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 Copper(I) complexes have been studied through both experimental and 

computational means in the presented work.  Overall, the work focuses on 

photophysical and photochemical properties of copper(I) complexes.  Photophysical and 

photochemical properties are found to be dependent on the geometries of the copper(I) 

complexes.  One of the geometric properties that are important for both photochemical 

and photophysical properties is coordination number.  Coordination numbers have been 

observed to be dependent on both ligand size and recrystallization conditions.  The 

complexes geometric structure, as well as the electronic effects of the coordination 

ligands, is shown both computationally as well as experimentally to affect the emission 

energies.  Two-coordinate complexes are seen to have only weak emission at liquid 

nitrogen temperature (77 K), while at room temperature (298 K) the two-coordinate 

complexes are not observed to be luminescent.  Three-coordinate complexes are 

observed to be luminescent at liquid nitrogen temperature as well as at room 

temperature.  The three-coordinate complexes have a Y-shaped ground (S0) state that 

distorts towards a T-shape upon photoexcitation to the lowest lying phosphorescent 

state (T1).  The geometric distortion is tunable by size of the coordinating ligand.  

Luminescence is controllable by limiting the amount of non-radiative emission.  One 

manner by which non-radiative emission is controlled is the amount of geometric 



distortion that occurs as the complex undergoes photoexcitation.  Bulky ligands allow 

for less distortion than smaller ligands, leading to higher emission energies (blue shifted 

energies) with higher quantum efficiency.  Tuning emission and increasing quantum 

efficiencies can be used to create highly efficient, white emitting materials for use in 

white OLEDS.  
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CHAPTER 1 

INTRODUCTION 

1.1 Overview of Dissertation 

The following work represents studies carried out by the author in his graduate 

career at the University of North Texas.  The author has authored and coauthored 

manuscripts not represented in this dissertation.1-5  The primary focus of this 

dissertation is photophysics and photochemistry of copper (I) phosphorus and collidine 

coordinate complexes. Computations are used to model distortions from ground state 

structures to the lowest-lying phosphorescent excited states, as well as the excitation 

and phosphorescent emission energies associated with the study states.  Using these 

models to aid experimental studies has allowed for tuning of emission energies to 

create combination of materials for possible manufacturing of white organic light 

emitting devices (OLEDs).6  Evaluation of structural properties and quantum efficiencies 

of materials has allowed improvement of existing materials, for materials capable of 

highly efficient lighting.  Films have been tested for the most efficient materials studied, 

to further improve possible fabrication of OLEDs from studied copper(I) complexes.   

Distortions of structures have also allowed for decomposition of some studied materials.  

Resulting copper nanoparticles have been found to be stable without further addition of 

stabilizers.    The first chapter is an overview of the dissertation chapters. 

Chapter 2 overviews a study of temperature dependant luminescent emissions in 

tris(triphenylphosphine)copper(I) tetrafluoroborate and tris(2,4,6-collidine)copper(I) 

tetrafluoroborate complexes both in the solid state and dissolved in 2-

methyltetrahydrofuran.  Chapter 3 describes the effect of coordinating halogens of 
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dicopper(I) phosphine complexes on luminescent emissions.  Chapter 3 demonstrates 

distortions of monocopper(I) phosphine and collidine complexes and the effect of these 

distortions on luminescent emission energies.  Chapter 4 focuses on photochemical 

reactions of dicopper(I) phosphine complexes and the use of these reactions in the 

formation of nanoparticles.  Chapter 5 describes how complex packing affects 

luminescent emission energies in copper(I) diphosphide pyrazolate complexes.  Chapter 

6 outlines future directions and applications of the studies represented in this 

dissertation. 

1.2 Studies of Copper(I) Cationic Species 

Previous computational studies by Barakat et.al. have shown Au(I) complexes 

undergo a distortion from a “Y” shaped ground structure to a “T” shaped excited state 

structure upon photoexcitation.  It was found that the excited state distortions of these 

complexes are due to a Jahn-Teller distorted excited state.  The extent to which this 

distortion occurs was found to be controllable by changing the cone angle of the 

coordinating ligand.  The emission energy was found to be tunable by controlling the 

extent of this distortion.  Greater distortions lead to more energy loss through 

nonradiative decay and thus the emission peak is red shifted to lower energies.  

Examples of this were seen as the emission energies are tunable from 478 nm for the 

dicyclohexyl phenyl phosphine gold complex to 772 nm for a gold TPA (1,3,5-triaza-7-

phoshaadamantane) complex.7   

In a classical experiment by Wrighton et al., another method of varying the 

emission energy was achieved by alteration of the media in which the complex is 
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placed.  Though it was shown that the rigidity of the medium is vital to the emission 

energy, the exact mechanism was not stated.8  Later studies suggested the dipole 

moments in the medium and the ability of the complexes to cause a stabilization of 

metal-to-ligand charge transfers (MLCT) is responsible for rigidochromic shifts.  This 

mechanism suggests the choice of solvent will have important consequences on the 

rigidochromic emissions.  Care must be made to decipher the effect of the dipole-dipole 

interactions from effects that are purely due to the rigidity of the medium.9,10   

Another consideration to account for is the changing temperature as there are 

many examples of thermochromic shifts in complexes.  These issues can be minimized 

by use of pressure dependant spectroscopy, such as those performed by Ford and co-

workers.  It was shown in the Ford study that shifts were due more from a change in 

the excited state distortion rather than in the stabilization of the matrix of the 

medium.11   

Sinha and Omary have reported rigidochromic shifts, due to changes in geometry 

distortions, which are greater than any previously reported in the literature.12  Chapter 

2 shows these distortions are also present in three coordinate cationic copper 

complexes, such as the studied complexes of [Cu(PPh3)3]
+, [Cu(Cy)3]+ and [Cu(Coll)3]

+.  

Computational evidence shows changes in distortion angles and thus emission energies 

as a function of the coordinating complexes.  Complexes are studied in a 2-

methyltetrahydrofuran glass as a function of temperature and thus as a function of 

medium rigidity. 
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1.3 Photoinduced Excited State Distortion of Copper(I) Complexes 

Manufacturing of white OLEDs requires red, green and blue emitting materials 

with ideal lifetimes falling in the microsecond range.  A neutral material is also desirable 

in the manufacturing of OLEDs.  Sinha et al. have found neutral Au(PPh3)2X complexes 

(where X=Cl, Br or I) to have microsecond luminescent emissions that are tunable from 

450 nm to 550 nm by varying the coordinating halide from iodide to chloride, 

respectively.13  Abundance and reduced costs of copper materials make finding an 

analog to the gold complexes desirable.14   

When attempting to synthesize monomeric copper (I) phosphine complexes, 

dicopper(I) phosphine complex was found to be the more stable complex.  These 

complexes are also found to have luminescent emissions that are tunable when the 

coordinating halide is varied.  These complexes distort upon excitation and the copper-

copper distance was found to be significant in the emission energies.  Many literature 

studies have also found significance of the copper-copper distance in variation of 

emission energies.  Complexes containing multiple d10 metals will not have strong 

interaction in ground state.  When these complexes are excited, bond lengths are 

contracted, causing large Stokes shifts and long lived excited states.15  

While many studies exist on the luminescence of copper pyridine clusters, there 

are very few studies on monomeric copper pyridine complexes.10  Use of a sterically 

hindered pyridines, base such as 2,4,6-collidine (Coll), will allow for formation of a 

monomeric complex.16   Theoretical computations of Cu(Coll)2X complexes show tuning 

of emission peaks, due to variation of bond distortions.  White OLEDs require neutral 
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complexes with emissions spanning the visible region.  While a single complex with an 

emission spanning the visible region are rare, a combination of blue, green and red 

emissions can be combined to produce white OLEDs.6  B3PW91 computations of 

Cu(Coll)2X complexes have shown tuning of emissions by choice of coordinating halides 

(X=Cl, Br or I).  Cu(Coll)2Br and Cu(Coll)2Cl are experimentally found to be unstable in 

ambient conditions.  Cu(Coll)2I is found to be experimentally possible, but is not stable 

when remove from the mother liquid after recrystallization.  (CuCollI)n polymers are 

found to be the preferred structure and are stable in ambient conditions.  This material 

is found to have a broad white emission with microsecond lifetimes, providing a 

material that can be used for the emitting layer of an OLED device. 

2,4,6-collidinetriphenylphosphinecopper(I) iodide is found to be 

noncentrosymmetric.  Complexes that are non-centrosymmetric have the ability to 

generate a piezoelectric field.  This effect causes a material, generally as a crystal, to 

have a discharge of an electric charge as a mechanical force is applied.  As this force is 

applied, an electron of the material may be promoted to a higher energy state, which in 

turn leads to a luminescent emission upon the release of photons.  This process by 

which a crystal is excited by crushing was termed as “triboluminescence” by Wiedmann 

in 1888.17   

Triboluminescence can also occur when products are crystallized or through 

phase changes. This effect is known to occur commonly in crystals such as sugar, salt, 

glass or ice.  Complete darkness, however, may be necessary for the naked eye to see 

some of the weaker emissions produced by these materials. 18  These complexes are 
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often tested by grinding against an optical wall.  Other processes by which 

triboluminescence may be initiated include thermal or vibrational cracking of the 

crystal.19-21 

Up to 50% of all inorganic crystalline material may demonstrate 

triboluminescence when crushed.  Excitation mechanisms of the complexes should be 

similar to photo or electroluminescence.  Emission wavelengths of these materials 

should be similar to what is seen through photoexcitation, as is the case when exposed 

to an ultraviolet black light source. In some cases, additional features may be seen in 

the emission spectra of these complexes.21,22 

The CuPPh3CollI complex studied in Chapter 3 has a three-coordinate structure 

which is similar to the Au(PPh3)2I complexes studied by Sinha et al.13  While this copper 

complex has less symmetry than the gold complexes studied, similar distortions occur 

when the complex is excited to the lowest lying excited phosphorescent state.12  It 

should be noted that computations on the copper complex show some unique attributes 

to this distortion.  While the bond between the triphenylphosphine ligand and the 

copper center still elongates as is the case with the gold, the magnitude of this 

elongation is diminished in the copper complex.  The bond between the copper and the 

2,4,6-collidine ligand is shown to contract rather than elongate, due to a pi interaction 

instead of a sigma interaction as is the case with the metal phosphine bond.  A third 

difference occurs as the halide, iodide in the case of the CuPPh3CollI complex, is in the 

trans position to the 2,4,6-Collidine ligand in the most stable (lowest energy) 

phosphorescent excited state.  Computations on Au(PPh3)2X (where x=Cl, Br or I) show 
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that the halide cis to both triphenylphosphine ligands is the most stable phosphorescent 

excited state.  Both the Au(PPh3)2X complexes and the CuPPh3CollI complexes show a 

distortion in the angles from a Y-shaped ground state towards a T-shaped 

phosphorescent (T1) state.13 

The CuCollPPh3I complex was studied at various temperatures using an Oxford 

cryostat and was shown to emit in the blue region of the spectrum at temperatures 

ranging from 77K to room temperature.  The emission is structured at low 

temperatures, indicating a ligand-centered emission.  Structures of peaks lose 

resolution as the complex is warmed towards room temperatures.  Lifetimes are found 

to be in the microsecond region, indicating phosphorescent emissions.   

1.4 Copper Nanoparticles from Photochemistry of Bistriphenylphosphine Copper(I) 

Halide Complexes: Creation Through Destruction  

Previous computations, performed by Barakat et al.6, Sinha et al.12 and by the 

author of this dissertation, as shown in Chapters two and three, have shown excited 

state distortions in [M(PPh3)3]
+, Au(PPh3)2X, and Cu2(PPh3)3X2 (where M=Cu or Au and 

X=Cl, Br or I) upon photoexcitation to the lowest lying phosphorescent state.  These 

computations show stretching in the metal-phosphorous bonds as the complex is 

distorted.  If these complexes are excited with an intense enough source, photoinduced 

dissociation of the phosphorous ligand will occur.  This mechanism is the focus of 

Chapter 4. 

When the triphenylphosphine ligands have dissociated from the metal complex, 

anionic salts form.  The anionic copper salts will undergo further photochemical 
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reactions, causing reduction of the salts.  The photochemical reactions of copper salts 

have been fairly well studied as potential catalysts in the production of hydrogen, as 

well as for potential roles in aqueous environments.  Often, the focus of these studies 

has involved reduction of Cu(II) species.23,24   

These reduced copper salts are found to strongly absorb in the ultra violet (UV) 

region from 240-320 nm due to a charge transfer from complex to solvent (CTTS).22  As 

the concentration of these anionic salts builds, the possibility of aggregate formation 

increases.  The aggregates have been shown to undergo to red shifts in absorption 

energy. 25-27  Studies performed in Chapter 4 also show this trend as salts’ absorption 

energies are seen at approximately 280 nm in early portions of the photochemical 

reactions of Cu2(PPh3)3X2, while as the photochemical reactions are allowed to further 

proceed, the salts are seen to absorb at 360 nm.      

Copper(I) has been found to be a catalyst in the production of peroxide and 

chloride radicals in chlorinated and oxygenated aqueous media.  These radicals are 

made by the photodecomposition of the dichloromethane, 1,2-dichloroethane, or 

chloroform solvents used in the study.28,29  These radicals have been found to further 

react with copper salts to produce anionic Cu(I) and Cu(II) salts.25-27  These salts 

disproportionate to make Cu(0) precipitates as well as anionic copper (II) halide salts 

and halide anions, similar to what was observed in studies of isonitrile gold(I) 

complexes by Elbjeirami and Omary.30  If these Cu(0) particles are capped by a 

stabilizer, nanoparticles may form.  In the studies of gold isonitrile complexes, 

continuous irradiation of the gold complexes leads to precipitation of gold, which plates 
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on the side of the photochemistry cell used.30  This phenomenon has not been observed 

in the photochemical studies of the copper(I) complexes.  This is due to the presence of 

the free triphenylphosphine ligands.  The ligand acts as a stabilizer, as has been shown 

in clustering of gold complexes in previous studies.31,32  These free ligands allow the 

growth of spherical clusters up to 10-20 nm, with a distribution of a narrow range.  

Spherical nanoclusters generally result from a simple reduction of the copper salts 

without further growth mechanisms involved.  Particle size and shape may be able to be 

tuned by use of stabilizers as well as changes in the photochemical environment, such 

as addition of reducing agents or choice of wavelength of light used in the 

photochemical reactions.33 

Choice of solvent, (i.e. chloroform, dichloromethane, or 1,2-dichloroethane) has 

been useful in tuning size of nanoparticles.  The use of stabilizers, such as DCAB, CTAB 

or BDAC has also been shown to cause the growth of smaller nanoparticles.  The small 

distribution of particle size will result in a narrow absorption peak.  Variety in the size of 

particles will cause the plasmonic oscillations to vary in energy.  The absorption color of 

the nanoparticle solution will blue shift as the particle size is reduced.  The shape of the 

particles will also affect the color and broadness of peak that is produced.  Greater 

symmetry in particles will cause the plasmonic oscillations to become more 

homogenous, producing the same energy.  As symmetry is broken, as is the case of 

nanorods, various oscillation types will be observed.  These oscillations will produce 

several broad absorption peaks.33,34  
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These small spherical nanoparticles have a small size and shape distribution 

making them ideal for use in catalysis as well as for chemical sensors.  The stabilization 

of particles without the use of additional stabilizers also makes the particles superior for 

catalytic processes.  Triphenylphosphine ligands allow the particles to be stable for over 

a week while still allowing for ease of displacement of a rather labile ligand.  Direct 

access to the metal surfaces will allow use of these particles in catalytic production of 

hydrogen.35  This fact also allows these particles to be potentially useful for green 

chemistry for organic reactions as increased surface area will be useful for catalyzing 

reactions without addition of harsh organic chemicals.36  While gold nanoparticles are 

not as susceptible to oxidation as these copper nanoparticles are, oxidation is not 

disadvantageous for copper nanoparticles.  Many processes actually require copper 

particles to be oxidized, as the oxidized surface is often times more efficient than metal 

surfaces.32,3738   

Future studies may be able to be conducted in aqueous media, as it is seen in 

other studies that peroxide radicals may be produced by photochemistry of copper(I) 

salts in highly aerated aqueous solutions.23  These studies could be useful for 

production of antimicrobial products, biological sensors, chemotherapy and other 

biomedical applications that will not be aided by nanoparticles produced in organic 

solvents.32,38-39  
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1.5 Tuning of Wavelength and Efficiency of Copper(I) Complexes: Diphenylphosphino 

and Phosphindole Copper(I) Pyrazolate Complexes 

Manufacturing of white OLEDs requires use of materials that emit in the blue 

(~450-470 nm), green (~500-550 nm) and red (~650-700nm) color spectra.  While 

green and red materials are abundant, efficient blue materials are scarce.  Materials 

should also be phosphorescent in nature, as these materials can be up to four times 

more efficient than fluorescent materials.  Statistic recombination of electrons and holes 

in the emitting layer favor phosphorescent 75% versus a 25% chance of fluorescence.  

Organometallic complexes can be up to 100% efficient if these materials do not 

produce purely singlet:triplet emissions.  Organometallic complexes with heavy atoms 

tend to have a mixture of singlet and triplet emissions, causing them to have higher 

quantum yield than purely organic materials.40-42    

Recently, the Dias group synthesized a copper complex, (CuDPPMPz’)2 (where 

DPPM=diphenylphospinomethane and Pz’=3,5-bis(trifluoromethyl)pyrazolate, that was 

found to emit at blue (max=472 nm) wavelengths at room temperatures.  Studies by 

Sinha have suggested this complex to be highly efficient at room temperature 

(PL=91%).  The lifetime of this complex is found to be 28.72 ± 0.10 s at room 

temperature when excited at 352 nm.  These properties make this complex an ideal 

complex for manufacturing of the blue component of a white OLED device.12  

Attempts to synthesize this complex by the author of this dissertation resulted in 

a material that was red shift in emission energy (max=477 nm) compared to the 

original (CuDPPMPz’)2 studied by Sinha (max=472 nm).  While the shift in emission 
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energy is small (5 nm), the color appears teal instead of blue, as the difference is in a 

region of the visible spectrum that is particularly sensitive to the human eye.  The 

lifetime of this complex is found to have a similar value at 24.9 s.  While the shift in 

emission energy is not extreme and the lifetime is similar, the quantum yield at room 

temperature of this complex is found to have a value of only 60 %. 

Upon further attempts to produce similar product to the (CuDPPMPz’)2 studied by 

Sinha, the author of this dissertation found the blue emitting product could be produced 

by recrystallizing the product with a greater amount of tetrahydrofuran then was used 

to produce the teal emitting product.  The teal emitting product was recrystallized with 

a greater amount of hexanes.  Attempts to sublime the blue product result in red shift 

of the emission energy of the complex.  This results in a similar emission wavelength as 

the teal emitting product.  Crystals of both products were solved revealing the blue 

emitting product (max=472 nm) contains tetrahydrofuran solvent molecules in the 

crystal.  Upon sublimation, the blue emitting product loses tetrahydofuran and the 

emission is found to shift to teal.  While the blue product has many desirable 

characteristics for OLEDs applications, the inability to be sublimed will make this 

material incompatible for the manufacturing of OLED.   

Important structural concepts can be appreciated from x-ray studies of the blue 

and teal emitting products.  Crystal structures reveal a loose packing in the teal emitting 

complexes, (CuDPPMPz’)2.  X-ray structures show the tetrahydrofuran oriented in 

between the phenyl rings of the (CuDPPMPz’)2 structure.  The change in the packing of 

the crystal will have several important consequences.  The first consequence is seen in 
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the color of the emission of the complex.  The shift in emission color can be observed 

by the naked eye, to turn from teal to blue with the addition of tetrahydrofuran to the 

crystal structure.  Similar consequences can be seen in Chapter 2 of this manuscript as 

well as previously in the studies of Sinha and Omary.  Computations of the structure of 

the  ground state and lowest-lying phosphorescent excited state, reveal a similar type 

of distortion in the (CuDPPMPz’)2 complex as those in [Cu(R)3]
+ (where R=PPh3 or 

2,4,6-Collidine) and [Au(PPh3)3]
+ complexes.  In computational studies of these 

complexes, the magnitude of the distortion from a Y towards a T-shaped complex 

directly corresponds to the emission color of the complex.  In rigidochromic studies of 

[Cu(R)3]
+ and [Au(PPh3)3]

+ in 2-methyltetrahydrofuran solutions, mixtures were 

monitored as a function of temperature.  At low temperatures, the mixtures formed a 

frozen glass.  As the temperature is raised towards room temperature, the glass is 

melted into a free moving solution, thus becoming a less rigid medium.  As the complex 

became less rigid, the emission color of these complexes was observed to red shift.  In 

a similar manner, the addition of tetrahydrofuran to the crystal causes the complex to 

exist in a more rigid media than in the case of the complex without solvent molecules in 

the structure.  This will cause the distortion to be hindered, thus causing a blue shift in 

the emission energy.12,13 

The second effect the tetrahydrofuran solvent molecules in the crystal structure 

have on the photoluminescence can be seen in the quantum efficiency of the 

complexes.  The tetrahydrofuran causes the blue emitting material to have an efficiency 
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that is almost twice as efficient as the teal colored complex.  The quantum efficiency 

can be represented by the following equation: 

(1)      
  

      
  

where p=phosphorescent quantum yield, t=triplet formation efficiency, kp=rate 

constant for phosphorescence, and km=rate constant for radiationless transition from 

the triplet state.43 

The quantum yield can be increased as nonradiative emissions are quenched.  As 

the complex becomes more rigid, the distortions of the excited states are minimized as 

well as the vibrations of the ligands.  As the crystal packing becomes tighter, the phenyl 

rings of the DPPM and the pyrazolate ligands are held more tightly in place.  At the 

same time vibrations of the P-C-P bonds in the DDPM may be minimized, essentially 

quenching much of the major sources of nonradiative emissions in the 

(CuDPPMPz’)2•3THF.  As a consequence, this complex approaches near unity quantum 

yield.   

