission (red) spectra recorded on 
microcrystalline powder of 5b. 
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Figure C.7 | Normalized excitation (black) and emission (red) spectra recorded on 
microcrystalline powder of 5b (desolvated). 

 

 

Figure C.8 | Experimental (red line) and calculated (black line) powder pattern 
comparison of 1 
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Figure C.9 | Experimental (red line) and calculated (black line) powder pattern 
comparison of 2  

 

 

Figure C.10 | Experimental (red line) and calculated (black line) powder pattern 
comparison of 3  
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Figure C.11 | Experimental (red line) and calculated (black line) powder pattern 
comparison of 4  

 

 

Figure C.12 | Experimental (red line) and calculated (black line) powder pattern 
comparison of 5b  
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Figure C.13 | Rietveld analysis output graph of 5a.  

The data set was background subtracted and truncated to 50° 2! for Pawley fitting ("2 = 
1.9). A shifted Chebyshev function with 12 parameters and Pseudo-Voigt (type II) were 
used to fit respectively background and peak shape. A scale-only Rietveld refinement, 
perfomed with TOPAS 4.2 software package,1 against the original data set in the range 
4°–65° 2! to give a good final fit, Rwp = 2.89. No preferred orientation model have been 
used while rigid-body was built to model the chemical entities. An overall thermal 
parameter for each atom species was adopted. 

 

 

Figure C.14 | TGA analysis of 3 
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Figure C.15 | TGA analysis of 4 

 

Figure C.16 | TGA analysis of 5a 

 

Figure C.17 | TGA analysis of 5b 



Appendix C 

!

!156 

 

Figure C.18 | XRPD analysis performed in Bragg-Brentano geometry on a silica glass 
slide vacuum-deposited CuI thin film. The peak at 25.45 2!° corresponds to the 
preferentially oriented (111) plane of the "-CuI phase. 

 

 

 

Figure C.19 | XRPD analysis performed in Bragg-Brentano geometry directly on silica 
glass slice after gas-solid reaction between 35nm deposited CuI and quinuclidine 
vapours. 

 

 

 

! "# "! $# $! %# %! &#

! '()*

+,-)./)01+0

2! 



Phosphorescence quantum yield enhanced by intermolecular hydrogen bonds in Cu4I4 clusters in the solid state 

! 157 

Table C.1 | Crystal data and structure refinement for 3, 4, 5a, 5b 
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Crystal structures of 4 and 5b present disorder on organic ligand; all the thermal 
parameters have been refined anisotropically but static or dynamic disorder are still 
present and neither SIMU or DELU command instructions during the refinement are 
able to model it. 

References 

1. Bruker AXS, Karlsruhe, Germany, 2008, TOPAS v.4.2: General Profile and Structure 
Analysis Software for Powder Diffraction Data. 
2. Spek, A. L., Acta Cryst. 1990, A46, C34.  
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For the measurements of photoluminescence quantum yield in solid state the SPEX 
Fluorolog spectrofluorometer equipped with an integrating sphere was employed and 
measurements after the De Mello’s method were done [4]. This method, proposed in 
1997 by De Mello et al, represents an improvement of the Greenham’s method [5] for 
measuring the absolute quantum yields. Five experiments are needed in order to 
determine the absolute luminescence quantum yield of the sample (Figure D.1). In the 
first experiment, the excitation beam directly strikes the inner wall of the empty sphere, 
and the total amount of the excitation energy, La, is obtained. 

In the second experiment, the sample is positioned inside the sphere but off the 
excitation beam pathway, the detected signal is composed by the scattered excitation 
light, Lb, plus the light emitted by the sample, Pb, after absorption of scattered excitation 
light. A fraction µ of the excitation light scattered from the sphere wall is absorbed by 
the sample and so: 

 

!! ! !!! !! !  

 

In the third experiment the excitation beam directly hits the sample surface and a 
fraction A of excitation light is absorbed. The unabsorbed fraction (1-A) is either 
transmitted or reflected and a fraction µ of this scattered light is then reabsorbed by the 
sample. The area of the detected excitation light spectrum, Lc, can be expressed by the 
equation: 

 

!! ! !!! !! ! !!! !! 

 

Combining the two equations above an expression for the absorption coefficient A is 
obtained. 

 

! ! !!! !!
!!
!! 

 

The emission profile measured in this experiment has two contributions: 1) !ALa, where 
! is the photoluminescence efficiency, is due to the absorption of the excitation light, 2) 
is due to the light emitted after absorption of the scattered excitation light, given by: 
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!!! !! !  

 

Thus 

!! ! !!!!! ! !! !! !  

 

Rearranging this equation, an expression for the PLQY is obtained. Equation 1 

 

! ! !! ! !!! !!!!
!!!!

 

 

The use of a spectrometer in these efficiency measurements provides several 
advantages: 

I. Absorption and luminescence are recorded simultaneously, so the effects of 
sample degradation are minimized 

II. The method can be applied even to highly scattering samples, because no 
separate measurements of reflectance and transmittance are requested.  