While complexes containing solvents are not sublimable and thus not viable material for 

OLED devices, concepts from these studies may aid in improved design of a highly 

efficient blue emitting material.  Use of diphenylphophinobezene (DPPB) ligand to make 

the complex which is represented in Figure 1.1 instead of DPPM, whose complex is 

represented in Figure 1.2, may eliminate much of the vibrations in the P-C-P bond of 

the diphenylphosphino ligand.  The use of 5,5’-(1,2-methanediyl)bis-5H-

benzo(b)phosphindole to make the complex represented whose structure in Figure 1.3 

or 5,5’-(1,2-phenylene)bis-5H-benzo(b)phosphindole, to make the complex whose 
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structure represented in Figure 1.4, may eliminate the rotations of the free phenyl ring 

of DPPM and DPPB, thus also decreasing the nonradiative emissions of the complex and 

increasing the overall quantum yield towards unity.  Chapter 6 outlines attempts to 

make the more rigid 5,5’-(1,2-methanediyl)bis-5H-benzo(b)phosphindole.  While 

progress towards this material has been made, further steps will be necessary to make 

a material that can be used in the fabrication of OLEDs. 
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Figure 1.1 Depiction of (CuDPPBPz’)2 complex (where DPPB= 

diphenylphosphinobenzene and Pz’=3,5-bis(trifluoromethyl)pyrazolate). 
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Figure 1.2 Depiction of (CuDPPMPz’)2 complex (where DPPM= 

diphenylphosphinomethane and Pz’=3,5-bis(trifluoromethyl)pyrazolate). 
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Figure 1.3 Depiction of bis[1,2-bis(5H-dibenzophospholyl)methane]-dicopper(I) bis(3,5- 
bis(trifluoromethyl)pyrazolate). 
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Figure 1.4 Depiction of bis[1,2-bis(5H-dibenzophospholyl)benzene]-dicopper(I) bis(3,5- 

bis(trifluoromethyl)pyrazolate). 
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CHAPTER 2 

PHOTOPHYSICAL STUDIES OF CATIONIC COPPER(I) PHOSPHINE AND COLLIDINE 
COMPLEXES 

 

2.1 Introduction 

Photophysical studies of various copper (I) phosphine and 2,4,6-collidine 

complexes are investigated by means of computations and spectroscopic experiments.  

The Density Functional (DF) computations reveal Jahn-Teller distortions that are ligand 

dependant in nature.  Size and electronic interactions of the ligands are shown to 

directly affect the distortion of bond lengths, angles and dihedral angles.  Excitation and 

emission energies further reveal a correlation between these distortion angles and 

Stokes’ shifts.  Sample complexes are synthesized and the luminescence spectra of 

these sample complexes are investigated.  Experimental spectra and structures indicate 

the Stokes’ shifts are consistent with trends found in DF computations of energies.  

Previous computational investigations by Barakat et al have found [AuPR3]
+ 

complexes to undergo a Jahn-Teller distortion upon photoexcitation.  This study also 

found these complexes to have tunable emissions based on controlling the degree of 

distortion from the ground state to the excited state.  These distortions are found to be 

directly controlled by the size of the coordinating ligand’s cone angle. 1 

In classic rigidochromic studies, Wrighton et al. found a method of tuning 

complexes' emissions by varying the rigidity of the media in which the complexes where 

placed.  Wrighton found that upon freezing a solution to create a glass, the emission of 

the complex would blue shift by 1.61 x 103 cm-1.2  Recent theoretical computations 

have found the mechanism for this shift may be due to a hindrance of a distortion 
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cause by the metal-to-ligand charge transition (MLCT). The electron transfer from the 

metal causes the ligand to become more antibonding in nature, as is seen from a loose 

of aromatic bonding.  More importantly, the metal becomes more acidic in nature, 

causing the sigma bonding in the metal-halides to contract.  At the same time, the 

metal-nitrogen bond contracts.  In a more rigid medium, this distortion mechanism is 

thought to be hindered.3 

Ford and coworkers showed these rigidochromic shifts could also occur from 

increasing the pressure exerted on a solution containing cuprous iodide clusters.  At 

ambient pressure, the solution is found to emit at 695 nm.  When high pressure 

conditions are induced the emission shifts to 580 nm.4 

In recent studies, Sinha and Omary found the [AuPPh3]3PF6 complex is also 

tunable through rigidochromic effects.  This complex was found to have tunable 

emissions, spanning the visible region with an overall shift in energy of 2890 cm-1.5 

Possible applications for rigidochromic materials include use as probes for drying 

of gypsum,6 biological photosensors,7 dendrimer based organic light emitting devices 

(DOLEDs)8 and biofuel applications.9   When used to monitor the drying process of 

gelatin systems through use of the ReCl(CO)3bpy complex, a shift of approximately 

2500cm-1 was observed as the gel went from a liquid phase to completely dry.  

Abundance and economical costs of copper materials used in the following study makes 

copper complexes viable candidates for these applications. 
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2.2 Computational Modeling of Bis(2-halo)-tris(triphenylphosphine)dicopper(I) 

Complexes 

Calculations for [Cu(PPh3)3]
+ and [Cu(Coll)3]

+ were preformed for the S0 ground 

state and the T1 lowest energy excited states  Calculations of the copper complexes 

were optimized using the density functional, B3PW91.10,11   Previous computations 

indicate B3PW91 is able to find accurate excitation and emission energies while being 

computational feasible for large transition metal complexes.12  Optimizations were 

carried out for both states using no predetermined restrictions on geometry to obtain 

global minima. Triplet state computations were performed as spin-unrestricted 

calculations.  Absorptions and emissions were computed by modeling vertical transitions 

based on the Franck-Condon principle.13 

The LANL2DZ basis set14 was used in all calculations with augmentation with  p-

type functions15 for copper and a d-type polarization function16 (d = 0.55) for 

phosphorus.   

2.3 Experimental Section 

2.3.1 Synthetic Procedures 

2.3.1.1 Synthesis of [Cu(CH3CN)4]BF4 Precursor 

[Cu(CH3CN)4]BF4 has been prepared in a manner similar to that described by 

Kubas.17  In particular, 12 mL (in 2 mL portions) of 60% HBF4 were added to a 

vigorously stirring solution of copper (I) oxide in 80 mL of acetonitrile.  The solution 

was allowed to stir for several minutes after last portion of HBF4 had been added.  

Solution was filtered to remove any undissolved black solid.  The solid was washed with 
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slight excess of acetonitrile to assure no loss of product.  Cold ether was added to the 

filtrate to produce a white precipitate.  The precipitate was filtered to remove solvent 

and dried under vacuum. 

2.3.1.2 Synthesis of [Cu(PPh3)3CH3CN]BF4 

White crystals of [Cu(PPh3)3]BF4 were produced in a manner described by Healy 

and Hanna.18  Three equivalence of PPh3 were added to [Cu(CH3CN)4]BF4 in hot 

acetonitrile.  Solution was allowed to cool and evaporate until crystals are formed.  

Product was dissolved in hot ethanol and allowed to cool to room temperature to form 

x-ray quality crystals.  A four coordinate complex, [Cu(CH3CN)(PPh3)3]BF4 was found to 

be produced by crystal studies, NMR and elemental analysis.  This product was white 

and nonluminescent. Mp: 225-227 °C; 1H NMR (CDCl3):  7.05 (C6H5, m, JC6H5=38.0 

Hz),   1.92 (CH3); 
13C {1H} NMR (CDCl3):  133.3 (C6H5),   130.6(C6H5),  129.0 

(C6H5); 
31P{1H} NMR (CD3Cl):  1.055;  IR (ATR): 3051, 1479, 1433, 1309, 1282, 1093, 

1068, 1024, 996, 920, 740, 689, 618, 517, 500, 442 cm-1; Anal. Calc. (Found) C, 

68.75%, (68.49); H, 4.95%, (4.95); P, 9.50%, (9.10); N, 1.11%, (1.14).    

2.3.1.3 Synthesis of [Cu(PPh3)3]BF4 

Upon heating [Cu(PPh3)3CH3CN]BF4 in a vacuum oven, the coordinating 

acetonitrile ligand dissociated, and [Cu(PPh3)3]BF4 was formed, as evident by 

monitoring NMR and elemental analysis. Mp: 219-221°C ; 1H NMR (CDCl3):  6.81 (CH), 

 2.55 (CH3),  2.27 (CH3),  2.17 (CH3); 
13C {1H} NMR (CDCl3):  157.2,   121.4 ,  

26.3,  20.7; 31P{1H} NMR (CD3Cl):  -1.33;   IR (ATR): 3051, 1585, 1479, 1433, 1309, 
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1283, 1091, 1066, 1025, 996, 919, 740, 690, 618, 516, 490, 442 cm-1; Anal. Calc. 

(Found) C, 69.20%, (68.80); H, 4.84%, (4.70); P, 9.91%, (9.69); N, 0%, (0.08). 

2.3.1.4 Synthesis of [Cu(Coll)3]PF6. 

[Cu(Coll)3]PF6 was prepared in method described by Habiyakare et al.   In 

particular, a solution of copper (II) sulfate pentahydrate (2 mmol) in 10 ml water was 

reduced with ascorbic acid (1 mmol) in presence of excess ligand (0.01 mol).  To the 

solution was added an excess (2.5 mmol) of sodium hexafluorophosphate in water 

(5ml).  A white precipitate formed and was filtered to remove excess solution from 

product.  Product was washed with ethanol, water, and acetone.  Product was dried 

overnight under reduced pressure.19  Mp: 216-219 °C 1H NMR (CDCl3):  7.19 (CH),  

6.99 (CH),  2.64 (CH3),  2.29 (CH3); 
13C {1H} NMR (CDCl3):  157.4,   151.6 ,  

123.2,  25.6,  20.8 ;IR (KBr): 2899, 1637, 1571, 1560, 1458, 1373, 1320, 1257, 

1117, 1030, 938, 853, 738, 694, 619, 548, 535, 480 cm-1; Anal. Calc. (Found) C, 

50.39%, (49.38); H, 5.81%, (5.44); N, 7.35%, (7.12).  Recrystallization of product from 

slow evaporation of a concentrated solution of product in dichloromethane afforded x-

ray quality crystals of a two coordinate complex, as shown in the crystal section.  

2.3.1.5 Synthesis of [Cu(P(Cy)3)2(FBF3)] 

White crystals of [Cu(P(Cy)3)2(FBF3)] were formed by dissolving [Cu(CH3CN)4]BF4 

into hot ethanol with three equivalence of tricyclohexylphospine.  The solution is 

allowed to slowly cool to room temperature to form x-ray quality crystals.  Similar 

crystals can also be formed by a different synthetic method described in previous 

literature.20  Mp: 215-216 °C 1H NMR (CDCl3):  1.80 (C6H11, m, JC6H11=16.0 Hz),  1.67 
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(C6H11, m, JC6H11=46.0 Hz),  1.25 (C6H11, m, JC6H11=60.0 Hz); 13C {1H} NMR (CDCl3):  

26.8 (C6H11); 
31P{1H} NMR (CD3Cl):  11.14;  IR (ATR): 2921, 2847, 1714, 1444, 1349, 

1296, 1175, 1073, 1046, 1001, 916, 888, 850, 820, 760, 746, 711, 514, 489, 471, 

441cm-1; Anal. Calc. (Found) C, 60.80%, (60.40); H, 9.35%, (9.34); P, 8.81%, (8.22); 

N, 0%, (0.23). 

2.3.2 Crystal Determinations 

2.3.2.1 Crystal Determination of [Cu(PPh3)3CH3CN]BF4 

A colorless crystal of [Cu(PPh3)3CH3CN]BF4, C56H48BCuF4NP3 of approximate 

dimensions, 0.22 x 0.17 x 0.17 mm3, was used for crystallography analysis.  The X-Ray 

intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-based 

diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software21 using a narrow-frame algorithm.  

The structure was solved and refined using the SHELXTLTM program package22 using 

space group P b c a with Z=8 for the formula unit, C56H48BCuF4NP3.  The final 

anisotropic full-matrix least squared refinement on F2 with 596 variables converged at 

R1=3.57% for the observed data and wR2=9.01% for all data.  The goodness of fit 

was 1.045.  The largest peak on the final difference electron density synthesis was 

0.450 e-/Å3 and the largest hole was 0.518 e-/Å3.  Based on the final model the density 

was 1.366 g/cm3 and  F(000), 4048 e-.    
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2.3.2.2 Crystal Determination of [Cu(P(Cy)3)2(FBF3)] 

A colorless crystal of [Cu(P(Cy)3)2(FBF3)], C36H66BCuF4P2, of approximate 

dimensions, 0.22 mm x 0.15 mm x 0.11 mm, was used for crystallography analysis.  

The X-Ray intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-

based diffractometer with a Mo K 0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software21 using a narrow-frame algorithm.  

The structure was solved using and refined using the SHELXTLTM program package22 

using space group P21/n with Z=4 for the formula unit, C36H66BCuF4P2.  The final 

anisotropic full-matrix least squared refinement on F2 with 397 variables converged at 

R1=3.91% for the observed data and wR2=9.84% for all data.  The goodness of fit 

was 1.037.  The largest peak on the final difference electron density synthesis was 

0.853 e-/Å3 and the largest hole was 0.595 e-/Å3.  Based on the final model the density 

was 1.280 g/cm3 and F(000), 1528 e-.    
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2.3.2.3 Crystal Determination of [Cu(Coll)2]PF6 

A colorless crystal of [Cu(Coll)2]PF6, C16H22CuF6N2P, of approximate dimensions, 

0.33 x 0.18 x 0.03  mm, was used for crystallography analysis.  The X-Ray intensities 

were measured at 100(2)K on a Bruker SMART APEX II CCD-based diffractometer with 

a Mo K 0.71073 Å) and a graphite monochromator operated 

at 1.5 kW power (50 kV, 30 mA).  The data frames for the compound were integrated 

using the APEX2 software21 using a narrow-frame algorithm.  The structure was solved 

using and refined using the SHELXTLTM program package22 using space group C2/c with 

Z=4 for the formula unit, C16H22CuF6N2P.  The final anisotropic full-matrix least squared 

refinement on F2 with 134 variables converged at R1=11.30% for the observed data 

and wR2=28.46% for all data.  The goodness of fit was 1.022.  The largest peak on the 

final difference electron density synthesis was 2.083 e-/Å3 and the largest hole was -

1.656 e-/Å3.  Based on the final model the density was 1.599 g/cm3 and  F(000), 920 e-.    

2.4 Physical Measurements 

Luminescent measurements were carried out on purified recrystallized materials.  

Steady-state luminescence was recorded on a PTI QuantaMaster Model QM-4 scanning 

spectrofluorometer.  The excitation and emission spectra are corrected for wavelength-

dependant lamp intensity and detector response.  Lifetimes are recorded using a PTI 

xenon flash and phosphorescent detector.  Absorption spectra was collected using a 

Perkin-Elmer lambda 900 double-beam UV/VIS/NIR spectrophotometer with solutions of 

crystalline materials prepared using HPLC grade dichloromethane using a standard 1-cm 

quartz cell.  1H and 13C {1H} NMR spectra were recorded in CDCl3 at ambient 
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temperature on a Varian spectrometer operating at 500 MHz for proton spectra.  IR was 

recorded on a Thermo Scientific Nicolet 6700 Analytical FTIR Spectrometer. 

2.5 Results and Discussion 

2.5.1 Computational Models of Bis(2-halo)-tris(triphenylphosphine)dicopper(I) 

complexes 

Computations on the [Cu(PPh3)3]
+ molecule were performed as described in the 

methods section.  The phenyl rings have been replaced by H in order to simplify this 

computation. Figure 2.1 depicts the mechanism that causes Jahn-Teller distortions in 

the excited state of the [Cu(PPh3)3]
+ complex. As shown, the highest occupied 

molecular (HOMO) level orbitals in the ground state (S0) are degenerate in energy.  

Upon photoexcitation, one of the electrons is promoted into the lowest unoccupied 

molecular orbital (LUMO) level.  This causes a nondegenerate occupation of degenerate 

dxy and dx2-y2 orbitals.  The orbitals rearrange to minimize the energy of the structure, 

causing a geometric distortion of the structure, known as a Jahn-Teller distortion, to 

occur.  While the Jahn-Teller theory suggests the splitting of these orbitals will cause a 

distortion in the geometry, it does not specify the direction or extent of the distortion.   

For the [Cu(PH3)3]
+ complex, this distortion results in a geometric change from a 

Y-shaped D3H structure in the ground state (S0) towards a T-shaped geometry in the 

lowest lying excited state (T1).  Two of the bonds are shown to elongate while the third 

bond is shown to contract in comparison to the ground state.   

Comparing the occupied orbitals of the excited state to the ground state orbitals shows 

the reason for the elongation in the copper-phosphorous bonds of these complexes.  
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Upon excitation of the [Cu(PH3)3]
+ complex, an electron is excited, causing a change 

form a sigma donation from the phosphorous to the copper in the ground state to an 

anti-bonding orbital in the excited state.  This change in bonding orbitals results in a 

weaker, elongated bond in the excited state. 

 

Figure 2.1 B3PW91/LANL2DZ computations of the 3-coordinate Cu(PH3)3
+.  Ground 

state contour plots show a pair of equally occupied, degenerate Highest Occupied 
Molecular Orbitals (HOMO) orbitals.  Upon photoexcitation, an electron is promoted to 

the Lowest Unoccupied Molecular Orbital (LUMO), causing the degenerate orbitals to be 
unequally occupied.  This causes the complex to distort towards a T-shaped geometry, 
so the orbitals are no longer degenerate and results in a change in the energy of the 

orbitals, as shown above. 

Other cooper complexes ([Cu(L3)3]
+) containing sigma donating ligand such as 

PCH3 or P(Cy)3 (where Cy=cyclohexyl) also show elongation of these bonds as the 
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complex is excited.  [Cu(PCH3)3]
+, for example, has an elongation of the copper-

phosphorous bond of 0.163 Å while [Cu(P(Cy)3)3]
+ has a bond elongation of 0.204 Å.  

These [Cu(L)3]
+ complexes (where L is a coordinating ligand) show the sterics of the 

coordinating ligand is an important factor in controlling the amount of T-shaped 

distortion seen in these complexes.  It is shown that [Cu(PH3)3]
+ has the most T-shaped 

distortion (=36.5°).  The more steric hindered complexes, [Cu(PCH3)3]
+ and 

[Cu(P(Cy)3)3]
+ have distortions of  =17.7° and =16.3°, respectively.  These 

distortions are a factor in controlling the emission properties of these complexes.  

However, as can be seen by comparing the computed Stokes’ shifts of these complexes, 

[Cu(PH3)3]
+, [Cu(PCH3)3]

+, and [Cu(P(Cy)3)3]
+ values of 9,760 cm-1, 10,130 cm-1 and 

11,980 cm-1, respectively, other geometric changes also have an impact on the Stokes’ 

shift of the complex.  While [Cu(PH3)3]
+ has the most distortion of the bond angle, 

there is no distortion in the dihedral angle of the [Cu(PH3)3]
+ complex upon 

phosphorescent excitation.  [Cu(PCH3)3]
+, and [Cu(P(Cy)3)3]

+ have distortions out-of-

plane of 25.9° and 17.0° in the dihedral angle of the P3-copper plane.  It is shown that 

distortions of bond length, bond angle and out of plane distortions all contribute to the 

overall change in the electronic structures. 

The resulting optimized structures for [Cu(PPh3)3]
+ using the full structure 

including phenyl rings are shown in Figure 2.8.  The [Cu(Coll)3]
+ is also shown in this 

Figure 2.12 for comparison.  The bond lengths and angles are listed in Table 2.2 as a, b 

and c and and  as is indicated in Figures 2.8 and 2.12.  Frequency calculations 

were performed for all structures to confirm minima have been achieved.  Absorption 
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and emission energies were modeled as a vertical transition according to the Franck-

Condon Principle.  [Cu(PPh3)3]
+ is also seen to undergo a Jahn-Teller distortion upon 

excitation, where the geometry is shown to distort from a Y-shaped structure to a T-

shaped structure, whether the B3PW91:UMM ONIOM method or the B3PW91 method is 

used to model the complex.   The ONIOM method is a hybrid method that allows 

different levels of theory to be applied to different parts of the molecule.  The QM 

portion of the computation contains Cu and the three phosphorous atoms of the 

[Cu(PPh3)3]
+ molecule.  The MM portion included remaining atoms of the molecule, i.e. 

the bulky phenyl rings on the phosphorous atoms.  The MM portion is modeled by the 

Universal Force Field (UFF).  The ONIOM hybrid method allows for reliable results while 

reducing the computational cost of the overall computation. The methods, either 

B3PW91 or use of the QM:MM ONIOM method, find differing results in the distortion of 

the Cu-P bond lengths of the structures.  While B3PW91:UMM ONIOM shows an 

elongation in bond length, similar to the [Cu(PH3)3]
+, B3PW91 finds a slight contraction 

of the Cu-P bond upon photoexcitation. 

Upon observation of the excited state structures of the [Cu(PPh3)3]
+ molecule, 

the reason for the difference in bond length elongation or contraction can be seen.  

While both of the complexes have a sigma type bond between the copper and 

phosphorous bonds, the [Cu(PPh3)3]
+ complex has synergistic bonding between the 

copper and triphenylphosphine.  While the sigma donating bond is destabilized upon 

excitation of the [Cu(PR3)3]
+ complexes, the pi backbonding in the copper 

triphenylphosphine complex is seen to be increased upon photoexcitation.  This explains 
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why the Cu-P bonds in the [Cu(PPh3)3]
+ complex are seen to slightly contract upon 

photoexcitation while the Cu-P bond in [Cu(PH3)3]
+ complex are shown to have a larger 

elongation upon photoexcitation. 

While use of the QM:MM method accounts for sterics of the ligands, as seen by 

the varying amounts of distortion from the Y-shaped ground state to the T-shaped 

excited state, this method fails to account for the synergistic bonding of the 

triphenylphosphine ligand of the complex.  The QM:MM computation includes the three 

Cu-P sigma bonds of the complex, but fails to account for the sigma back donation from 

the metal to the triphenylphosphine complex, thus the results show similar elongations 

of the Cu-P bonds as the [Cu(PH3)3]
+ complex with less distortion of the bonding angles 

due to the steric hindrance of the phenyl rings. 

B3PW91 indicated less overall distortion upon going from the ground state to the 

lowest lying phosphorescent state of the [Cu(PPh3)3]
+ complex.  When computing the 

structure of [Cu(PPh3)3]
+ with B3PW91 treatment, the computed copper-phosphorous 

bond lengths of [Cu(PPh3)3]
+ do not distort to the amount that [Cu(PH3)3]

+, 

[Cu(PCH3)3]
+, and [Cu(P(Cy)3)3]

+ modeled with B3PW91 or [Cu(PPh3)3]
+ modeled with 

the ONIOM method.   The pi backbonding also results in less distortion out of the plane, 

as out-of-plane distortion will result in less pi overlap of the election density between 

the copper and triphenylphosphine ligands.  The smaller amount of distortion, along 

with pi contributions to the electron structure results in a smaller Stokes’ shift of 7,510 

cm-1.  
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[Cu(Coll)3]
+ and other complexes in Figures 2.11-2.13 and  Tables 2.1 and 2.2, 

in which the copper is directly bonded to an aromatic ring show large amounts of 

contraction of the Cu-N and Cu-P bonds.  This can be attributed to the stability of the 

metal becoming more pi donating in the presence of a strong pi accepting ligand.   

Experimentally found complexes of the two-coordinate bis-2,4,6-collidine 

copper(I) hexafluorophosphate and three coordinate biscyclohexylphosphine copper(I) 

tetrafluoroborate  complexes are also included in the computations.  The two bis-2,4,6-

collidine copper(I) hexafluorophosphate results are shown in Figure 2.13.  The emission 

is shown to be a Metal-to-Charge Transfer (MLCT) by the ground and excited state 

HOMO diagrams.  The electron density is shown to be centered on the metal in the 

ground state.  Upon excitation of the complex, the density is shown to be anti-bonding 

on one of the 2,4,6-collidine ligands.  This excitation results in a small contraction 

(0.019 Å) of the Cu-N  bond between the copper atom and the antibonding ligand.  The 

Stokes’ shift is computed to be 9680 cm-1.   

Also computed is [Cu(P(Cy)3)2(FBF3)], with the tetrafluoroborate coordinated to 

the copper atom of the complex as shown in the experimental crystal structure.    

Similar to the other three-coordinate copper(I) complexes studied in this dissertation, 

[Cu(P(Cy)3)2(FBF3)] is shown to distort towards  a T-shaped excited state upon 

photoexcitation.  This excitation is seen to be metal centered and results in elongation 

of the Cu-P(Cy)3 bonds, as the sigma bond is weakened upon photoexcitation.  The Cu-

F bond is shown to contract upon photoexciation.  The resulting Stokes’ shift is 

computed to be 11,986 cm-1. 
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Controlling the size of the cone angle of the ligand can affect the amount of 

distortion of the angle, while changing the ligand type, i.e. purely sigma donating, 

synergistic or sigma accepting affects the bonds distortion.  Both of sterics and 

electronic factors are shown to be important in the remainder of this chapter as well as 

other chapters in this dissertation. 

 

Figure 2.2 B3PW91/aug-LANL2DZ computed geometric structures and HOMO contours 

of S0 and T1 states of [Cu(PH3)3]
+. 
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Figure 2.3 B3PW91/aug-LANL2DZ computed geometric structures and HOMO contours 

of S0 and T1 states of [Cu(PF3)3]
+. 
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Figure 2.4 B3PW91/aug-LANL2DZ geometric structures and HOMO contours of S0 and 

T1 states of [Cu(P(CH3)3)3]
+. 
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Figure 2.5 B3PW91/aug-LANL2DZ computed of geometric structures and HOMO 

contours of S0 and T1 states of [Cu(P(Cy)3)3]
+. 
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Figure 2.6 B3PW91/aug-LANL2DZ geometric structures and HOMO contours of S0 and 

T1 states of [Cu(P(Cy)3)2(FBF3)]. 

 

 

Figure 2.7 B3PW91/aug-LANL2DZ:UFF computed geometric structures of S0 and T1 

states of  [Cu(PPh3)3]
+. 
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Figure 2.8 B3PW91/aug-LANL2DZ computed geometric structures and HOMO contours 

of S0 and T1 states of [Cu(PPh3)3]
+. 
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Figure 2.9 B3PW91/aug-LANL2DZ computed geometric structures and HOMO contours 

of S0 and T1 states of [Cu(NH3)3]
+. 
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Figure 2.10 B3PW91 computed geometric structures and HOMO contours of S0 and T1 

states of [Cu(N(CH3)3)3]
+. 
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Figure 2.11 B3PW91/aug-LANL2DZ computed geometric structures and HOMO contours 

of S0 and T1 states of [Cu(Pyr)3]
+. 
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Figure 2.12 B3PW91/aug-LANL2DZ computed geometric structures and HOMO contours 

of S0 and T1 states of [Cu(Coll)3]
+. 

 

Figure 2.13 B3PW91/aug-LANL2DZ  computed geometric structures and HOMO 

contours of S0 and T1 states of  [Cu(Coll)3]
+. 
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Table 2.1 B3PW91/aug-LANL2DZ structures of the CuL3 complexes shown in Figures 

2.2-2.13. (where a, b, and c are bond lengths (shown in  

Figures 2.2-2.13), , , and  are bond angles (shown in Figures 2.2-2.13) and DH is 

the dihedral of the coordination sphere) (as described in methodology). 

Molecule 

(State/Method) 

a/Å b/Å c/Å /° /° /° DH1 

[Cu(PH3)3]
+ 

(S0/B3PW91) 

2.388 2.388 2.388 120.0 120.0 120.0 0.0 

[Cu(PH3)3]
+ 

(T1/B3PW91) 

2.572 2.572 2.448 156.5 92.2 92.2 16.2 

Cu(PH3)3]
+  

(T1-S0) 

0.184 0.184 0.060 36.5 -27.8 -27.8 16.2 

[Cu(PF3)3]
+ 

(S0/B3PW91) 

2.311 2.311 2.311 120.0 120.0 120.0 0.0 

[Cu(PF3)3]
+ 

(T1/B3PW91) 

2.239 2.241 2.223 161.8 98.7 99.5 0.0 

[Cu(PF3)3]
+ 

(T1-S0) 

-0.072 -0.070 -0.088 41.8 -21.3 -20.5 0.0 

[Cu(P(CH3)3)3]
+ 

(S0/B3PW91) 

2.325 2.325 2.324 120.1 120.3 119.6 0.0 

[Cu(P(CH3)3)3]
+ 

(T1/B3PW91) 

2.488 2.488 2.387 137.8 97.5 97.5 25.9 

[Cu(P(CH3)3)3]
+ 

(T1-S0) 

0.163 0.163 0.063 17.7 -22.8 -22.1 25.9 

[Cu(P(Cy)3)3]
+ 

(S0/B3PW91) 

2.420 2.419 2.453 122.7 118.4 118.9 0.9 

[Cu(P(Cy)3)3]
+ 

(T1/B3PW91) 

2.624 2.636 2.398 139.0 103.9 107.2 17.9 

[Cu(P(Cy)3)3]
+  

(T1-S0) 

0.204 0.217 

 

-0.055 16.3 -14.5 -11.7 17.0 

[Cu(P(Cy)3)2BF4]= 

[Cu(P(Cy)3)2(FBF3)] 

(S0/B3PW91) 

2.287 2.287 2.412 163.3 102.3 92.3 5.5 

[Cu(P(Cy)3)2BF4]= 

[Cu(P(Cy)3)2(FBF3)] 

(T1/B3PW91) 

2.439 2.486 2.003 158.7 92.0 91.8 16.0 

[Cu(P(Cy)3)2BF4]= 

[Cu(P(Cy)3)2(FBF3)] 

(T1-S0) 

0.202 0.199 -0.410 -4.6 -10.3 -0.5 10.5 

                                                
1 DH=Dihedral angle of Copper atom and coordinating phosphorous or nitrogen atoms. 
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[Cu(PPh3)3]
+ 

(S0/ONIOM)2 

2.368 2.369 2.364 118.8 120.1 121.0 1.2 

[Cu(PPh3)3]
+ 

(T1/ONIOM)2 

2.587 2.627 2.442 125.6 97.7 93.2 34.3 

[Cu(PPh3)3]
+ 

(T1-S0) 

0.219 0.258 0.078 6.8 -22.4 -27.8 33.1 

[Cu(PPh3)3]
+ 

(S0/B3PW91) 

2.341 2.347 2.357 121.7 123.0 115.2 1.0 

[Cu(PPh3)3]
+ 

(T1/B3PW91) 

2.300 2.326 2.305 142.5 107.5 108.1 7.3 

[Cu(PPh3)3]
+ 

(T1-S0) 

-0.041 -0.021 -0.052 20.8 -15.5 -7.1 6.3 

[Cu(NH3)3]
+ 

(S0/B3PW91) 

2.073 2.071 2.074 120.7 119.3 120.0 0.2 

[Cu(NH3)3]
+ 

(T1/B3PW91) 

2.136 2.136 2.056 155.3 93.7 93.7 16.2 

[Cu(NH3)3]
+ 

(T1-S0) 

0.063 0.065 -0.018 34.6 -25.6 -26.3 16.0 

[Cu(N(CH3)3)3]
+ 

(S0/B3PW91) 

2.127 2.118 2.140 123.4 117.2 119.5 0.3 

[Cu(N(CH3)3)3]
+ 

(T1/B3PW91) 

2.325 2.324 2.114 132.0 104.0 103.9 25.1 

[Cu(N(CH3)3)3]
+ 

(T1-S0) 

0.198 0.206 -0.026 8.6 -13.2 -15.6 24.8 

[Cu(Pyr)3]
+ (S0/ 

B3PW91) 

2.009 2.009 2.010 120.0 120.0 120.0 0.6 

[Cu(Pyr)3]
+ 

(T1/B3PW91) 

1.902 1.904 1.981 153.4 103.4 103.2 0.0 

[Cu(Pyr)3]
+  

(T1-S0) 

-0.107 -0.105 -0.029 33.4 -16.6 -16.8 -0.6 

[Cu(Coll)3]
+ 

(S0/B3PW91) 

2.053 2.052 2.055 120.7 119.4 119.9 0.1 

[Cu(Coll)3]
+ 

(T1/B3PW91) 

1.940 1.940 1.970 144.5 107.8 107.7 0.0 

[Cu(Coll)3]
+ 

(T1-S0) 

-0.113 -0.112 -0.085 23.8 -11.6 -12.2 -0.1 

[Cu(Coll)2]
+ 

(S0/B3PW91) 

1.917 1.917 - 179.5 - - - 

[Cu(Coll)2]
+ 

(T1/B3PW91) 

1.919 1.898 - 179.7 - - - 

                                                
2 Computation use UFF:B3PW91/aug-LANL2DZ 
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[Cu(Coll)2]
+ 

(T1-S0) 

0.002 -0.019 - 0.2 -  - - 

 

Table 2.2 B3PW91/aug-LANL2DZ computed excitations, emissions and Stokes’ shifts of 

CuL 3 (geometries and HOMO contours shown in Figures 2.2-2.13).  

Molecule Excitation (nm) Emission (nm) Stokes’ Shift (cm-1) 

[Cu(PH3)3]
+ 360 422 9,760 

[Cu(PF3)3]
+ 262 363 10,693 

[Cu(P(CH3)3)3]
+ 318 469 10,130 

[Cu(P(Cy)3)3]
+ 296 459 11,980 

[Cu(P(Cy)3)2(FBF3)] 269 397 11,986 

[Cu(PPh3)3]
+3  

ONIOM 
246 370 13,560 

[Cu(PPh3)3]
+  

B3PW91 
333 444 7,510 

[Cu(NH3)3]
+ 306 409 8,210 

[Cu(N(CH3)3)3]
+ 296 457 11902 

[Cu(Pyr)3]
+ 334 463 8,340 

[Cu(Coll)3]
+ 317 444 9,020 

[Cu(Coll)2]
+ 293 409 9,680 

 

  

                                                
3 Computations use UFF:B3PW91/aug-LANL2DZ 
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2.5.2 Crystal Structures 

The crystal structures of this dissertation have been compared to literature 

crystal structures.  In general, the resolution of the crystal structures in this chapter are 

better than literature values due to more modern instrumentation that uses better 

quality detectors that operate at 100 K.  The literature values are general obtained at 

150K or room temperature (283-303 K).  These lower temperatures will allow for 

geometric values and crystal parameters that are more accurate than those obtained at 

higher temperatures. 

The crystal structures, as seen in the synthetic section of this chapter (Section 

2.3.1), ligand size and recrystallization conditions will result in a variety of coordination 

numbers.  Bulky ligands such as triphenylphosphine and 2,4,6-collidine will favor two or 

three coordinate complexes, as there is not enough room in the coordination sphere for 

four bulky ligands.  Ligands with small cone angles such as acetonitrile can, however, 

cause four coordinate complexes to be stable.  As seen in the [Cu(PPh3)3CH3CN]BF4 

complex, a fourth ligand, acetonitrile is small enough to make the four coordinate 

complex stable.  High vacuum and temperatures are necessary to remove the 

acetonitrile. 

The most bulky ligand, tricyclohexylphosphine is too bulky even for three of 

these ligands to coordinate around the copper atom.  Instead, the smaller 

trifluoroborate ligand is seen to coordinate to the copper through the fluorine atom. 

Complexes made with the 2,4,6-collidine ligand are shown to depend on the 

concentration of the ligand used to recrystallize the product.  When excess of the ligand 
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is used, a three coordinate complex is favored (as evident by elemental analysis).  

When the product is recrystallized in dichloromethane without any excess ligand, a two 

coordinate complex is seen to form.  Spectral properties are seen in the Luminescent 

Spectra section (Section 2.5.3) to be affected by the geometric structure of the crystal. 

 

Figure 2.14 Crystal structure of [Cu(PPh3)3CH3CN]BF4 showing the numbering scheme 

employed in Table 2.4. 
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Figure 2.15 Stacking of [Cu(PPh3)3CH3CN]BF4 in crystal structure represented in Figure 
2.14. 
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Table 2.3 Sample and crystal data for [Cu(PPh3)3CH3CN]BF4. 

 

Empirical formula 

Formula weight 

Current Study 

C56H48BCuF4NP3 

978.21 

Previous Literature23 

C56H48BCuF4NP  

Temperature 100(2) K 150 

Wavelength 0.71073 Å  

Crystal system Orthorhombic Orthorhombic 

Space group P b c a Pbca 

Unit cell dimensions a = 17.6973(6) Å = 90°. a = 17.730(1) Å = 90°. 

 b = 22.2558(8) Å = 90°. b = 22.280(1) Å = 90°. 

 c = 24.1475(8) Å       

=90°. 

c = 24.185(1) Å       

= 90°. 

Volume 9510.9(6) Å3 9553.665 
Z 8 8 

Density (calculated) 1.366 Mg/m3 1.36 

Absorption coefficient 0.615 mm-1  
F(000) 

R-Factor (%) 

4048 

3.57 

 

4.7 

 

Table 2.4 Selected bond lengths (Å) and angles (°) for [Cu(PPh3)3CH3CN]BF4.  

 

Bond Length/Angle 

Cu(1)-P(3) 

Cu(1)-P(2)  

Cu(1)-P(1)  

Cu(1)-N(1)  

 

N(1)-Cu(1)-P(2)  

N(1)-Cu(1)-P(3) 

P(2)-Cu(1)-P(3) 

N(1)-Cu(1)-P(1) 

P(2)-Cu(1)-P(1) 

P(3)-Cu(1)-P(1) 

Current Study Value 

2.3133(5) 

2.3131(5) 

2.3218(6) 

2.0529(17) 

 

101.25(5) 

101.76(5) 

113.31(2) 

105.24(5) 

119.68(2) 

112.73(2) 

Previous Literature Value23 

2.296(2) 

2.296(2) 

2.296(2) 

2.261(9) 

 

102.82(8) 

102.82(8) 

115.22(6) 

102.82(8) 

115.22(6) 

115.22(6) 
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Figure 2.16 Crystal structure of [Cu(P(Cy)3)2(FBF3)] showing the numbering scheme 

employed in Table 2.6. 
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Figure 2.17 Stacking of [Cu(P(Cy)3)2(FBF3)] in crystal structure represented in Figure 

2.16. 
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Table 2.5 Sample and crystal data for [Cu(P(Cy)3)2(FBF3)]. 

 

Empirical formula 

Formula weight 

Current Study 

C36 H66 B Cu F4 P2 
711.18 

Literature Study20 

C36 H66 B Cu F4 P2 

Temperature 100(2) K Room Temp.(283-303 K) 

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P 21/n P21/n 

Unit cell dimensions a = 9.5072(3) Å = 90°. a = 9.563(2) Å =90°. 

 b = 24.4939(8) Å  = 

109.5660(10)°. 

b = 24.931(9) Å  = 90.0°. 

 c = 15.8925(5)  Å     = 

90°. 

c = 16.102(3)  Å      

=93.61°. 

Volume 3690.2(2) Å3 3831.344 

Z 4 4 

Density (calculated)

  
1.280/m3 1.233 

Absorption 

coefficient 

0.723 mm-1  

F(000) 1528  

R-Factor (%) 3.91 6.5 

 

Table 2.6 Selected bond lengths (Å) and angles (°) for [Cu(P(Cy)3)2(FBF3)].  

Bond Length/Angles 
Cu(1)-P(2)  

Cu(1)-P(1)  
Cu(1)-F(1)  
 

P(2)-Cu(1)-P(1) 
P(2)-Cu(1)-F(1) 

P(1)-Cu(1)-F(1) 

Current Study Values  
2.2139(6) 

2.2226(6) 
2.3350(16) 
 

158.05(2) 
110.77(4) 

91.17(4) 

Literature Study Values20 

2.235(2) 

2.237(2) 
2.420(6) 
 

159.98(8) 
108.5(2) 

91.5(2) 
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Figure 2.18 Crystal structure of [Cu(Coll)2]PF6 showing the numbering scheme 

employed in Table 2.8. 
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Figure 2.19 Stacking of [Cu(P(Cy)3)2(FBF3)] in crystal structure represented in Figure 

2.18. 
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Table 2.7 Sample and crystal data for [Cu(Coll)2]PF6. 

Empirical formula 

Formula weight 

C16 H22 Cu F6 N2 P  

450.87 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group C 2/c 

Unit cell dimensions a = 20.352(3) Å  = 90°. 

 b = 8.2001(14) Å = 132.086(2)°. 

 c = 15.125(4) Å         = 90°. 

Volume 1873.2(7) Å3 
Z 4 

Density (calculated)  1.599 Mg/m3 

Absorption coefficient 1.310 mm-1 

F(000) 920 

R-Factor (5) 11.30 

 

Table 2.8 Selected bond lengths (Å) and angles (°) for [Cu(Coll)2]PF6.  

Cu(1)-N(1)  

Cu(1)-N(1A)  

 

N(1)-Cu(1)-N(1A) 

1.898(9) 

1.898(9) 

 

178.3(6) 
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2.5.3 Luminescence Spectra  

Computations show the greatest amount of distortion in the [Cu(P(Cy)3)3]
+ 

complex due to large distortion in bond lengths of the complex.  Similarly,   

experimental data shows the [Cu(P(Cy)3)2(FBF3)] to have the greatest distortions 

compared to [Cu(PPh3)3]BF4 and [Cu(Coll)3]PF6.  [Cu(PPh3)3]BF4 and [Cu(Coll)3]PF6 have 

Stokes’ shifts that are of similar magnitudes in both computational and experimental 

data.  B3PW91/augLANL2DZ computations tend to agree better with the experimental 

result measured at 77 K, where [Cu(Coll)3]PF6 has a larger Stokes’ shift than 

[Cu(PPh3)3]BF4, due to having greater contraction of bond lengths upon photoexcitation.  