 

For each sample five emission profiles were collected with the geometry schematized in 
Figure D.1: A, B, C, B2, C2. The excitation beam wavelength correspond to the 
maximum of the excitation spectrum or is close to it. For the first three profiles we used 
a grey filter at 1% of transmittance to weaken the light intensity on the fluorometer 
detector and prevent its saturation, and a cut-off filter at an appropriate wavelength to 
cut the exciting light when collecting the profiles B2 and C2. The spectra were corrected 
for the baseline and the instrument errors. To obtain La, Lb, Lc the integral value of the 
spectra A, B, C were corrected for the transmittance of the grey filter, while for Pb and 
Pc the integral values of the spectra B2 and C2 were corrected for the transmittance of 
the cut-off filter. At the end of this procedure we obtained the values for La, Lb, Lc, Pb, 
Pc which were used to determine the absolute photoluminescence quantum yields. 
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Figure D.1 | Schematic representation of the experiment needed to obtain the PLQY. In yellow the 
emission of the sample and in blue the incident beam 

 

In Figure D.2 the spectra relative to the measures previously described are shown. It has 
to be specified that the area under La,b,c is related to the amount of unabsorbed light, and 
the area under Pb,c, instead, is related to the amount of emitted light. For both 
measurements we set the instrumentation to read an emission spectrum. 

 

 

Figure D.2 | Representation of the spectral profiles obtained with the five measurements mentioned in 
the text. 
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Figure E.1 | Thermogravimetric analysis of 1. Scan rate 5°C/min. The first weight loss 
correspond to one ligand molecule loss in compound with Cu2I2(3picolamine)2 
stoichiometry.  

 

 

 

 

 

 

Figure E.2 | Differential Scanning Calorimetry analysis of 1. Scan rate 5°C/min. Melting at 183°C    
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Figure E.3 | Thermogravimetric analysis of 2. Scan rate 5°C/min. The first weight loss 
correspond to one ligand molecule loss in compound with Cu2I2(3picolamine)2 
stoichiometry.  

 

 

 

 

 

 

Figure E.4 | Differential Scanning Calorimetry analysis of 2. Scan rate 5°C/min. Melting at 183°C    
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Electrochemistry 
The redox properties of the target Pt(II) complexes were investigated by cyclic 
voltammetry. Unfortunately, the solubility of Pt(ppy)(2-PTZ) in CH2Cl2, which is one of 
the preferred solvents for electrochemistry, is rather low, while the fluorinated analogue 
Pt(F2ppy)(2-PTZ) proved almost completely insoluble also in DMSO. Even though this 
feature limit the significance of the obtained results, it was possible to obtain a 
voltammetric curve for the complex Pt(ppy)(2PTZ) in CH2Cl2 by using a glassy carbon 
(GC) working electrode coupled to a Platinum counter and in the presence of a 
saturated calomelane electrode (SCE) as the reference. In the region of the positive 
potentials, a Pt(II)-based and electrochemically and, likely, chemically irreversible 
process that is roughly centered at 0.9 V is observed. Relative to reductions, the 
voltammetric wave consist of one electrochemically irreversible process centered at -1.8 
V that  is assigned to the formation of a ligand (ppy or 2-PTZ)-based radical anion.  
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Figure F.1. | Experimental - Cyclic voltammetries were carried out using a mAutolab 
Type III potentiostat with computer control and data storage via GPES 110 Manager 
software. Solutions of concentration 1 mM in CH2Cl2 were used, containing 
[Bu4N][BF4] as the supporting inert electrolyte. A three-electrode assembly was 
employed, consisting of a Glassy Carbon (GC) working electrode, platinum wire 
counter electrode and saturated calomelane (SCE) reference electrode. Solutions were 
purged for 5 min with solvent-saturated nitrogen gas with stirring, prior to 
measurements being taken without stirring. 
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OLED configuration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F.2 | Architecture of the LEDs manufactured, and molecular structures of the 
materials used. These are completed with energy level diagram shown for understanding 
the exciton and electronic traffic within the devices. The highest occupied molecular 
orbital (HOMO) obtained for each material corresponds to its ionization potential. The 
lowest unoccupied orbital (LUMO) is equal to the molecular electronic affinity. The 
Fermi level positions for ITO and Al electrode contacts are added for completion. The 
positions of all the levels are indicated by the numbers in electronvolts relative to the 
vacuum level at energy zero. HOMO and LUMO levels (eV) as calculated from redox 
potentials. 
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Transient Decay Analysis 
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Figure F.3 | Room temperature transient PL decays from both [4 wt% Pt 
complex:TCTA] blends (a), from both [10 wt% Pt complex :TCTA] blends (b) , from 
both [20 wt% Pt complex :TCTA] blends (c) and from neat films of both Pt complexes 
(d) on the microsecond time scale after excitation using light pulses of duration 1ns at 
!exc = 373 nm. Also shown is the response time of the dimer phosphorescence from the 
neat films on a decimal nanosecond scale (inset) detected at !det = 750 nm. Open circles 
represent the experimental data and solid lines are decay fits. Single-photon IBH model 
5000 counter were employed for the time resolved luminescence measurements. 
 

X ray diffraction 
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Figure F.4 | Diffractogram of the starting bulk Pt(ppy)(2-PTZ). The powder is 
crystalline, the sharp peak at 2 "= 16.3° is due to the sample holder. 
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Figure F.5| Diffractogram of the starting bulk Pt(F2ppy)(2-PTZ).  
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Figure F.6 | Comparison of the diffractograms of: the as-deposited Pt(F2ppy)(2-PTZ) 
thin film (blue line),  the  thin film after  heating at 160°C for 30 minutes (green line) 
and the starting crystalline powder (red line).  The as-deposited Pt(F2ppy)(2-PTZ) thin 
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film  presents a strong peak at d=10.6 Å which is not present in the starting material, 
suggesting the formation of a new form. Upon heating  at 160°C the film converts into 
the bulk phase which can be easily detected by its colour change  (from light yellow into 
pink) and confirmed by the presence of several peaks which correspond the starting 
powder structure. 
 