[Cu(PPh3)3]BF4 red shifts upon heating to room temperature and loses intensity as 

vibrations of the triphenylphosphine increase with temperature.  [Cu(Coll)3]PF6 shows 

thermal broadening in peaks from 77 K to 298 K (Full Width at Half Maximum (FWHM) 

77K=3713 cm-1 versus 298K=4508 cm-1).  This broadening is commonly seen upon 

warming complexes from cryogenic temperature and similar broadening is also seen in 

previous studies by Sinha for the analogous [Au(PPh3)3]PF6.5  For both the 

[Cu(Coll)3]PF6 and [Au(PPh3)3]PF6 complexes, there appears to be a slight blue shift (15 

nm and 10 nm, respectively) in the emission spectra.5  The blue shift is due to 

temperature effects that are commonly seen in luminescence emission spectra.  As the 

molecules are warmed, phonon-assisted population increase in higher energy sub-states 

is seen, thus a small blue shift to higher energy emissions is seen.24   The red-shifting 

of [Cu(PPh3)3]BF4 and slight blue shifting of [Cu(Coll)3]PF6 complexes cause the Stokes’ 

shifts of these complexes to be reversed at room temperatures. 
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(b) 

Figure 2.20 Luminescent spectra of [Cu(PPh3)3]BF4,  [Cu(Coll)3]PF6 and  

[Cu(P(Cy)3)2(FBF3)] powders at (a) 298 K and  (b) 77 K. (for max exc. and max ems. see 

Table 2.9). 
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Table 2.9 Experimentally measured values of excitation, emission, Stokes’ shifts, and 

lifetimes for [Cu(PPh3)3]BF4,  [Cu(Coll)3]PF6 and  [Cu(P(Cy)3)2(FBF3)] powders at 298 K 

and  77 K. 

Molecule and 

Temperature 

Excitation max 

(nm) 

Emission max 

(nm) 

Stokes’ Shift  

(cm-1) 

Lifetimes 

(microseconds) 

[Cu(PPh3)3]BF4 

298 K 

333 500 10,030 37.2 ± 0.1 

[Cu(Coll)3]PF6  

298 K 

345 437 6102 20.2 ± 0.5   

[Cu(P(Cy)3)2(FBF3)]  

298 K 

275 445 13,892 108.4 ± 0.4  

[Cu(PPh3)3]BF4 

B3PW91/augLANL2DZ 

333 444 7,510 - 

[Cu(Coll)3]PF6  

B3PW91/augLANL2DZ 

317 444 9,020 - 

[Cu(P(Cy)3)2(FBF3)]  

B3PW91/augLANL2DZ 

296 459 11,980 - 

[Cu(PPh3)3]BF4 

77 K 

329 452 8,271 10,550 ± 7 

[Cu(Coll)3]PF6  

77 K 

319 454 9,421 46.9 ± 0.6 

[Cu(Coll)2]PF6  

77 K 

310 448 9937 50.0 ±2.5  

[Cu(P(Cy)3)2(FBF3)]  

77 K 

288 444 12,200 120.6 ± 0.6 
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(c) 

Figure 2.21 Temperature dependant luminescence of [Cu(PPh3)3]BF4 Powder -77 K, -90 

K, -120 K, -150 K, -180 K, -210 K, -240 K, -270 K, -298 K (for maxexc and maxems see 

Table 2.10) (a)full spectra from 77 K to 298 K. (b)enlarged spectra of 150 K to 298 K 

(c) 240 K to 298 K. 

Table 2.10 Experimentally measured values of excitation, emission, Stokes’ shifts, and 

lifetimes for [Cu(PPh3)3]BF4 powder at various temperatures. 

Temperature Excitation max 

(nm) 

Emission max 

(nm) 

Stokes’ Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetimes 

(microseconds) 

77 K 329 452 8,271 5,265 10,550 ± 7 

90 K 329 452 8,271 5,070 8,184 ± 5  

120 K 329 459 8,609 5,644 2,897 ± 3 

150 K 329 475 9,343 5,147 735 ± 2 

180 K 331 483 9,508 4,787 210 ± 2  

210 K 331 492 9,886 4,697 170 ± 2 

240 K 333 495 10,009 4,729 164 ± 2 

270 K 333 500 10,030 5,101 32.8 ± 0.3 

298 K 333 500 10,030 6,185 37.2 ± 0.1 

 

Figure 2.4 and Table 2.4 shows temperature dependant spectra of the 

[Cu(PPh3)3]BF4 powder.  Low temperature emissions are shown to be a bright blue with 
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a non-structure Gaussian peak, indicating a metal centered emission.  Lifetimes are 

long, further showing signs of metal centered emissions.  As the solid is warmed past 

120 K, a new peak, lower energy peak is seen.  The emission is physically seen to be a 

dull green emission.  The peak is structured indicating a Metal to Ligand Charge 

Transfer (MLCT) photoluminescence emission.  Lifetimes show the emission to be 

phosphorescent.  As seen in Figure 2.4 relative intensity is greatly diminished as the 

complex is warmed to room temperature.  As the nonradiative emissions increase, the 

spectra become increasingly noisy as the emission is very weak at room temperature.  

Lifetimes also show evidence of the emission changing from radiative to nonradiative as 

the temperature is increased.  At 77 K the emission is intensely radiative and the 

lifetime is long lived (10 ms).  As the temperature increases, the nonradiative emissions 

are increased and the radiative emission is decreased to only 37 s. 
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(a) 

 

(b) 

Figure 2.22 Temperature dependent spectra of 10-4 M [Cu(PPh3)3]BF4 in 2-

methyltetrahydrofuran solution (a) relative intensities excitations and emissions (b) 

normalized emissions -77K, -100 K, -105 K, -110 K, -115 K, -120K, -125 K, 130 K, -

150K, 180K.  
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Table 2.11 Rigidochromic shifts in spectra (shown in Figure 2.4) 10-4 M [Cu(PPh3)3]BF4 

in 2-methyltetrahydrofuran solution. 

Temperature Excitation max 

(nm) 

Emission max 

(nm) 

Stokes’ Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetimes 

(microseconds) 

77 K 287 443 12,422 5,229 4126 ± 133 

100 K 290 440 11,755 5,229 367 ± 8 

105 K 290 445 12,011 5,359 19 ± 3 

110 K 290 465 12,977 6,881 10.3 ± 0.7  

115 K 290 468 13,115 7,201 6.8 ± 0.4 

120 K 290 481 13,693 6,636 4.8 ± 0.5 

125 K 290 497 14,362 6,020 8.0 ± 0.3 

130 K 290 500 14,483 6,077 14 ± 2 

150 K 292 504 14,402 5,451 2.6 ± 1 

180 K 294 508 14,329 5,407 4.7 ± 0.2 

 

  

Figure 2.23 Emission of a 10-3 M [Cu(PPh3)3]BF4 solution as it is warmed from glass at 

77K to solution at 125 K. 



67 
 

 

(a) 

 

(b) 

280 300 320 340

0

2000000

4000000

6000000

8000000

10000000

12000000

14000000

R
e

l.
 I

n
te

n
s
it
ie

s

Wavelength (nm)

270 280 290 300 310 320 330 340 350

0

500000

1000000

1500000

2000000

2500000

3000000

3500000

4000000

R
e

l.
 I

n
te

n
s
it
ie

s

Wavelength (nm)



68 
 

 

(c) 
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(f) 

Figure 2.24 Temperature dependent shifts, using excitation dependency to separate (a) 

ligand based excitation -77K, -100 K, -105 K, -110 K, -115 K, -125K (monitored at 410 

nm) (b) metal based excitation -77K, -100 K, -105 K, -110 K, -115 K, -125K (monitored 

at emmax)  (c) ligand based emission (excitation 280 nm) -77K, -100 K, -105 K, -110 K, 

-115 K, -125K (d) normalized ligand based emission (excitation 280 nm) -77K, -100 K, -

105 K, -110 K, -115 K, -125K (e) metal based emissions (excitation 340 nm) -77K, -100 

K, -105 K, -110 K, -115 K, -125K (f) normalized metal based emissions (excitation 340 

nm) -77K, -100 K, -105 K, -110 K, -115 K, -125K of 10-3 M mixture of [Cu(PPh3)3]BF4 in 

2-methyltetrahydrofuran. 
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Table 2.12 Ligand and metal centered rigidochromic shifts in spectra (shown in Figure 

2.24) 10-3 M [Cu(PPh3)3]BF4 in 2-methyltetrahydrofuran solution. 

Temperature 

and Peak  

Excitation max 

(nm) 

Emission max 

(nm) 

Stokes’ Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetimes 

(microseconds) 

77 K ligand 280 389 10,007 5175 3534 ± 4 

100 K ligand  280 393 10,269 4476 3540 ± 4 

105 K ligand 280 410 11,324 4303 1623 ± 2 

110 K ligand 280 413 11,501 4317 1623 ± 0.8  

115 K ligand 280 411 11,383 4672 232 ± 2 

125 K ligand 280 413 11,501 4344 55.0 ± 0.3 

77 K metal 340 466 7,953 4159 300 ± 1 

100 K metal 340 472 8,225 4368 89.7 ±0.8 

105 K metal 340 488 8,920 5012 232 ± 2  

110 K metal 340 505 9,610 4665 116.3 ± 0.4 

115 K metal 340 541 10,927 3398 50.6 ± 0.8 

125 K metal  340 543 10,996 3198 16.2 ± 0.6 

 

 As seen in both the 10-4 M and 10-3 M frozen solutions, dissolving the complex 

into solution is seen to increase the amount of Stokes’ shift at all temperatures when 

compared with the [Cu(PPh3)3]BF4 powder.  The solution matrix allows the molecules to 

become further apart and thus to exhibit the Y to T-Shaped distortion to a greater 

extent.  Stokes’ shifts are also seen to be dependent on the concentration of the frozen 

glass solution by comparing the 10-4 M and 10-3 M [Cu(PPh3)3]BF4 in 2-

methyltetrahydrofuran solution.  Due to a similar phenomenon, the molecules in the  

10-4 M mixture are further apart from each other and thus are able to undergo a 

greater geometrical distortion.   

Both the 10-4 and 10-3 M mixtures of [Cu(PPh3)3]BF4 in 2-methyltetrahydrofuran 

are seen to red shift as the glass is warmed towards the melting point.  The largest 

shift in both cases is seen at approximately 110 K, as that is the point the mixtures 

transitions from a glass to the solution phase.  As this occurs, the geometric distortion 
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becomes much more allowed than is possible in the frozen glass.  The 10-4 M solution is 

seen to have larger Stokes’ shifts at 77 K and the emission intensity fades faster after 

the mixture is melted from the frozen glass to a solution.    

The 10-4 M mixture is shown to have a continuous red shift as the mixture is 

melted from a glass to the solution.  The physical color is seen to shift from a deep blue 

to a dull greenish-white emission.  The emission is not visible by either the naked eye 

or instrument above 180 K as the nonradiative emission are seen to be dominant.  The 

10-3 M solution is seen to shift from an intense blue emission at 77 K in the frozen glass 

to an intense white emission as the glass is melting and finally to a dull green emission 

before fading as the solution is warmed towards room temperature.   

Inspection of the emission shows an intense structure peak at 77 K and a weak 

Gaussian type peak after the glass to solution transition.  In between temperatures, 

results show both a structure and Gaussian peak of intermediate intensities.  These two 

sets of peaks can be resolved by choice of excitation (280 nm for the structure peak 

and 340 nm for the Gaussian peak).   Intermediate excitations (i.e. 300 nm) will result 

in an overlap of these two peaks.  Inspection of lifetimes also indicates the ability to 

resolve the peaks via time-dependant spectroscopy.  Similar dual structured and 

Gaussian type peaks are seen in [Au(PPh3)3]PF6 complex at 4 K in previous studies 

conducted by Sinha.5   

 A structured peak is seen in emissions that are ligand-based while Gaussian 

peaks are indicative of metal centered emissions.  As the solution is cooled to form a 

glass, the nonradiative emissions from the triphenylphosphine ligands are quenched 
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and the radiative emissions are seen to increase.  A quenching of the metal-centered 

distortion is also shown to favor the 3MLCT emission.  As the 3MLCT emission is allow to 

occur most greatly in the D3h symmetry of the molecule, the frozen solution shows an 

intense 3MLCT emission.  The rigidity allows a greater population in the 3MLCT excited 

state and the peak is seen to blue shift slightly compared to the solid state.  Similar 

effects have been seen in the emission spectra of Cu(I) complexes in previous studies.25  

The frozen solution contains more intense and blue shift 3MLCT when compared to the 

solid state material, as the frozen glass matrix allows for a non-distorted D3h structure.  

Metal emissions are also seen at 77 K, but are much weaker as is generally the case 

when comparing metal to ligand charge transfer (MLCT) based emissions.   

As the solution is warmed the MLCT based emission is diminished as nonraditive 

emissions are increased and the structure distorts further from the D3h structure.  The 

T-shaped (metal centered emission) distortions also are seen to be diminished in 

intensity as nonraditive emissions, such as geometric and vibrational emissions, are 

increased.  It can be seen though, that these emissions do not decrease at as rapid of 

rate as the ligand based emissions.   

While the ligand based emission red-shifts with increase of temperature, it does 

not red-shift at the same rate as the metal emission.  This cause the whitish-green 

emission at intermediate temperature as the blue emission of the ligand is mixed with a 

green metal based emission.  As the temperature continues to increase the ligand 

based emission diminishes and the metal emission is seen to dominate, thus the 

emission appears to be dull green to the naked eye. 
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Figure 2.25 Temperature dependent luminescence of [Cu(Coll)3]PF6 powder (●-77 K 

exc.; ▪-77K ems.; ▼-90 K exc.;  ▲-90 K ems.; ◄-120 K exc.; ♦ -120 K ems.;      -180 

K exc.; ►-180 K ems.;      -210 K exc.;      -210 K ems.; + -250 K exc.; ●-250 K ems.; 

 -298 K exc.; x -298 K ems.). 
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Table 2.13 Wavelength values of temperature dependant luminescent emission spectra 

of [Cu(Coll)3]PF6 powder sample in Figure 2.25 and lifetime data. 

Temperature 

(K) 

Excitation 

Wavelength 

(nm) 

Emission 

Wavelength 

(nm) 

Stokes Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetime (s) 

77 319 454 9421 3713 46.9 ± 0.6 

90 318 453 9371 3753 47.3 ± 0.5 

120 318 453 9371 3753 44.3 ± 0.6  

180 326 450 8453 3941 40.8 ± 0.5  

210 327 448 8260 4034 36.5 ± 0.6 

250 340 444 6889 4327 31.5 ± 0.6  

298 345 437 6102 4508 20.2 ± 0.5   

 

The [Cu(Coll)3]PF6 powder is shown to have blue emission from 77 K to 298 K 

temperatures to the naked eye.  As the complex is warmed from 77K to 298 K the 

intensity of the emission is seen to slightly diminish, as warming the complex will cause 

more nonradiative emissions (such as geometric distortions and vibrations) to increase, 

thus less radiative emission are observed.  The emission appears to blue shift (17 nm) 

as the complex is warmed.  As was previously mentioned in above sections, as the 

complex warms, thermal broadening occurs (FWHM 77K=3713 cm-1 versus 298K=4508 

cm-1) causing the emission energy to be slightly blue shifted compared to emissions 

seen at 77K.   
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Figure 2.26 Temperature dependent luminescence of [Cu(Coll)2]PF6 powder (-77 K; -90 

K; -120 K; -150 K; -180 K; -210 K). 

 

Table 2.14 Wavelength values of temperature dependant luminescent emission spectra 

of [Cu(Coll)2]PF6 powder sample in Figure 2.26 and lifetime data. 

Temperature 

(K) 

Excitation 

Wavelength 

(nm) 

Emission 

Wavelength 

(nm) 

Stokes Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetime (s) 

77 304 425 9,365 6,731 119 ±1.7 

90 304 425 9,365 6,700 75.6 ±2.0 

120 305 425 9,257 7,080 46.2 ±1.3 

150 305 425 9,257 9,273 44.5 ±1.0 

180 309 425 8,833 6,739 36.3 ±1.4 

210 310 425 8,729 6,583 26.7 ±0.7 
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Figure 2.27 Comparison of excitations and emission at 77 K of the [Cu(Coll)3]PF6 

powder and [Cu(Coll)2]PF6 crystal. 
 

 Comparison of the [Cu(Coll)3]PF6 powder to the [Cu(Coll)2]PF6 crystal show 

similar emissions at low temperatures, such as 77K (shown in Figure 2.24), however, 

the [Cu(Coll)2]PF6 crystal is not emissive at room temperature.  The emission is also 

shown to be broader in the [Cu(Coll)2]PF6 crystal.  Lifetimes are on the same order, 

having been found to be 47.3 ± 0.5 for the [Cu(Coll)3]PF6 powder  verses 50.0 ± 2.5 

microseconds for the [Cu(Coll)2]PF6 crystal.  
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Figure 2.28 Temperature dependant rigidochromic shifts of luminescent emission 

spectra of 10-3 M [Cu(Coll)3]PF6 in 2-methyltetrahydrofuran glass to solution 

transition(__ 77 K; __ 95 K; __ 98K; __ 100 K; __ 101K; __ 102 K; __ 103  K; __ 104 K; __ 

105 K; __ 106 K; __ 108 K). 

 

Figure 2.29 Temperature dependant thermochromic shifts of luminescent emission 

spectra of 10-3 M [Cu(Coll)3]PF6  in 2-methyltetrahydrofuran solution (__ 108 K; __ 110 

K; __ 115K; __ 130 K __ 145 K;  __ 180 K). 

400 425 450 475 500 525 550 575 600

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
ie

s

Wavelength (nm)

375 400 425 450 475 500 525 550 575 600

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
ie

s

Wavelength (nm)



79 
 

Table 2.15 Wavelength values of  temperature dependant luminescent emission spectra 

of [Cu(Coll)3]PF6 in 2-methyltetrahydrofuran in Figures 2.28 and 2.29 and lifetime data. 

Temperature 

(K) 

Excitation 

Wavelength 

(nm) 

Emission 

Wavelength 

(nm) 

Stokes Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetime (s) 

77 305 438 9,956 3929 54.3 ± 1.1 

95 305 450 10,565 4074 54.6 ± 0.9  

98 305 454 10,760 4043 57.0 ± 1.2  

100 305 458 10,953 4059 60.5 ± 1.2   

101 305 462 11,142 4094 60.3 ± 1.0 

102 305 468 11,419 4153 63.3 ± 1.3 

103 305 473 11,645 4155 66.4 + 1.9 

104 305 477 11,823 4174 67.6 ± 1.2 

105 305 479 11,910 4227 71.1 ± 1.1 

106 305 479 11,910 4227 68.4 ± 1.1 

108 305 479 11,910 4386 70.1 ± 1.6 

110 305 467 11,374 4207 63.7 ± 1.4 

115 305 465 11,282 4059 60.3 ± 1.7 

130 305 465 11,282 4151 48.8 ±1.6 

150 305 456 10,857 4029 49.0 ± 1.4 

180 305 452 10,663 3986 42.7 ±1.1 

 

 Rigidochromic studies have been conducted for the powder found to be 

[Cu(Coll)3]PF6 by elemental analysis.  Similar to the [Cu(PPh3)3]BF4 mixture in 2-

methyltetrahydrofuran, the 10-3 M [Cu(Coll)3]PF6 mixture in 2-methyltetrahydrofuran 

glass at 77 K is seen to have a slightly greater Stokes’ shift when compared to the neat 

[Cu(Coll)3]PF6 powder.  Again, this is due to the matrix allowing for greater distortions 

in the [Cu(Coll)3]PF6 molecule in the frozen glasses verses as a neat powder.  As the 

frozen glass is warmed towards the melting point, the matrix becomes less rigid and the 

distortion from a Y-shape toward the T-shaped geometry of the [Cu(Coll)3]PF6 molecule 

becomes more allowed.  This results in a red shift in the emission energy and thus the 

Stokes’ shift increases as the temperature is increased.  After the 10-3 M [Cu(Coll)3]PF6 
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mixture in 2-methyltetrahydrofuran has melted, the Stokes’ shift has the greatest value 

of 11,910 cm-1.   

 As the 10-3 M [Cu(Coll)3]PF6 solution in 2-methyltetrahydrofuran is further 

warmed after the glass has melted into a solution, the peaks appear to blue shift in a 

similar manner as the neat [Cu(Coll)3]PF6 powder.  The solution has an emission of 452 

nm at 180 K, having blue shifted 27 nm from the emission of the solution at 108 K.  As 

the solution is further warmed the emission fades as nonradiative emissions are 

increased. 

 

Figure 2.30 Experimentally measured values of excitation, emission, Stokes’ shifts, and 

Lifetimes for [Cu(P(Cy)3)2(FBF3)] Powder at various temperatures. -77 K, -90 K, -120 K, 

-150 K, -180 K, -210 K, -240 K, -270 K, -298 K (for maxexc and maxems see Table 2.6). 
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Table 2.16 Experimentally measured values of excitation, emission, Stokes’ shifts, and 

lifetimes for [Cu(P(Cy)3)2(FBF3)] powder at various temperatures (Shown in Figure 

2.30). 

Temperature Excitation max 

(nm) 

Emission max 

(nm) 

Stokes’ Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetimes 

(microseconds) 

77 K 288 444 12,200 3118 120.6 ± 0.6 

90 K 289 441 11,926 3441 119 ± 1 

120 K 288 443 12,149 3501 111.3 ± 0.5 

150 K 287 440 12,116 3562 113.1 ± 0.4 

180 K 289 442 11,978 3693 115.8 ± 0.8 

210 K 286 442 12,341 3606 125.4 ± 0.4 

240 K 278 444 13,449 3916 128.6 ± 0.5 

270 K 276 447 13,861 3958 126.3 ± 0.3 

298 K 275 445 13,892 3976 108.4 ± 0.4  

 

 As seen in Figure 2.10 and Table 2.7, the [Cu(P(Cy)3)2(FBF3)] powder has an 

emission at around 445 nm at both 77 K and 298 K.  There is a slight increase in the 

Stokes’ shift due to a slight blue shift in the maxexc as the excitation peak changes 

from two separate peak (likely due to both MLCT and metal centered excitations at 

occurring lower temperatures) to one broader peak.  The emission peak does not shift 

upon increasing the temperature from 77 K to 298 K.  The intensity of the peak is seen 

to diminish as the temperature is increased, as is common as complexes are warmed 

and nonradiative emissions increase.  
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Figure 2.31 Temperature dependant rigidochromic shifts of luminescent emission 

spectra of 10-3 M [Cu(P(Cy)3)2(FBF3)] in 2-methyltetrahydrofuran glass to solution 

transition(__ 77 K; __ 95 K; __ 98K; __ 100 K; __ 101K; __ 102 K; __ 103  K; __ 104 K; __ 

105 K; __ 106 K; __ 108 K; __ 110 K). 
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Figure 2.32 Temperature dependant thermochromic shifts of luminescent emission 

spectra of 10-3 M [Cu(P(Cy)3)2(FBF3)]  in 2-methyltetrahydrofuran solution (__ 110 K; __ 

120 K; __ 130K). 
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Table 2.17  Wavelength values of  temperature dependant luminescent emission 

spectra of 10-3 M [Cu(P(Cy)3)2(FBF3)] in 2-methyltetrahydrofuran in Figures 2.31 and 

2.32 and lifetime data. 

Temperature 

(K) 

Excitation 

Wavelength 

(nm) 

Emission 

Wavelength 

(nm) 

Stokes Shift  

(cm-1) 

FWHM 

(cm-1) 

Lifetime (s) 

77 276 410 11,842 3331 128.0 ± 0.4 

95 276 411 11,901 3401 128.5 ± 0.4 

98 276 416 12,193 3402 135.8 ± 0.6  

100 276 423 12,591 3419 140.4 ± 0.7   

101 276 427 12,813 3474 146.2 ± 0.5     

102 276 432 13,084 3324 153.8 ± 0.5     

103 276 437 13,349 3248 158.5 ± 0.6     

104 276 438 13,401 3204 162.9 ± 0.4  

105 276 443 13,659 3175 168.4 ± 0.3 

106 276 443 13,659 3146 167.0 ± 0.4 

108 276 446 13,810 3118 167.8 ± 0.6      

110 276 444 13,709 3162 170.1 ± 0.7   

120 276 437 13,349 3700 152.4 ± 0.6     

130 276 426 12,758 3782 141.8 ± 0.6      

 

 The  10-3 M [Cu(P(Cy)3)2(FBF3)] in 2-methyltetrahydrofuran frozen glass is seen 

to have a slightly smaller Stokes’ shift (358 cm-1) than the neat [Cu(P(Cy)3)2(FBF3)] 

powder.  This is the opposite case as seen in the [Cu(Coll)3]PF6, [Cu(PPh3)3]BF4 and the 

analogous gold complex ([Au(PPh3)3]PF6).
12  As the ligands of the [Cu(P(Cy)3)2(FBF3)] 

have the largest cone angles, the stacking of the solid is such that molecules do not 

have great interactions.  As the 2-methyltetrahydrofuran is a smaller molecule, the 

solvent likely interacts more greatly with the [Cu(P(Cy)3)2(FBF3)] molecule than the 

other [Cu(P(Cy)3)2(FBF3)] would be able to, thus the distortions are greatly hindered 

and the Stokes’ shift is reduced by the tighter packing of the frozen glass. 
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 As the temperature of the frozen glass melts the emission peak is seen to shift.  

The peak only shifts 27 nm, increasing the Stokes’ shift by 1402 cm-1.  Comparing this 

to the [Cu(Coll)3]PF6 and [Cu(PPh3)3]BF4 shows this change in Stokes’ shift is the 

smallest of the series, as the Stokes’ shifts of the  [Cu(Coll)3]PF6 and 

[Cu(PPh3)3]BF4complexes are changed by 1954 cm-1 and 3043 cm-1, respectively upon 

melting of the frozen glass into solution.  The Jahn-Teller distortion of the 

[Cu(P(Cy)3)2(FBF3)] molecule is not greatly affected by the matrices but more so by the 

hindrance of the ligands themselves.  As the solution is warmed towards 298 K, the 

emission of the  [Cu(P(Cy)3)2(FBF3) complex is seen to blue shift, similar to the  

[Cu(Coll)3]PF6 complex.  The emission is shown to become a dull blue emission before 

fading to the naked eye as the solution is warmed towards 298 K. 

2.6 Conclusions 

 B3PW91/augLANL2DZ computations show Jahn-Teller distortions in [Cu(L)3]
+ 

complexes that result in a geometric distortion from a Y-shaped complex in the ground 

state towards a T-shaped phosphorescent excited state.  Changing the ligand’s cone 

angle and bonding type is shown to tune the distortion of the complex and thus the 

Stokes’ shift of the phosphorescent emission.  B3PW91 computations reveal bond 

elongation in sigma donating ligands and bond contraction of [Cu(L)3]
+  complex with pi 

accepting ligands.  The amount of contraction or expansion can be tuned by the 

strength of the sigma donor or pi acceptor ligand.   

 Experimentally it was shown that both ligand type and rigidity of media can be 

used to tune the wavelength and Stokes’ shift of the [Cu(L)3]
+  complexes.  The 
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excitation, emission and Stokes’ shifts are shown to have similar trends as the 

computed values.  Concentrations of solutions have been shown to be useful in tuning 

the Jahn-Teller distortions of the molecules.  As the concentration is decreased, 

molecules become freer to distort and thus the Stokes’ shift is increased.  The 

distortions can also be controlled by tuning the rigidity of the solution media by freezing 

or melted the solution.  As the solution becomes less rigid the molecule is shown to be 

freer to distort and thus, the Stokes’ shift is increased. 
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CHAPTER 3 

PHOTOINDUCED EXCITED STATE DISTORTIONS OF NEUTRAL COPPER(I) HALIDE 

COMPLEXES 

3.1 Introduction 

 Computations of neutral materials have demonstrated distortion of the neutral 

three-coordinate copper(I) halide complexes are similar to those seen in the cationic 

complexes studied in Chapter two.  Distortions can be tuned by choice of coordinating 

halide.  Larger halides hinder distortions of the complexes and the nonradiative 

contributions to energy decay are minimized.  Radiative emissions are thus higher in 

energy.  Controlling the amount of distortion allows for the tuning of the radiative 

emission energy and thus the corresponding emission color.  

 Dimers are experimental shown to be preferred for copper(I) phosphine 

complexes.  Photoexcitation of the Cu2(PPh3)3X2 (where X=Cl, Br, I) leads to covalent 

type Cu(I)-Cu(I) interactions.  These interactions are controlled by the choice of the 

bridging halide.  Larger halides will lead to weaker interactions of the copper atoms and 

thus, will blue shift the emission energies.  Tuning of both the monomers and dimers 

will allow for creation of blue, green and red emitting materials.  Combination of these 

materials can be used to create white OLEDs.  Lifetimes and quantum efficiencies are 

used to further evaluate the potential use of these materials for manufacture of white 

OLEDs.     

Manufacture of efficient white OLEDs requires phosphorescent materials that 

emit across the visible region of the electronic spectrum.  While white emitting 
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materials may be feasible, single materials with efficient broad band emissions covering 

the entire visible spectrum are rare.  OLEDs often solve this problem by the 

combination of efficient blue, green and red emitting materials.1   

It has been shown that phosphorescent materials are capable of near unity 

efficiency while fluorescent materials are generally only capably of 0.25 quantum 

efficiency2  Use of heavy atoms (transition metals) will allow forbidden phosphorescent 

emissions to occur.  It has also been shown that metal centered materials are among 

the most efficient of these phosphorescent materials. 3  While white OLEDs have been 

manufactured using iridium, rarity and cost of materials will require alternative materials 

to be sought.1 More abundant Group 11 coinage metal complexes may be able to show 

efficient, tunable emissions.4 

Computational studies by Barakat et al. have shown [Au(PR)3]
+ materials to have 

metal centered emissions due to Jahn-Teller excited states.  These Jahn-Teller 

distortions are tunable by controlling the amount of distortion of the excited state.  

Greater sterics in the molecule, created by choosing larger coordination ligands, will 

cause less distortion in the excited state, leading to a blue shift in emission energy.5 

While these studied complexes show tunability that is ideal for white light 

materials, cationic materials are generally not good candidates for OLEDs, as 

manufacturing processes work best for neutral materials.2  To take advantage of the 

tunability found in these complexes and create a material that is applicable to OLED 

manufacturing, Sinha et al. have explored using Au(PPh3)2X (where X=Cl, Br, or I). 

Computational and experimental studies of these materials reveal tunability in these 
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materials based on a similar excited state distortion from a Y-shaped ground state 

towards a T-shaped excited state. 6 

Rising prices and lower abundances of gold make the use of other transition 

metal complexes desirable.  Copper is a more abundant and cheaper alternative to gold 

(I) complexes.  Copper (I) complexes are also isolobal to gold (I) complexes, causing 

excited states to be similar to gold excited states.  With these facts in mind, 

Cu2(PPH3)3X2 (where X=Cl, Br or I) complexes were studied computationally and 

experimentally.    

While the excited states will also be distorted from ground state in these 

complexes, the ground state interaction will vary from the monomeric gold due to 

metallophillic interactions in the ground state.  In studies of other Cu cluster complexes, 

a contraction of the metallophillic bond causes a stronger bonding state to be formed.  

This large distortion in ground state results in large stokes shift in luminescence 

spectra.7,8  Controlling the amount of distortion, and thus the Stokes’ shift of the 

complex will allow for tuning of emission energies.  By tuning the emissions to blue, 

green and red emitting materials, OLEDs may be able to be manufactured with 

abundant, cost effective materials. 
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3.2 Computational Modeling 

Calculations for Cu2(PPh3)3X2 (where x=Cl, Br or I) were preformed for the S0 

ground state and the T1 lowest energy excited states.  Calculations of the copper 

complexes were optimized using the density functional, B3PW91.9,10   Optimizations 

were carried out for both states using no predetermined restrictions on geometry to 

obtain global minima. Triplet state computations were performed as spin-unrestricted 

calculations.  Absorptions and emissions were computed by modeling vertical transitions 

based on the Franck-Condon principle.11 

  The LANL2DZ basis set12 was used in all calculations with augmentation with  p-

type13 and two f-type14 functions for copper, a d-type (d = 0.55) function for 

phosphorous, a d-type polarization function (d = 0.75) for chloride, a d-type 

polarization function (d = 0.45) for bromide, and a d-type polarization function (d = 

0.302) for iodide. 

3.3 Experimental Section 

3.3.1 Synthetic Procedure 

3.3.1.1 Synthesis of Cu2(PPh3)3Cl2 

 Synthesis of the bis(2-chloro)-tris(triphenylphosphine)dicopper(I) complex was 

carried out in a manner similar to that described by Tayim et al.15  Specifically, 0.3903 g 

of triphenylphosphine was added to a vigorously stirring, saturated solution of 0.1 g 

CuCl2·2H2O in acetone.  The solution was observed to change colors from green to 

brown and eventually clears as the reaction proceeded.  Several minutes after the 

triphenylphosphine was added, a white precipitate was observed to have formed.  The 
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solid was washed with ethanol and ether and allowed to dry under reduced pressure.  

Crystals of the product were formed from a mixture of ethanol<<chloroform.  Mp: 240-

242°C; 1H NMR (CDCl3):  7.36 (C6H5),  7.21 (C6H5, m, JCH=50.0 Hz),   7.13 (C6H5, m, 

JCH=50.0 Hz),13C {1H} NMR (CDCl3):  133.9 (C5H6),   129.8 (C5H6),  128.3 (C5H6);  

31P{1H} NMR (CD3Cl):  -3.9 ; IR (ATR): 3048, 2961, 1480, 1433, 1258, 1184, 1094, 

1016, 917, 861, 796, 741, 689, 619, 528, 515, 494 cm-1 ; Anal. Calc. (Found) 68.66% C 

(68.88), 4.94% H (5.19), 8.43% P (8.77%) 

3.3.1.2 Synthesis of Cu2(PPh3)3Br2  

 0.5638 g of triphenylphosphine was added to a vigorously stirring, saturated 

solution of 0.25 g Cu(NO3)2·2.5H2O in acetone.  The solution was observed to turn from 

blue to black and then to clear.  In comparison to the bis(2-chloro)-

tris(triphenylphosphine)dicopper(I) complex, this reaction was observed to proceed in a 

much slower manner, as the white precipitate did not form for approximately an hour.  

The white solid product was filter to remove remaining solution and washed with 

ethanol and ether and dried under reduced pressure.  This product was dissolved in a 

chloroform solution and excess potassium bromide was added. The mixture was stirred 

for approximately 24 hours.  The solution was filtered to remove any excess potassium 

bromide.  The remaining solution was then removed under reduced pressure and a 

white powder was produced.  The powder was washed with water and ethanol and 

dried under reduced pressure.  Crystals of the product were formed from a mixture of 

ethanol<<chloroform. Mp: 220-222°C; 1H NMR (CDCl3):  7.38 (C6H5, m, JC6H5=45.0 

Hz),  7.17 (C6H5, m, JC6H5=47.5 Hz);13C {1H} NMR (CDCl3):  134.0 (C6H5),   129.6 
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(C6H5),  128.3 (C6H5);  31P{1H} NMR (CD3Cl):  -8.9; IR (ATR): 3053, 2962, 1478, 

1432, 1259, 1092, 1015, 920, 852, 795, 740, 690, 618, 515, 498, 441 cm-1 Anal. Calc. 

(Found) 64.40% C (63.91), H 4.74% (5.80), P 7.22% (7.55%) 

3.3.1.3 Synthesis of Cu2(PPh3)3I2  

 0.5638g of triphenylphosphine was added to a vigorously stirring, saturated 

solution of 0.25 g Cu(NO3)2·2.5H2O in acetone.  The solution was observed to turn from 

blue to black and then turn clear.  In comparison to the Bis(2-chloro)-

tris(triphenylphosphine)dicopper(I) complex, this reaction was observed to proceed in a 

much slower manner, as the white precipitate did not form for approximately an hour.  

The white solid product was filter to remove remaining solution and washed with 

ethanol and ether and dried under reduced pressure.  This product was dissolved in a 

chloroform solution and excess potassium iodide was added. The mixture was stirred 

for approximately 24 hours.  The solution was filtered to remove any excess potassium 

iodide.  The remaining solution was then removed under reduced pressure and a white 

powder remained.  The powder was washed with deionized water and ethanol and 

dried under reduced pressure.  Crystals of the product are formed from a mixture of 

ethanol<<chloroform. Mp:  190-192°C; 1H NMR (CDCl3):  7.34 (C6H5, m, JC6H5=55.0 

Hz),  7.18 (C6H5, m, JC6H5=27.5 Hz);13C {1H} NMR (CDCl3):  134.0 (C6H5),   129.7 

(C6H5),  128.4 (C6H5);  31P{1H} NMR (CD3Cl):  -5.9; IR (ATR): 3049, 1585, 1479, 

1432, 1310, 1260, 1090, 1069, 997, 797, 740, 690, 618, 540, 515, 489, 441cm-1 ; Anal. 

Calc. (Found) 61.68 % C (61.47), 4.53 % H (5.11 %), 6.33 %P (6.63%) 
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3.3.1.4 Synthesis of Cu(PPh3)2Br 

A solution of triphenylphosphine in ethanol was added to a stirring, refluxing 

solution of Cu(NO3)2 in hot ethanol.  The solution turned from blue to clear and a 

precipitate formed within several minutes.16  Product was filtered to remove solvent and 

washed with ethanol and ether.  White powder product was dissolved in a 1:1 mixture 

of acetonitrile:chloroform.  An excess of KBr was added to the solution and stirred 

overnight.17  The solution was filtered to remove excess salt.  The solvent was removed 

under reduced pressure.  A white product was formed and washed with ethanol.  The 

product was recrystallized from slow cooling of a saturated solution of Cu(PPh3)2Br in 

warm 2,4,6-collidine.  Mp: 206-210°C; 1H NMR (CDCl3): 
1H NMR (CDCl3):  7.31 (C6H5, 

m, JC6H5=42.5 Hz),  7.19 (C6H5, m, JC6H5=42.5 Hz); 13C {1H} NMR (CDCl3):  

134.0(C6H5),   132.5 (C6H5),  129.8 (C6H5) 
31P{1H} NMR (CD3Cl):  -8.7 ; IR (KBr): 

3051, 1478, 1431, 1308, 1282, 1094, 1070, 1024, 996, 971, 929, 740, 689, 618, 518, 

485, 442 cm-1.  

3.3.1.5 Synthesis of CuCollPPh3I 

A solution of triphenylphosphine in ethanol was added to a stirring, refluxing 

solution of Cu(NO3)2 in ethanol.  The solution turned from blue to clear and a 

precipitate formed within several minutes.18  The product was filtered to remove solvent 

and washed with ethanol and ether.  White powder product was dissolved in a 1:1 

mixture of acetonitrile:chloroform.  An excess of KI was added to the solution and 

stirred overnight.19  The solution was filtered to remove excess salt.  The solvent was 

removed under reduced pressure.  A white product was formed and washed with 
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ethanol.  The product was recrystallized from warm 2,4,6-collidine.  Mp:  180-183°C; 1H 

NMR (CDCl3):  7.38 (C5H6, m, JC5H6=37.5 Hz),  7.26 (CH, q, JCH=23.5 Hz),   1.6 

(CH3); 
13C {1H} NMR (CDCl3):  133.9 (C5H6),   132.6 (C5H6),  129.7 (CH) ,  128.4 

(CH) ;  31P{1H} NMR (CD3Cl):  -5.6 ; IR (KBr): 3050, 1957, 1886, 1584, 1478, 1434, 

1308, 1181, 1156, 1094, 1070, 1025, 997, 971, 920, 845, 741, 691, 518 cm-1  

3.3.1.6 Synthesis of (CuCollI)n and Cu(Coll)2I  

Copper (II) sulfide was dissolved into 20 mL of water.  The solution was reduced 

by the addition of ascorbic acid.  Solution was observed to turn from blue to green or 

yellow.  2 mL of the 2,4,6-collidine ligand was added to the solution and the solution 

was observed to turned dark blue or black.  An addition of 1.0 g potassium iodide was 

added to the solution and a white precipitate was observed.   Powder and crystals 

grown from slow evaporation of solution were found to have the polymeric structure, 

(CuCollI)n.  Mp: 160-161 (Dec.); 1H NMR (CDCl3):  6.81 (CH),  2.55 (CH3),  2.27 

(CH3),  2.17 (CH3); 
13C {1H} NMR (CDCl3):  157.2,   121.4 ,  26.3,  20.7; IR (KBr): 

cm-1 3428, 2938, 2900, 1622,1571, 1457, 1372, 1257, 1117, 1029, 852, 694, 535; Anal. 

Calc. (Found) C 30.83% (29.07%); H 3.56% (3.23%); N 4.49% (4.20%).  Cu(Coll)2I 

crystals were grown from slow cooling of a saturated solution of (CuCollI)n in hot 2,4,6-

collidine. 

  



97 
 

3.3.2 Crystal Determinations 

3.3.2.1. Crystal Determination of Cu2(PPh3)3Cl2 

 A colorless crystal of Cu2(PPh3)3Cl2, C54H45Cl2Cu2P3, of approximate dimensions, 

0.36 mm x 0.14 mm x 0.05 mm, was used for crystallography analysis.  The X-Ray 

intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-based 

diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software20 using a narrow-frame algorithm.  

The structure was solved using and refined using the SHELXTLTM program package21 

using space group P21/n with Z=4 for the formula unit, C54H45Cl2Cu2P3.  The final 

anisotropic full-matrix least squared refinement on F2 with 550 variables converged at 

R1=3.07% for the observed data and wR2=7.04% for all data.  The goodness of fit 

was 1.002.  The largest peak on the final difference electron density synthesis was 

0.455 e-/Å3 and the largest hole was 0.313 e-/Å3.  Based on the final model the density 

was 1.436 g/cm3 and F(000), 2024 e-.    

3.3.2.2. Crystal Determination of Cu2(PPh3)3Br2 

 A colorless crystal of Cu2(PPh3)3Br2, C54H45Br2Cu2P3, of approximate dimensions 

of 0.46 mm x 0.44 mm x 0.14 mm was used for crystallography analysis.  The X-Ray 

intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-based 

diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software20 using a narrow-frame algorithm.  
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The structure was solved using and refined using the SHELXTLTM program package21 

using space group P21/n with Z=4 for the formula unit,  C54H45Br2Cu2P3.  The final 

anisotropic full-matrix least squared refinement on F2 with 550 variables converged at 

R1=2.10% for the observed data and wR2=5.08% for all data.  The goodness of fit 

was 1.008.  The largest peak on the final difference electron density synthesis was 

0.405 e-/Å3 and the largest hole was 0.384 e-/Å3.  Based on the final model the density 

was 1.542 g/cm3 and F(000), 2168 e-.    

3.3.2.3. Crystal Determination of Cu2(PPh3)3I2 

 A colorless crystal of Cu2(PPh3)3I2, C54H45I2Cu2P3, of approximate dimensions of 

0.35 mm x 0.25 mm x 0.16 mm was used for crystallography analysis.  The X-Ray 

intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-based 

diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software20 using a narrow-frame algorithm.  

The structure was solved using and refined using the SHELXTLTM program package21 

using space group P21 with Z=2 for the formula unit,  C54H45I2Cu2P3.  The final 

anisotropic full-matrix least squared refinement on F2 with 550 variables converged at 

R1=1.53% for the observed data and wR2=3.59% for all data.  The goodness of fit 

was 1.007.  The largest peak on the final difference electron density synthesis was 

0.592 e-/Å3 and the largest hole was 0.347 e-/Å3.  Based on the final model the density 

was 1.609 g/cm3 and F(000), 1156 e-.    
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3.3.2.4. Crystal Determination of Cu(PPh3)2Br 

A colorless crystal of Cu(PPh3)2Br, C78H66Br2Cu2P4, of approximate dimensions of 

0.30 mm x 0.24 mm x 0.16 mm was used for crystallography analysis.  The X-Ray 

intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-based 

diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software20 using a narrow-frame algorithm.  

The structure was solved using and refined using the SHELXTLTM program package21 

using space group P-1 with Z=1 for the formula unit,  C78H66Br2Cu2P4.  The final 

anisotropic full-matrix least squared refinement on F2 with 373 variables converged at 

R1=3.58% for the observed data and wR2=8.10% for all data.  The goodness of fit 

was 1.034.  The largest peak on the final difference electron density synthesis was 

0.946 e-/Å3 and the largest hole was 0.611 e-/Å3.  Based on the final model the density 

was 1.472 g/cm3 and F(000), 722 e-.  

3.3.2.5. Crystal Determination of CuCollPPh3I 

A colorless crystal of Cu(PPh3)(Coll)I, C26H26CuINP, of approximate dimensions of 

0.20 mm x 0.16 mm x 0.13 mm was used for crystallography analysis.  The X-Ray 

intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-based 

diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software20 using a narrow-frame algorithm.  

The structure was solved using and refined using the SHELXTLTM program package21
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using space group P2(1) with Z=2 for the formula unit, C26H26CuINP.  The final 

anisotropic full-matrix least squared refinement on F2 with 274 variables converged at 

R1=2.45% for the observed data and wR2=4.23% for all data.  The goodness of fit 

was 1.009.  The largest peak on the final difference electron density synthesis was 

0.392 e-/Å3 and the largest hole was 0.283 e-/Å3.  Based on the final model the density 

was 1.583 g/cm3 and F(000), 572 e-.    

3.3.2.6. Determination of Cu(Coll)2I 

A colorless crystal of Cu(Coll)2I, C16H22CuIN2, of approximate dimensions, 0.36 

mm x 0.25 mm x 0.13 mm, was used for crystallography analysis.  The X-Ray 

intensities were measured at 100(2)K on a Bruker SMART APEX II CCD-based 

diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a graphite 

monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames for the 

compound were integrated using the APEX2 software20 using a narrow-frame algorithm.  

The structure was solved using and refined using the SHELXTLTM program package21
 

using space group P21/C with Z=4 for the formula unit, C16H22CuIN2.  The final 

anisotropic full-matrix least squared refinement on F2 with 187 variables converged at 

R1=1.68% for the observed data and wR2=4.16% for all data.  The goodness of fit 

was 1.033.  The largest peak on the final difference electron density synthesis was 

0.410 e-/Å3 and the largest hole was 0.418 e-/Å3.  Based on the final model the density 

was 1.688 g/cm3 and F(000), 856 e-. 
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3.3.2.7. Crystal Determination of (CuCollI)n 

A colorless crystal of (CuCollI)n, C8H11CuIN, of approximate dimensions, 0.20 mm 

x 0.07 mm x 0.05 mm, was used for crystallography analysis.  The X-Ray intensities 

were measured at 100(2)K  on a Bruker SMART APEX II CCD-based diffractometer with 

a Mo Kfine focus sealed tube (0.71073 Å) and a graphite monochromator operated 

at 1.5 kW power (50 kV, 30 mA).  The data frames for the compound were integrated 

using the APEX2 software20 using a narrow-frame algorithm.  The structure was solved 

using and refined using the SHELXTLTM program package21 using space group Pmn21 

with Z=2 for the formula unit, C8H11CuIN.  The final anisotropic full-matrix least squared 

refinement on F2 with 60 variables converged at R1=1.24% for the observed data and 

wR2=2.97% for all data.  The goodness of fit was 1.029.  The largest peak on the final 

difference electron density synthesis was 0.409 e-/Å3 and the largest hole was -0.376 e-

/Å3.  Based on the final model the density was 2.105 g/cm3 and F(000), 296 e-.  

3.4 Physical Measurements 

 Luminescent measurements were carried out on purified recrystallized materials.  

Steady-state luminescence was recorded on a PTI QuantaMaster Model QM-4 scanning 

spectrofluorometer.  The excitation and emission spectra are corrected for wavelength-

dependant lamp intensity and detector response.  Lifetimes are recorded using a PTI 

xenon flash and phosphorescent detector.  Absorption spectra was collected using a 

Perkin-Elmer lambda 900 double-beam UV/VIS/NIR spectrophotometer with solutions of 

crystalline materials prepared using HPLC grade dichloromethane using a standard 1-cm 

quartz cell.  1H and 13C {1H} NMR spectra were recorded in CDCl3 at ambient 



102 
 

temperature on a Varian spectrometer operating at 500 MHz for proton spectra.  IR was 

recorded on a Thermo Scientific Nicolet 6700 Analytical FTIR Spectrometer. 

3.5 Results and Discussion 

3.5.1 Computational Models of Bis(2-halo)-tris(triphenylphosphine)dicopper(I) 

Complexes 

The B3PW91 computations consistently show bond lengths that are longer than 

what has been experimental determined in the crystal structure, as is shown in Table 

3.1.  This may be due to the insufficient handling of long range electron correlation by 

DFT methods.22  In these metal dimers, it is important to include long range electron 

correlation to account for metallophillic interactions.23-25  The bonding is therefore 

treated more on the order of van der Waals interactions, a weaker, longer bond. 

 While the bonds in the ground state are overestimated, the lowest lying triplet 

state (T1), will no longer have a close shell configuration, creating a true bonding 

interaction between the copper atoms of the molecule.  DFT computations should be 

able to correctly compute this interaction.  This must be kept in mind when evaluating 

the distortion of the excited state.  While the amount of the distortion may be 

underestimated, the trend still remains significant.  It can be seen that similar to 

previous studies by Barakat et al.5 and Sinha et al.6, the amount of distortion can be 

seen to be dependent on the size of the coordinating halide. 

 The size dependency is also seen to have an effect on the Stokes' shift and thus 

the energy of the emission.  It can be seen in Table 3.3 that the computed trend 

matches the trend of the experimental excitation and emission data.  Once again the 
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Stokes' shift numbers maybe somewhat underestimated due to an incorrect modeling of 

the metallophillic interactions in the ground state (S0).   

 It can be seen in Tables 3.1-3.3 that owing to having the least amount of 

distortion from the ground state structure to the lowest-lying phosphorescent excited 

state, Cu2(PPh3)3I2, has the smallest Stokes' shift.    Cu2(PPh3)3Br2 shows a greater 

amount of distortion in the Cu-Cu bonding (Δ1.4 Å for Cu2(PPh3)3Br2 vs. Δ0.9 Å for 

Cu2(PPh3)3I2).  This causes Cu2(PPh3)3Br2 to have a larger Stokes’ shift than 

Cu2(PPh3)3I2 (DFT computed values of 6,605 cm-1 vs. 4,646 cm-1, respectively). 

Cu2(PPh3)3Cl2 is shown to have a Stokes' shift of 6,684 cm-1 a value close to the stoke 

shift value of Cu2(PPh3)3Br2.  Change in the interaction of the Cu-Cu bonds of these two 

complexes can also be seen to be close in value (Δ1.5 Å for Cu2(PPh3)3Br2 vs. Δ1.4 Å for 

Cu2(PPh3)3Br2).   

 Figures 3.1-3.3 show the ground state and lowest phosphorescent excited state 

structure of the dimer complexes, Cu2(PPh3)3X2 (where X=Cl, Br, or I, respectively).  

The figures also show the HOMO contour of the ground and lowest phosphorescent 

state of the Cu2(PPh3)3X2 complexes.  The ground state in the all of the three dimers 

shows a sigma donation of electron density from the triphenylphosphine ligands to the 

copper atoms of the molecules.  The halogens are shown to donate electron density to 

the copper atoms in the ground state as well.  As the complex is excited the complex is 

shown to undergo an excited state distortion.  The bond angle of the copper bonded to 

a single phosphorous is seen to undergo a large distortion than the bond angles of the 

copper bonded to two phosphorous atoms. 



104 
 

 

Figure 3.1 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 

Cu2(PPh3)3Cl2.  Bond lengths are denoted as a, b, c, d, e, f, g and h and the angles are 
denoted a’, b’, c’, d’, e’, f’ and g’. 

 

Figure 3.2 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu2(PPh3)3Br2. Bond lengths are denoted as a, b, c, d, e, f, g and h and the angles are 

denoted a’, b’, c’, d’, e’, f’ and g’. 
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Figure 3.3 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 

Cu2(PPh3)3I2. Bond lengths are denoted as a, b, c, d, e, f, g and h and the angles are 
denoted a’, b’, c’, d’, e’, f’ and g’.  

 

Figure 3.4 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 

contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(PH3)2Cl. Bond lengths are denoted as a, b, c and the angles are denoted and  
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Figure 3.5 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(PH3)2Br.  Bond lengths are denoted as a, b, c and the angles are denoted and 

 

 

Figure 3.6 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 

contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(PH3)2I. Bond lengths are denoted as a, b, c and the angles are denoted and 
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Figure 3.7 Illustration of B3PW91/aug-LANL2DZ:UFF optimized structures of the ground 
state (S0) and lowest lying excited state (T1) of the Cu(PPh3)2Cl. Bond lengths are 
denoted as a, b, c and the angles are denoted and 

 

Figure 3.8 Illustration of B3PW91/aug-LANL2DZ:UFF optimized structures of the ground 
state (S0) and lowest lying excited state (T1) of the Cu(PPh3)2Br. Bond lengths are 
denoted as a, b, c and the angles are denoted and 

 

Figure 3.9 Illustration of B3PW91/aug-LANL2DZ:UFF optimized structures of the ground 

state (S0) and lowest lying excited state (T1) of the Cu(PPh3)2Cl. Bond lengths are 
denoted as a, b, c and the angles are denoted and 
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Figure 3.10 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(PPh3)2Cl.  Bond lengths are denoted as a, b, c and the angles are denoted 
and 

 

Figure 3.11 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 

Cu(PPh3)2Br.  Bond lengths are denoted as a, b, c and the angles are denoted 
and 
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Figure 3.12 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(PPh3)2I.  Bond lengths are denoted as a, b, c and the angles are denoted and 
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Figure 3.13 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 

CuCollPPh3I.  Bond lengths are denoted as a, b, c and the angles are denoted 
and 
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Figure 3.14 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(Coll)2Cl.  Bond lengths are denoted as a, b, c and the angles are denoted and 

 

 

Figure 3.15 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 

contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(Coll)2Br.  Bond lengths are denoted as a, b, c and the angles are denoted 
and 
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Figure 3.16 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(Coll)2I.  Bond lengths are denoted as a, b, c and the angles are denoted and 

 

 

Figure 3.17 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(Pyr)2Cl.  Bond lengths are denoted as a, b, c and the angles are denoted and 
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Figure 3.18 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(Pyr)2Br.  Bond lengths are denoted as a, b, c and the angles are denoted and 

 

 

Figure 3.19 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 

contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(Pyr)2I.  Bond lengths are denoted as a, b, c and the angles are denoted and 
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Figure 3.20 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 

Cu(NH3)2Cl.  Bond lengths are denoted as a, b, c and the angles are denoted 
and 

  

 

Figure 3.21 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 

Cu(NH3)2Br.  Bond lengths are denoted as a, b, c and the angles are denoted 
and 
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Figure 3.22 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(NH3)2I.  Bond lengths are denoted as a, b, c and the angles are denoted and   
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(a) 

 

(b) 

Figure 3.23 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 

contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
(CuCollI)n as (a) an anionic charged monomer and (b) an anionic charged dimer.  Bond 
lengths are denoted as a, b, c, d, e, f, g and h and the angles are denoted a’, b’, c’, d’, 

e’, f’ and g’. 

 



117 
 

Table 3.1 Comparison of bond lengths in crystal structure, B3PW91/aug-LANL2DZ 
computed ground state (S0), and lowest lying triply excited state (T1) of the 

Cu2(PPh3)3X2 and (CuCollI)n anionic monomer and dimer molecules. 

X(State) a/Å b/Å c/Å d/Å e/Å f/Å g/Å h/Å 

Cl(S0)  2.236 2.302 2.311 2.999 2.471 2.470 2.325 2.322 

Cl(EXPT.) 2.175 2.245 2.315 2.899 2.450 2.042 2.234 2.224 

Cl(T1) 2.274 2.235 2.235 2.849 2.508 2.502 2.332 2.328 

Cl(T1-S0) 0.038 -0.067 -0.076 -0.150 0.037 0.032 0.007 0.006 

Br(S0)  2.262 2.435 2.433 2.950 2.606 2.600 2.336 2.337 

Br(EXPT.) 2.193 2.360 2.423 2.895 2.557 2.527 2.236 2.241 

Br(T1) 2.281 2.367 2.368 2.810 2.611 2.602 2.353 2.341 

Br(T1-S0) 0.019 -0.068 -0.065 -0.140 0.005 0.002 0.017 0.004 

I(S0)  2.292 2.588 2.591 2.891 2.757 2.763 2.349 2.355 

I(EXPT.) 2.221 2.569 2.511 3.001 2.705 2.799 2.269 2.259 

I(T1) 2.283 2.534 2.532 2.796 2.741 2.737 2.373 2.353 

I(T1-S0) -0.009 -0.054 -0.059 -0.095 -0.016 -0.026 0.024 -0.002 

(CuCollI)n 

Expt. 

1.968 2.612 2.474 1.968 2.612 2.474 - - 

(CuCollI)n 

monomer 
S0 

2.068 2.632 2.631 - - - - - 

(CuCollI)n 

monomer 
T1 

1.911 2.574 2.643 - - - - - 

(CuCollI)n 

monomer 
(T1-S0) 

-0.157 -0.058 0.012 - - - - - 

(CuCollI)n 
dimer S0 

2.039 2.600 2.687 2.039 2.687 2.600 - - 

(CuCollI)n 

dimer T1 

1.971 2.543 2.720 1.971 2.720 2.542 - - 

(CuCollI)n 

dimer 
(T1-S0) 

-0.068 -0.057 0.033 -0.068 0.033 -0.058 - - 
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 Table 3.2 Comparison of angles in crystal structure, B3PW91/aug-LANL2DZ computed 

ground state (S0), and lowest lying triply excited state (T1) of the Cu2(PPh3)3X2 

molecules. 

X(State) a’/° b’/° c'/° d'/° e'/° f'/° g'/° 

Cl(S0)  128.0 125.7 106.3 96.7 103.2 104.1 129.3 

Cl(EXPT.) 135.8 116.8 106.9 98.1 102.1 114.1 131.1 

Cl(T1) 110.8 134.0 114.9 97.5 109.2 108.4 131.7 

Cl(S0-T1) 17.2 -8.3 -8.6 -0.8 -6.0 -4.3 -2.4 

Br(S0)  122.5 125.3 112.1 101.7 103.2 103.0 128.8 

Br(EXPT.) 132.8 115.3 111.0 101.7 101.0 103.3 131.6 

Br(T1) 127.8 112.2 118.6 102.7 108.3 108.2 129.4 

Br(S0-T1) -5.3 13.1 -6.5 -1.0 -5.1 -5.2 -0.6 

I(S0)  123.3 118.2 117.9 107.0 107.6 106.3 127.4 

I(EXPT.) 112.0 131.0 116.9 103.7 107.4 110.8 124.1 

I(T1) 119.7 115.2 121.6 107.6 107.0 107.2 127.4 

I(S0-T1) 3.6 3.0 -3.7 -0.6 0.6 -0.9 0.0 

(CuCollI)n 

Expt. 

108.4 108.8 142.8 108.4 108.8 142.8 - 

(CuCollI)n 

monomer 
S0 

137.9 110.9 111.2 - - - - 

(CuCollI)n 
monomer 
T1 

113.0 144.5 102.5 - - - - 

(CuCollI)n 
monomer 
(T1-S0) 

-24.9 33.6 -8.7 - - - - 

(CuCollI)n 
dimer S0 

127.0 118.7 114.0 127.0 114.0 118.7 - 

(CuCollI)n 
dimer T1 

98.8 145.7 115.4 98.8 115.4 145.8 - 

(CuCollI)n 

dimer 
(T1-S0) 

-28.2 27.0 1.4 -28.2 1.4 26.9 - 
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Table 3.3  Geometric parameters of the Cu(L)2X (where L=PH3, PPh3, NH3, Pyr, or  Coll 
and X=Cl, Br or I) complexes from B3PW91/aug-LANL2DZ computations and 

experimental crystal data. 
Molecule State a/Å b/Å c/Å a'/º b'/ c'/ DH 

Cu(PH3)2Cl S0 2.300 2.281 2.176 125.5 112.2 122.3 0.0 

Cu(PH3)2Cl T1 2.436 2.435 2.223 168.0 90.5 90.5 8.8 

Cu(PH3)2Cl T1-S0 0.136 0.154 0.047 42.5 -21.7 -31.8 8.8 

Cu(PH3)2Br S0 2.301 2.286 2.316 126.9 111.8 121.3 0.0 

Cu(PH3)2Br T1 2.411 2.411 2.402 165.1 90.0 90.1 10.5 

Cu(PH3)2Br T1-S0 0.110 0.125 0.086 38.2 -21.8 -31.2 10.5 

Cu(PH3)2I S0 2.299 2.292 2.487 128.3 112.1 119.6 0.0 

Cu(PH3)2I T1 2.382 2.382 2.619 160.2 90.2 90.2 13.2 

Cu(PH3)2I T1-S0 0.083 0.090 0.132 31.9 -21.9 -29.4 13.2 

Cu(PPh3)2Cl/ 

QMMM 
S0 2.377 2.374 2.225 109.2 124.9 125.6 3.4 

Cu(PPh3)2Cl/ 

QMMM 
T1 2.599 2.591 2.332 166.8 83.7 83.1 1.0 

Cu(PPh3)2Cl/ 

QMMM 
T1-S0 0.222 0.217 0.107 57.6 -41.2 -42.5 -2.4 

Cu(PPh3)2Br/ 

QMMM 
S0 2.379 2.377 2.363 109.4 125.0 125.4 3.6 

Cu(PPh3)2Br/ 

QMMM 
T1 2.585 2.563 2.500 105.1 88.4 87.2 48.1 

Cu(PPh3)2Br/ 

QMMM 
T1-S0 0.206 0.186 0.137 -4.3 -36.6 -38.2 44.5 

Cu(PPh3)2I/ 

QMMM 
S0 2.381 2.377 2.521 109.3 125.1 125.3 3.5 

Cu(PPh3)2I/ 

QMMM 
T1 2.579 2.547 2.715 105.4 89.9 87.6 46.2 

Cu(PPh3)2I/ T1-S0 0.198 0.170 0.194 -3.9 -35.5 -37.7 42.7 
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QMMM 

Cu(PPh3)2Cl S0 2.305 2.295 2.230 128.1 113.1 118.2 5.2 

Cu(PPh3)2Cl T1 2.322 2.378 2.222 159.9 100.6 94.3 9.4 

Cu(PPh3)2Cl T1-S0 0.017 0.083 -0.008 31.8 -12.5 -23.9 4.2 

Cu(PPh3)2Br S0 2.314 2.303 2.374 129.2 111.9 118.4 4.7 

Cu(PPh3)2Br Expt. 2.265 2.249 2.350 126.1 112.6 121.2 1.7 

Cu(PPh3)2Br T1 2.312 2.368 2.392 154.6 94.2 98.7 14.7 

Cu(PPh3)2Br T1-S0 -0.002 0.065 0.018 25.4 -17.7 -19.7 10.0 

Cu(PPh3)2I S0 2.318 2.313 2.552 130.6 113.4 115.9 1.8 

Cu(PPh3)2I T1 2.354 2.303 2.589 154.0 99.4 94.6 14.3 

Cu(PPh3)2I T1-S0 0.036 -0.010 0.037 23.4 -14.0 -21.3 12.5 

Cu(Coll)2Cl S0 2.018 2.018 2.256 131.5 114.3 114.3 0.0 

Cu(Coll)2Cl T1 1.927 1.927 2.224 156.7 101.6 101.6 0.0 

Cu(Coll)2Cl T1-S0 -0.091 -0.091 -0.032 25.2 -12.7 -12.7 0.0 

Cu(Coll)2Br S0 2.023 2.023 2.400 131.3 114.3 114.3 0.0 

Cu(Coll)2Br T1 1.924 1.924 2.401 159.7 100.2 100.2 0.0 

Cu(Coll)2Br T1-S0 -0.099 -0.099 -0.001 28.4 -14.1 -14.1 0.0 

Cu(Coll)2I S0 2.024 2.024 2.574 133.4 113.3 113.3 0.0 

Experimental S0 2.017 2.026 2.531 123.8 117.1 119.0 0.7 

Cu(Coll)2I T1 1.921 1.921 2.624 162.0 399.0 99.0 0.0 

Cu(Coll)2I T1-S0 -0.103 -0.103 0.050 28.6 -14.3 -14.3 0.0 

CuCollPPh3I S0 2.263 2.025 2.543 126.8 120.0 113.1 1.7 

Experimental S0 2.195 2.007 2.561 135.1 118.4 106.4 1.7 

CuCollPPh3I T1
Str1 2.348 1.891 2.493 108.7 104.7 146.5 2.7 

CuCollPPh3I T1
Str1-S0

 0.085 -0.134 -0.050 -18.1 -15.3 33.4 1.0 

CuCollPPh3I T1
Str2 2.327 1.872 2.557 146.8 104.0 109.2 1.4 

CuCollPPh3I T1
Str2-S0

 0.064 -0.153 0.014 20.0 -16.0 -3.9 -0.3 

Cu(Pyr)2Cl S0 1.983 1.983 2.378 147.8 106.1 106.1 0.0 

Cu(Pyr)2Cl T1 1.903 1.903 2.294 158.0 101.0 101.0 0.0 
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Cu(Pyr)2Cl T1-S0 -0.080 -0.080 -0.084 10.2 -5.1 -5.1 0.0 

Cu(Pyr)2Br S0 1.993 1.993 2.512 143.2 108.4 108.4 0.0 

Cu(Pyr)2Br T1 1.894 1.894 2.469 160.4 99.8 99.8 0.0 

Cu(Pyr)2Br T1-S0 -0.099 -0.099 -0.043 17.4 -8.6 -8.6 0.0 

Cu(Pyr)2I S0 2.002 2.002 2.629 134.7 112.6 112.6 0.0 

Cu(Pyr)2I T1 1.891 1.891 2.673 162.3 98.9 98.9 0.0 

Cu(Pyr)2I T1-S0 -0.111 -0.111 0.044 27.6 -13.7 -13.7 0.0 

Cu(NH3)2Cl S0 2.027 2.009 2.321 159.6 94.8 105.6 0.0 

Cu(NH3)2Cl T1 2.084 2.084 2.265 176.5 88.4 88.4 1.1 

Cu(NH3)2Cl T1-S0 0.057 0.075 -0.056 16.9 -6.4 -17.2 1.1 

Cu(NH3)2Br S0 2.029 2.018 2.455 156.3 99.2 104.5 0.0 

Cu(NH3)2Br T1 2.079 2.079 2.436 174.1 88.6 88.6 3.4 

Cu(NH3)2Br T1-S0 0.050 0.061 -0.019 17.8 -10.6 -15.9 3.4 

Cu(NH3)2I S0 2.042 2.036 2.593 148.8 105.1 106.1 0.0 

Cu(NH3)2I T1 2.076 2.076 2.648 174.9 88.7 88.7 2.8 

Cu(NH3)2I S0-T1 0.034 0.040 0.055 26.1 -16.4 -17.4 2.8 
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Table 3.4 Time-dependent density functional theory (TDDFT) computed absorptions, 
B3PW91/aug-LANL2DZ computed emissions and comparisons to experimental results of 

the Cu2(PPh3)3X2 (where X=Cl, Br or I) and Cu(L)2X (where L=PH3, PPh3, Coll, Pyr, NH3 
and x=Cl, Br or I) molecules. 

Molecule Abs (nm) Ems (nm) Stokes Shift (cm-1) 

Cu2(PPh3)3Cl2 

(B3PW91/aug-

LANL2DZ) 

353  462 6,680 

Cu2(PPh3)3Cl2 (Expt.) 340 535 10,720 

Cu2(PPh3)3Br2 

(B3PW91/aug-

LANL2DZ) 

360 451 6,610 

Cu2(PPh3)3Br2 (Expt.) 350 535 9,880 

Cu2(PPh3)3I2 

(B3PW91/aug-

LANL2DZ) 

366 441 4,650 

Cu2(PPh3)3I2 (Expt.) 360 490 7,370 

Cu(PH3)2Cl 

(B3PW91/aug-

LANL2DZ) 

316 540 13,130 

Cu(PH3)2Br 

(B3PW91/aug-

LANL2DZ) 

322 533 12,290 

Cu(PH3)2I 

(B3PW91/aug-

LANL2DZ) 

329 534 11,670 

Cu(PPh3)2Cl 

(B3PW91/aug-

LANL2DZ:UFF) 

299 495 13,240 

Cu(PPh3)2Br 303 489 12,550 
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(B3PW91/aug-

LANL2DZ:UFF) 

Cu(PPh3)2I 

(B3PW91/aug-

LANL2DZ:UFF) 

310 494 12,020 

Cu(PPh3)2Cl 

(B3PW91/aug-

LANL2DZ) 

352 493 8,130 

Cu(PPh3)2Br 

(B3PW91/aug-

LANL2DZ) 

353 494 8,090 

Cu(PPh3)2Br  

(Expt.  77K) 
278 438 13,140 

Cu(PPh3)2I 

(B3PW91/aug-

LANL2DZ) 

359 499 7,820 

CuCollPPh3I  

(B3PW91/aug-LANL2DZ 

Str. 1) 

370 540 8,540 

CuCollPPh3I  

(B3PW91/aug-LANL2DZ 

Str. 1) 

370 539 8,530 

CuCollPPh3I  (Expt.) 320 410 6,860 

Cu(Coll)2Cl 

(B3PW91/aug-

LANL2DZ) 

350 599 11,880 

Cu(PPh3)2Br 

(B3PW91/aug-

LANL2DZ) 

406 587 8,600 
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Cu(Coll)2I 

(B3PW91/aug-

LANL2DZ) 

400 581 7,790 

Cu(Coll)2I (Expt.) 371 444 4,430 

Cu(Pyr)2Cl 

(B3PW91/aug-

LANL2DZ) 

436 569 5,360 

Cu(Pyr)2Br 

(B3PW91/aug-

LANL2DZ) 

431 620 7.070 

Cu(Pyr)2I 

(B3PW91/aug-

LANL2DZ) 

426 636 7,750 

Cu(NH3)2Cl 

(B3PW91/aug-

LANL2DZ) 

386 533 7,150 

Cu(NH3)2Br 

(B3PW91/aug-

LANL2DZ) 

377 524 7,440 

Cu(NH3)2I 

(B3PW91/aug-

LANL2DZ) 

363 516 8,170 

(CuCollI)n 

Monomer(B3PW91/aug-

LANL2DZ) 

459 520 2,556 

(CuCollI)n Expt. (Low 

Energy Emission) 

362 450 5,402 

(CuCollI)n Dimer 

(B3PW91/aug-

445 697 8,125 
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LANL2DZ) 

(CuCollI)n Expt. (High 

Energy Emission) 

362 555 9,606 

 

 The excited state HOMO contours show the electron density to be concentrated 

on the single triphenylphosphine bonded to the three-coordinate copper.  There is little 

to no additional electron density on the triphenylphosphine ligands which are bonded to 

the four-coordinate copper.  This matches previous observations in Chapter two that 

four-coordinate copper complex are not seen to be luminescent.  It can also be noted 

the contours show pi donation of electron density from the metal to the 

triphenylphosphine complexes.  The Cu2(PPh3)3X2 complexes there are shown to have 

slight elongation of the copper phosphorous bond length upon excitation.  The copper-

copper bond contracts upon photoexcitation as the bond changes from weak 

metallophillic interactions to covalent strength bonds. 

 The Cu(PPh3)2X (Where X=Cl, Br or I) have been modeled in three manners.  

The first method used is B3PW91/aug-LANL2DZ but the phenyl rings of the 

triphenylphosphine ligand are replaced with a hydrogen atom, so that Cu(PPh3)2X 

becomes Cu(PH3)2X.  This will allow for the coordinating sphere to remain unchanged, 

while the computation is simplified and may be run with less computational resources 

(i.e., time, memory and disk space).   

 While this method will allow for the coordination sphere to remain unchanged, 

the amount of distortion from the Y-shaped ground state to the T-shaped excited state 

will be overestimated, and thus the Stokes’ shift will also be overestimated compared to 
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the experimental values.  The second approach attempts to accounts for the sterics of 

the phenyl rings in a manner that minimizes the increase in computational cost.  This 

method splits the complex into two levels of theory, employing the ONIOM method.  

The coordination sphere, Cu(P)2X (where X=Cl, Br or I) is treated with the 

B3PW91/aug-LANL2DZ method.  The phenyl rings of the triphenylphosphine ligand are 

treated with the Universal Force Field (UFF) molecular mechanics method.  This method 

will account for the steric spacing of the phenyl rings, but will not include the any 

electronic interactions of the coordination sphere with the phenyl rings of the 

triphenylphosphine ligands. 

 The third methods used to model the Cu(PPh3)2X (where X=Cl, Br, or I) 

complexes employs the  B3PW91/aug-LANL2DZ combination for the entire complex, 

including the triphenylphosphine rings.  While this approach will require the most 

computational resources, this method will allow for the most complete electronic 

description of the complexes. 

 As shown in Figures 3.4-3.6, and in Table 3.3, the Cu(PH3)2X (where X=Cl, Br or 

I) are shown to distort from a Y-shaped ground state structure towards a T-shaped 

triply excited state upon phosphorescent photoexcitation of these complexes.  The 

amount of this distortion is shown to be dependent upon the coordinating halide, as the 

chloride allows for the most distortion of the bond angle (Δ=42.5°).  The bromide 

halide allows for the second most distortion, (Δ=38.2°) and the Cu(PH3)2I complex is 

seen to undergo the least amount of distortion(Δ=31.9°). 
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 As the Cu(PH3)2X complexes are photoexcited, the complexes also are shown to 

have distortion in the bond lengths of the coordination sphere.  In all of the Cu(PH3)2X 

complexes the copper-phosphorous bond lengths are shown to elongate upon 

photoexcitation.  These elongations can be explained by comparing electron density of 

the ground state and excited state complexes.  In the ground state, the electron density 

shows a sigma donation of electron density from the phosphorous to copper atom.  

Upon photoexcitation, the electron density is shown to be excited into an anti-bonding 

orbital and thus the bond strength is decreased upon photoexcitation into the lowest-

lying triple state.  The amount of elongation is seen to be dependent on the 

coordinating halide, as the copper phosphorous bonds in the Cu(PH3)2Cl complex are 

seen to have the greatest elongation (Δa=0.154 Å and Δb=0.136 Å) while the copper- 

phosphorous bonds in Cu(PH3)2I are seen to elongate the least amount (Δa=0.083 Å 

and Δb=0. Å)     An elongation is also seen in the copper-halide seen in all of the 

Cu(PH3)2X complexes.  These elongations are in the reverse order of the copper-

phosphorous elongations.  The copper-chloride bond is seen to elongate the least 

amount (Δc=0.047 Å) while the copper-iodide bond is seen to increase by the greatest 

amount (Δc=0.132 Å).   

 The dihedral angle is also seen to distort in these complexes upon 

phosphorescent excitation.  The complexes are seen to be planar in the ground state 

(DH=0.0).  As the complexes are excited, the PH3 ligands distort out of plane to 

minimize interaction with the electron density of the halide.  The chloride shows the 

least interaction in electron density between the halide and PH3 ligands, thus the DH 
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angle only distorts 8.8° out of plane.  The iodide shows the most electron density 

interaction with the PH3 ligand and thus the Cu(PH3)2I complex distorts by 13.2°. 

 The bond length elongation, bond angle distortion and dihedral angle distortions 

are shown to be affected by the change in the electronic structure of the complexes.  

The Stokes’ shift of these complexes is also seen to be dependent on the amount of 

change in the electronic structures of these complexes.  It is shown that greater 

amount of distortion in the complex also corresponds to a larger Stokes’ shift.  As the 

Cu(PH3)2Cl has the greatest amount of distortion, it has the largest stokes shift of 

13,130 cm-1.  Cu(PH3)2Br and Cu(PH3)2I are shown to follow this trend, with Stokes’ 

shifts of 12,290 cm-1 and 11,670 cm-1, respectively.  

 While the Stokes’ shift and distortions are shown to follow the trend of the halide 

size, replacing the phenyl rings of the triphenylphosphine with hydrogen atoms will not 

account for the steric bulk of these ligands.  The lack of steric bulk of the hydrogen 

atoms will allow for greater amount of distortions, and thus will the Stokes’ shifts of 

these complexes will be larger than the Cu(PPh3)2X complexes. 

 Using the second method, ONIOM, should allow for modeling of these trends 

while also accounting for steric hindrance of these distortions and thus, finding Stokes’ 

shifts that reflect the size of the triphenylphosphine ligand.  The Cu-P bonds of the 

Cu(PPh3)2X complexes modeled with the ONIOM method also show bond elongation.  

Again, the trend shows the most elongation of the copper-phosphorous for the chloride 

containing complex (Δa=0.222 Å and Δb=0.217 Å) while the iodide containing complex 

shows the least distortion(Δa=0.198 Å and Δb=0.170 Å).  The halide-copper bonds also 
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show a similar trend in elongation, as ΔCuCl=0.107 Å, ΔCuBr=0.137 Å, and ΔCuI=0.194 

Å.  The bond angle distortions and dihedral distortions become a bit more complex to 

analyze using the ONIOM approach to model the Cu(PPh3)2X complexes.  This is due to 

a varying amount of distortion out of the plane.  While Cu(PPh3)2Cl is actually found to 

distort towards planarity upon photoexcitation, Cu(PPh3)2Br and Cu(PPh3)2I are found to 

distort towards a trigonal pyramidal shape upon photoexcitation.  The amount of 

distortion in the Cu(PPh3)2Br and Cu(PPh3)2I are of similar magnitude.   

 The amount of changes in geometry of these complexes is found to be similar to 

the trends in the Stokes’ shift.  Cu(PPh3)2Cl has the most amount of distortion in the 

overall geometry and thus has the largest Stokes shift of 13,240 cm-1.  Cu(PPh3)2Br and 

Cu(PPh3)2I are shown to have lower amounts of geometric distortions which are 

reflected in the Stokes’ shift values of 12,550 cm-1 and 12,020 cm-1, respectively.  

 While the ONIOM method approach includes steric effects through molecular 

mechanics modeling of the phenyl rings of the triphenylphosphine ligands, the overall 

Stokes’ shifts have increased, rather than decreased as would be expected for greater 

hindrance of the photoexcited distortions of the molecules.  Upon observing the 

geometric structures, however, it can be seen that there is actually a greater amount of 

dihedral angles of the Cu(PPh3)2X complexes modeled with the ONIOM method as 

opposed to the PH3 ligands of the Cu(PH3)2X complexes.  This is due to steric 

repulsions of the triphenylphosphine ligands from the halides.  The overall distortions 

may not be reduced as much as was originally expected. 
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 The third method uses the B3PW91/aug-LANL2DZ combination for all atoms of 

the Cu(PPh3)2X complex including the phenyl rings of the triphenylphosphine ligand.  

While including the phenyl rings will substantially increase the computational cost of 

modeling the Cu(PPh3)2X complexes geometric structure and spectroscopic constants, 

the treatment will show the effects of including electronic effects of the phenyl rings of 

the triphenylphosphine ligand. 

 The complexes are shown to distort from a Y-shaped ground state toward a T-

shaped excited state upon photoexcitation.  While these distortions are not as great as 

the distortions of the Cu(PH3)2X complexes, they show a trend that was not seen in the 

Cu(PPh3)2X complexes modeled with the ONIOM method.  The smallest halide, chloride, 

is shown to have the greatest distortion, Δ=31.8, followed by the bromide and iodide 

complexes, Δ=25.4 and Δ=23.4, respectively.  The B3PW91/aug-LANL2DZ 

combination also shows distortion away from planarity, but not to the extent found 

using the ONIOM method.  The distortion also reflect the influence of the halide size as 

Cu(PPh3)2Cl is found to have DH=4.2°, Cu(PPH3)2Br is found to have DH=10.0° and 

Cu(PPH3)2Br is found to have DH=12.5°.  These distortions will be reduced as the pi 

bonding is dependent on orbital overlap and thus the triphenylphosphine ligands would 

lose electron overlap with the copper atoms orbitals upon extreme distortion out of 

plane as is seen in the case of the Cu(PPh3)2X modeled with the ONIOM method.  The 

ONIOM method has layers chosen is such a manner that the interactions are sigma 

donation from the ligand to the copper atom only.  Thus, in the case modeled with 
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ONIOM, overlap is not seen to be important.  The distortions are shown to be due to 

only the steric repulsions of the triphenylphosphine with the coordinating halide. 

 The bond lengths of the copper-phosphine bond of Cu(PPh3)2X complexes are 

found to have little distortion upon photoexcitation.  Inclusion of the phenyl rings in 

modeling of the Cu(PPh3)2X complexes result in a change in electronic interactions of 

the excited state compared to the Cu(PH3)2X.  The bond lengths are also seen to be 

affected by including the phenyl rings electronic interactions with the complex rather 

than only including the rings as a steric effect as is the case with the ONIOM method.  

The HOMO contours of the ground state shows similar interactions as with the 

Cu(PH3)2X complexes, specifically the sigma donation of electron density from the 

phosphorous to the copper.  The excited HOMO contour shows a contrast when the 

phenyl rings are included in the B3PW91/aug-LANL2DZ treatment of the Cu(PPh3)2X 

complexes.  The excited state shows pi donation of electron density from the copper 

center to the phenyl ring of the triphenylphosphine ligands.  As a result the copper-

phosphorous bond length shows little distortion.  The distortion in the copper halide 

bond changes little as well, due to inductive effects as the halide atoms donate pi 

electrons to the copper atom. 

 As a result of the reduction of amount of distortion seen in the copper-

phosphorous bond, as well as the decrease in the angle distortion the Stokes shift 

modeled in this manner are smaller when compared to the Cu(PH3)2X modeled with 

B3PW91/aug-LANL2DZ combination or the Cu(PPh3)2X modeled with ONIOM method.  

The Stokes’ shifts for the Cu(PPh3)2X show a trend based on the atomic size of the 
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halide as Cu(PPh3)2Cl has a Stokes’ shift of 8,130 cm-1, Cu(PPh3)2Br has a Stokes’ shift 

of 8,090 cm-1 and Cu(PPh3)2I has a Stokes’ shift of 7,820 cm-1. 

 CuCollPPh3I has been modeled using the B3PW91/aug-LANL2DZ combination.  

The ground state (S0) structure is shown to have similar values to the crystal structure.  

When the Y-shaped ground state is excited a T-shaped distortion similar to what has 

been shown in computations of Cu(PPh3)2X complexes is seen for the copper(I) collidine 

triphenylphosphine iodide complex.  The excited state structure has two possible 

structures, as represented in Figure 3.13.  In the phosphorescent excited state (T1) 

structure 1  (Str1), the iodide is trans to the collidine, while the phosphorescent excited 

state (T1) structure 2 (Str2) finds the triphenylphosphine to be trans to the collidine 

complex.  The computations find excited state structure 1 to be lower in energy. 

 In both structural, conformations of the triply excited state (T1), the Cu-P bond 

length is shown to elongate, while the Cu-N bond is shown to contract upon excitation 

from the ground state.  Str1 shows the copper iodide bond to contract while Str2 shows 

the copper-iodide bond to elongate upon excitation.   

 Both structures show a T-shape distortion in the bond angles, but have different 

bonds that contract or expand.  Both structures show only a slight change in the 

dihedral angle from the ground state to the excited state. 

 Upon inspection of the HOMO contours of the two excited states, structure 1 

shows the electron density to be mostly on the 2,4,6-collidine complex while structure 2 

show the electron density to be donating from the copper to both the 

triphenylphosphine and 2,4,6-collidine.  The 2,4,6-collidine is more electron withdrawing 



133 
 

then triphenylphosphine, so a structure in which the electron density is primarily on the  

2,4,6-collidine ligand is not surprisingly lower in energy.  As the bond of the copper-

phosphine of the triphenylphosphine is sigma bonding in the ground state and non-

bonding in the excited state, the bond is weaken and thus is seen to elongate.  The 

bond between the N of the 2,4,6-collidine and the copper atom is seen to change from 

a sigma donation from the 2,4,6-collidine in the ground state to a pi donation from the 

copper atom in the excited state.  This change in bonding will strengthen the copper-

nitrogen interaction and thus the bond is seen to contract upon photoexcitation. 

 Computed excitation and emission energies are compared with experimental 

values in Table 3.3 using the B3PW91/aug-LANL2DZ combination.  Both structures find 

similar results for the excitation and emission energies (exc.=370 nm, Str. 1 ems=540 

nm, Str. 2 ems=539 nm) and are red shifted compared to experimental values 

(exc.=320 nm, ems=410 nm).  Computations for both excited state structures find 

Stokes’ Shift values (Str. 1 Stokes’ shift=8,540 cm-1, Str. 2 Stokes’ shift= 8,530) that 

are larger than what is found in the experimental value (6,860 cm-1).  These results are 

to be expected as the experimental values are found from solid state crystals while the 

computations model gas phase complexes.  The solid state matrix will hinder the 

complexes freedom to distort to its maximum magnitude due to interactions with other 

molecules.  In the gas phase matrix molecules will be further apart and thus the 

distortion will be allowed to happen to a greater extent.  In either case, the distortion is 

a result of the extent the T-shape distortion is allowed to happen.  Computed excited 
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state structures are therefore likely to be exaggerated to be more T-shape distorted 

than will be the case in the solid state crystals studied experimentally.   

 Computations of Cu(Coll)2X complexes reveals a distortion similar to the 

Cu(PPh3)2X upon photoexcitation of the complex to the lowest phosphorescent excited 

state.  The T-shape distortions in the Cu(Coll)2X complexes, however, are seen to be 

reversed in order.  It can be seen that the largest distortion occurs for the Cu(Coll)2I 

complex (=28.6) while Cu(Coll)2Cl is seen to undergo the least amount of distortion 

towards a T-shape (=25.2).  Upon inspection of triply excited state structure, this 

trend can be rationalized.  Position of the halide appears to be more important than the 

actual size of the halide.  It can be seen that as the Cu(Coll)2Cl complex is excited, the 

distortion of towards the T-shape is hindered by the interaction of methyl groups of the 

2,4,6-collidine complex with the chloride.  As the iodide of the Cu(Coll)2I complex is 

further removed from the copper atoms position it does not interfere with the T-shape 

distortion of the complex.    

 Copper-Nitrogen bond lengths are shown to contract as the Cu(Coll)2X complexes 

are excited.  This contraction is not seen in other copper-nitrogen containing complexes 

such as Cu(NH3)2X complexes.  The contraction of these complexes can be explained by 

the change in electron density from ground state to the excited state.  The Cu(NH3)2X 

complexes have electron density that is sigma donated from the NH3 to the copper 

atom in the ground state.  Upon excitation, electron density is excited into an anti-

bonding orbital and thus the bonds are weakened and undergo elongation.  The 

Cu(Coll)2X complexes also have sigma donation of electron density from the nitrogen to 
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the copper complex in the ground state.  Upon excitation, however, the Cu(Coll)2X 

complexes are shown to have strong pi donation from the copper atom to the 

coordinating 2,4,6-collidine.  As the pi bonding is stronger than the ground state sigma 

bonding, the copper-nitrogen bond is seen to contract upon phosphorescent excitation 

of the Cu(Coll)2X complexes.  Cu(Coll)2I is shown to have the greatest amount of 

contraction in the copper-nitrogen bond (a=-0.103 Å and b=-0.103 Å) while the 

Cu(Coll)2Cl is shown to have the least amount of distortion in the copper-nitrogen 

bonding (a=-0.091 Å and b=-0.091 Å).  Amount of pi donation from the copper to 

nitrogen can be shown to directly affect the copper-nitrogen bonds.  As there is the 

greatest direct overlap of electron density in the excited state of the Cu(Coll)2I complex 

and the least overlap in excited state of the Cu(Coll)2Cl complex, the bond strengthened 

to a greater degree in the Cu(Coll)2I complex. 

 The amount of electron donation from the metal to the ligand is also shown to 

affect the excitation and emission energies.  The Cu(Coll)2I has the smallest Stokes’ 

shift (7,790 cm-1) while the Cu(Coll)2Cl, which shows the least amount of electron 

donation from the copper atom to the 2,4,6-collidine ligand, is shown to have the 

largest Stokes’ shift (11,880 cm-1). 

3.5.2 Crystal Structures 

 Structures and crystal data are shown in this section.  The structures that have 

been previously solved are compared to structures studied in this dissertation.  In 

general, the structures in this dissertation agree with the literature structures, in both 

geometrical perimeters and crystal data.  Structures solved in this dissertation have 
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better %r values.  This stems from using more modern instrumentation then was 

available in the previous literature.  All of the structures in this dissertation have been 

solved at 100 K, while many of the literature structures are solved at higher 

temperatures (150 K or room temperature).  The lower temperatures result in a higher 

resolution crystal structure with more accurate structures. 

 The structures that have been solved can be seen to have several coordination 

types; Cu2(PPh3)3X2, Cu(PPh3)2Br, CuCollPPh3I, Cu(Coll)2I, and (CuCollI)n.  As is 

described in the synthetic section of this chapter (Section 3.3.1), crystal structures are 

dependent on the choice of the solvent chosen for recrystallization, as well as the 

coordination ligand of the molecule.  Bulky ligands such as triphenylphosphine and 

2,4,6-collidine will prevent four coordinate complexes from occurring, as the 

coordination sphere is not large enough to support four bulky ligands.  Halide of these 

complexes will allow for bridge complexes if solvents such as dichloromethane are used 

to recrystallize the product.  Bulky solvents, such as 2,4,6-collidine will prevent 

coordination of the complex and thus favor the Cu(PPh3)2Br and CuCollPPh3I complexes.  

In the 2,4,6-collidine complexes, allowing recrystallization without excess ligand will 

favor the (CuCollI)n polymer, will a large excess of the 2,4,6-collidine ligand, such is the 

case when recrystallizing from hot 2,4,6-collidine will result in the Cu(Coll)2X complex.  

Varying the crystal structure will result in varying physical properties, as is seen in the 

spectroscopy section (Section 3.5.3) of this chapter.     
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Figure 3.24 Crystal structure of Cu2(PPh3)3Cl2 showing the numbering scheme employed 
in Table 3.6. 

Table 3.5 Sample and crystal data for Cu2(PPh3)3Cl2. 

 

Empirical formula 

Formula weight 

Current Study 

C54 H45 Cl2 Cu2 P3 

984.79 

Literature Study26 

C54 H45 Cl2 Cu2 P3 

 

Temperature 100(2) K Room Temp (283-303K) 

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P 21/n P 21/n 

Unit cell dimensions a = 18.8754(10) Å = 90°. a = 19.245(<1) Å = 90°. 

 b = 9.7594(5) Å  = 

109.5660(10)°. 

b = 9.811(<1) Å  = 

109.81(<1)°. 

 c = 26.2337(14) Å  = 90°. c = 26.613(<1) Å  = 90°. 

Volume 4553.5(4) Å3 4727.608 

Z 4 4 

Density (calculated) 1.436 Mg/m3 1.384 

Absorption 

coefficient 

1.194 mm-1  

F(000) 

R-Factor (%) 

2024 

3.07 

 

3.62 
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Table 3.6 Selected bond lengths (Å) and angles (°) for Cu2(PPh3)3Cl2.  

 

Bond Lengths 

and Angles 
Cu(1)-P(1)  
Cu(1)-P(2)  

Current Study 

Value 
2.2243(6) 
2.2343(6) 

Literature Study 

Values26 
2.2337(9) 
2.2429(8) 

Cu(1)-Cl(2)  2.4016(5) 2.4182(9) 

Cu(1)-Cl(1)  2.4496(5) 2.4552(8) 

Cu(1)-Cu(2)  2.8988(4) 2.9039(6) 

Cu(2)-P(3)  2.1749(6) 2.1787(9) 

Cu(2)-Cl(1)  2.2452(5) 2.2485(9) 

Cu(2)-Cl(2)  2.3149(6) 2.3033(9) 

P(1)-Cu(1)-P(2) 131.10(2) 131.75(3) 

P(1)-Cu(1)-Cl(2) 114.13(2) 113.39(3) 

P(2)-Cu(1)-Cl(2) 103.46(2) 102.31(3) 

P(1)-Cu(1)-Cl(1) 102.30(2) 102.33(3) 

P(2)-Cu(1)-Cl(1) 102.10(2) 104.02(3) 

Cl(2)-Cu(1)-Cl(1) 98.099(19) 97.54(3) 

P(1)-Cu(1)-Cu(2) 127.678(17)  

P(2)-Cu(1)-Cu(2) 100.069(16)  

Cl(2)-Cu(1)-Cu(2) 50.739(14)  

Cl(1)-Cu(1)-Cu(2) 48.758(13)  

P(3)-Cu(2)-Cl(1) 135.75(2) 133.45(3) 

P(3)-Cu(2)-Cl(2) 116.79(2) 118.72(3) 

Cl(1)-Cu(2)-Cl(2) 106.92(2) 107.26(3) 

P(3)-Cu(2)-Cu(1) 168.535(19)  

Cl(1)-Cu(2)-Cu(1) 55.123(14)  

Cl(2)-Cu(2)-Cu(1) 53.441(14)  

Cu(2)-Cl(1)-Cu(1) 76.119(17) 76.11(3) 

Cu(2)-Cl(2)-Cu(1) 75.821(17) 75.87(3) 
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Figure 3.25 Crystal structure of Cu2(PPh3)3Br2 showing the numbering scheme 

employed in Table 3.8. 
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Table 3.7 Sample and crystal data for Cu2(PPh3)3Br2. 

 

Empirical formula 

Formula weight 

Current Study 

C54 H45 Br2 Cu2 P3 

1073.71  

Literature Study27 

C54 H45 Br2 Cu2 P3 

Temperature 100(2) K Room Temp (283-303K) 

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P 21/n P21/c 

Unit cell dimensions a = 19.022(2) Å = 90°. a = 19.390(8) Å = 90°. 

 b = 9.8758(11) Å  = 

109.7760(10)°. 

b = 9.912(5) Å  = 

112.33(3)°. 

 c = 26.156(3) Å  = 90°. c = 26.979(9) Å  = 90°. 

Volume 4623.9(3) Å3 4796.360 

Z 4 4 

Density (calculated)

  
1.542 Mg/m3 1.487 Mg/m3 

Absorption 

coefficient 

2.789 mm-1  

F(000) 

R-Factor (%)  

2168 

2.10 

 

4.3 
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Table 3.8 Selected bond lengths (Å) and angles (°) for Cu2(PPh3)3Br2.  

Bond Length and 

Angle Values 
 
Cu(1)-P(1)  

Cu(1)-P(2)  

Current Study 

Value 
 
2.2347(5) 

2.2408(5) 

Literature 

Study 
Value27 
2.241(3) 

2.249(3) 
Cu(1)-Br(2)  2.5272(3) 2.550(2) 

Cu(1)-Br(1)  2.5613(4) 2.571(2) 

Cu(1)-Cu(2)  2.8911(4)  

Cu(2)-P(3)  2.1908(5) 2.191(2) 

Cu(2)-Br(1)  2.4241(4) 2.409(2) 

Cu(2)-Br(2)  2.3610(3) 2.364(2) 

P(2)-Cu(1)-P(1) 131.672(17) 130.66(11) 

P(2)-Cu(1)-Br(2) 112.663(16) 110.76(8) 

P(1)-Cu(1)-Br(2) 103.220(14) 105.41(8) 

P(2)-Cu(1)-Br(1) 100.920(13) 101.41(5) 

P(1)-Cu(1)-Br(1) 102.303(13) 102.27(8) 

Br(2)-Cu(1)-Br(1) 101.740(9) 101.41(5) 

P(2)-Cu(1)-Cu(2) 128.035(15)  

P(1)-Cu(1)-Cu(2) 99.256(13)  

Br(2)-Cu(1)-Cu(2) 52.632(9)  

Br(1)-Cu(1)-Cu(2) 50.879(7)  

P(3)-Cu(2)-Br(1) 132.369(16) 127.03(9) 

P(3)-Cu(2)-Br(2) 115.464(15) 116.91(9) 

Br(1)-Cu(2)-Br(2) 111.151(10) 114.26(6) 

P(3)-Cu(2)-Cu(1) 169.911(15)  

Br(1)-Cu(2)-Cu(1) 57.314(10)  

Br(2)-Cu(2)-Cu(1) 55.950(8)  

Cu(2)-Br(1)-Cu(1) 71.807(8) 71.88(5) 

Cu(2)-Br(2)-Cu(1) 71.418(8) 71.66(5) 
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Figure 3.26 Crystal structure of Cu2(PPh3)3I2 showing the numbering scheme employed 
in Table 3.10. 

 
Table 3.9 Sample and crystal data for Cu2(PPh3)3I2. 

 

Empirical formula 

Formula weight 

Current Study 

C54 H45 I2 Cu2 P3 

1167.69  

Literature Study28 

C54 H45 I2 Cu2 P3 

 

Temperature 100(2) K Room Temp (283-303 K) 

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P 21 P21 

Unit cell dimensions a = 10.3734(5) Å = 90°. a = 10.527(3) Å = 90°. 

 b = 20.5809(10) Å  = 

105.6430(10)°. 

b = 20.682(4) Å  = 

105.66(2)°. 

 c = 11.7211(6) Å  = 90°. c = 11.763(4) Å  = 90°. 

Volume 2409.7(2) Å3 2465.969 

Z 2 2 

Density (calculated)

  
1.609 Mg/m3 1.573 Mg/m3 

Absorption coefficient 2.299 mm-1  

F(000) 

R-Factor (%) 

1156 

1.53 

 

4.7 



143 
 

Table 3.10 Selected bond lengths (Å) and angles (°) for Cu2(PPh3)3I2.  

Bond Length 
 
 

Cu(1)-P(1)  
Cu(1)-P(2)  

Current Study 
Values 
 

2.2589(5) 
2.2687(5) 

Literature 
Study 
Values28 

2.259(3) 
2.267(3) 

Cu(1)-I(2)  2.7994(3) 2.819(1) 

Cu(1)-I(1)  2. 7045(3) 2.707(1) 

Cu(1)-Cu(2)  3.0007(3) 3.041(3) 

Cu(2)-P(3)  2.2211(6) 2.219(3) 

Cu(2)-I(1)  2.5686(3) 2.563(1) 

Cu(2)-I(2)  2.5111(3) 2.500(2) 

Cu(2)-I(1)-Cu(1) 69.315(7) 70.43(4) 

Cu(2)-I(2)-Cu(1) 68.564(8) 69.43(5) 

P(1)-Cu(1)-P(2) 124.08(2) 125.24(11) 

P(1)-Cu(1)-I(1) 108.951(15) 108.23(9) 

P(2)-Cu(1)-I(1) 107.401(15) 108.07(9) 

P(1)-Cu(1)-I(2) 110.826(15) 110.66(9) 

P(2)-Cu(1)-I(2) 99.888(14) 99.94(8) 

I(1)-Cu(1)-I(2) 103.706(8) 102.25(5) 

P(1)-Cu(1)-Cu(2) 116.456(16)  

P(2)-Cu(1)-Cu(2) 119.249(16)  

I(1)-Cu(1)-Cu(2) 53.207(7)  

I(2)-Cu(1)-Cu(2) 51.165(7)  

P(3)-Cu(2)-I(2) 131.044(17) 130.75(9) 

P(3)-Cu(2)-I(1) 112.036(16) 112.81(9) 

I(2)-Cu(2)-I(1) 116.898(10) 116.37(6) 

P(3)-Cu(2)-Cu(1) 166.786(17)  

I(2)-Cu(2)-Cu(1) 60.271(7)  

I(1)-Cu(2)-Cu(1) 57.479(7)  
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Figure 3.27 Crystal structure of Cu(PPh3)2Br showing the numbering scheme employed 
in Table 3.12. 

Table 3.11 Sample and crystal data for Cu(PPh3)2Br. 

Empirical formula 

Formula weight 
C78 H66 Br2 Cu2 P4 
1414.09  

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P -1 

Unit cell dimensions a = 10.1863(9) Å = 78.3090(10)°. 

 b = 12.6899(11) Å  = 75.0030(10)°. 

 c = 13.4405(12) Å = 73.7980(10)°. 

Volume 1595.5(2) Å3 

Z 1 

Density (calculated)  1.472 Mg/m3 

Absorption coefficient 2.064 mm-1 

F(000) 722 
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Table 3.12 Selected bond lengths (Å) and angles (°) for Cu(PPh3)2Br.  

Cu(1)-P(1)  

Cu(1)-P(2)  

2.2490(8) 

2.2650(8) 

Cu(1)-Br(1)  2. 3497(3) 

P(1)-Cu(1)-P(2) 126.13(3) 

P(1)-Cu(1)-Br(1) 121.13(3) 

P(2)-Cu(1)-Br(1) 112.57(2) 

 

 

 

 

Figure 3.28 Crystal structure of Cu(Coll)(PPh3)I showing the numbering scheme 

employed in Table 3.14. 
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Table 3.13 Sample and crystal data for Cu(Coll)(PPh3)I. 

Empirical formula 

Formula weight 
C26 H26 Cu I N P 
573.89 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P 2(1) 

Unit cell dimensions a = 8.7855(6) Å = 90°. 

 b = 15.0688(10) Å = 103.4260(10)°. 

 c = 9.3477(6) Å       = 90°. 

Volume 1203.69(14) Å3 

Z 2 

Density (calculated)  1.583 Mg/m3 

Absorption coefficient 2.269 mm-1 

F(000) 572 

 

Table 3.14 Selected bond lengths (Å) and angles (°) for Cu(Coll)(PPh3)I. 

I(1)-Cu(1)  
Cu(1)-P(1)  
Cu(1)-N(1)  

P(1)-Cu(1)-N(1) 
P(1)-Cu(1)-I(1) 

N(1)-Cu(1)-I(1) 

2.562 
2.195 
2.007 

135.1 
118.4 

106.3 
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Figure 3.29 Crystal structure of Cu(Coll)2I showing the numbering scheme employed in     

Table 3.16. 

 

Table 3.15 Sample and crystal data for Cu(Coll)2I. 

Empirical formula 

Formula weight 

C16 H22 Cu I N2 

432.80 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P 21/c 

Unit cell dimensions a = 12.5072(6) Å = 90°. 

 b = 15.3733(8) Å = 90.4640(10)°. 

 c = 8.8548(4) Å       = 90°. 

Volume 1702.52(14) Å3 

Z 4 

Density (calculated)  1.688 Mg/m3 

Absorption coefficient 3.089 mm-1 

F(000) 856 
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Table 3.16 Selected bond lengths (Å) and angles (°) for Cu(Coll)2I. 

I(1)-Cu(1)  2.5313(2) 

 Cu(1)-N(2)  2.0167(14) 
 Cu(1)-N(1)  2.0257(13) 

 
N(2)-Cu(1)-N(1) 

 
117.11(5) 

 N(2)-Cu(1)-I(1) 123.84(4) 

 N(1)-Cu(1)-I(1) 119.04(4) 
  

 

 

Figure 3.30. Crystal structure of (CuCollI)n showing the numbering scheme employed in   
Table 3.18. 
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(a)  
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(b) 

Figure 3.31.(a) Side view of stacking  of (CuCollI)n (shown in Figure 3.30) (b) Top view 

of stacking  of (CuCollI)n (shown in Figure 3.30). 

 

Table 3.17 Sample and crystal data for (CuCollI)n. 

 

Empirical formula 

Formula weight 

Current Study 

C8 H11 Cu I N  

311.62 

Literature Study29 

C8 H11 Cu I N  

 

Temperature 100(2) K Room Temp (283-303K) 

Wavelength 0.71073 Å  

Crystal system Orthorhombic  

Space group Pmn21 P21mn 

Unit cell dimensions a = 10.4203(9) Å = 90°. a = 10.603(4) Å = 90°. 

 b = 4.1260(4) Å = 90°. b = 4.164(2) Å = 90°. 

 c = 11.4326(10) Å    = 90°. c = 11.496(5) Å       = 90°. 

Volume 491.54(8) Å3 507.559 

Z 2 2 

Density (calculated) 2.105 Mg/m3 2.039 

Absorption 

coefficient 

5.301 mm-1  

F(000) 

R-Factor (%) 

296 

1.24 

 

3.8 
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Table 3.18 Selected bond lengths (Å) and angles (°) for CuCollI. 

Bond Length and Angle 

Cu(1)-N(1)  

Cu(1)-N(1A)  

N(1)-Cu(1)-N(1A) 

Current Study Values 

1.968(3) 

2.4741(4) 

142.81(8) 

Literature Study Values 

1.99(1) 

2.471(3) 

141.4(4) 

 

3.5.3 Luminescent Spectra of Neutral Copper(I) Halide Complexes 

3.5.3.1 Luminescence Spectra and Lifetimes for Bis(2-halo)tris(triphenylphosphine) 

dicopper(I) Complexes 

Photoluminescent studies of the Cu2(PPh3)3X2 complexes (Where X=Cl, Br or I) 

show tunability in excitation and emission energies of the complexes.  These energies 

are able to be tuned by choice of coordinating halogen.  These results, in conjunction 

with density functional (DF) computational results show this tunability to correspond to 

distortion in Cu-Cu distances.  Ground state structures are shown to have weak 

metallophillic interactions, resulting in Cu-Cu bond distances of  2.899, 2.895 and 3.001 

Å in the Cu2(PPh3)3X2 for X=Cl, Br and I, respectively, as indicated by crystal structures 

in Figures 3.24-3.26.  Excitation energies can be seen to have a similar trend, as seen 

in Figure 3.32 and Table 3.19.  These energies, 29,412 cm-1, 28,571 cm-1 and 27778 

cm-1 for  Cu2(PPH3)3X2 for X=Cl, Br and I, respectively, are shown to be decreasing in 

energy with decreasing bond length.  
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Figure 3.32 Steady-state luminescence of Cu2(PPh3)3X2 (Where X=Cl, Br or I) at 298 K. 
(a) excitation of Cu2(PPh3)3Cl2 (λmax=340 nm) (b) excitation of Cu2(PPh3)3Br2 (λmax=350 
nm) (c) excitation of Cu2(PPh3)3I2 (λmax=360 nm) (d) emission of Cu2(PPh3)3Cl2 

(λmax=535 nm) (e) emission of Cu2(PPh3)3Br2 (λmax=535 nm) (f) emission of 
Cu2(PPh3)3I2 (λmax=490 nm). 

 
Table 3.19 Stokes’ shifts of Cu2(PPh3)3X2 (Where x=Cl, Br or X) at 298 K. 

Molecule Excitation Energy (cm-1) Emission Energy (cm-1) Stokes Shift (cm-1) 

Cu2(PPh3)3Cl2 29,412 18,692 10,720 

Cu2(PPh3)3Br2 28,571 18,692 9,879 

Cu2(PPh3)3I2 27,778 20,408 7,370 

 

Table 3.20 Lifetimes and quantum yields of Cu2(PPh3)3X2 (Where x=Cl, Br or X) at 298 

K. 

Molecule Lifetime (microseconds) Quantum Yield (%) 

Cu2(PPh3)3Cl2 39.14 ± 0.04 4.8 

Cu2(PPh3)3Br2 34.7 ± 0.1 6.2 

Cu2(PPh3)3I2 8.4 ± 0.5 6.8 

 

   



153 
 

 Emissions can be seen to be dependent on these bond lengths and the amount 

of distortion as is shown by DF computations and luminescent energies.  The largest 

distortions are seen in the Cu2(PPh3)3Cl2 complex.  These distortions can be 

experimental measured by the Stokes’ shift in the luminescent experiment.  The Stokes’ 

shifts values are reported in Table 3.3.  These values show similar results as the DF 

computed values predict, showing importance of the distortion in the bond lengths.  

The computed distortion values are 0.150, 0.140, and 0.095 Å, while the Stokes’ shifts 

are 10,720, 9,879, and 7,370 cm-1 for Cu2(PPh3)3X2 (where X=Cl, Br, and I) 

respectively.  The magnitude of distortion also compares well with the value of the 

Stokes’ Shift.  Cu2(PPh3)3Cl2 and Cu2(PPh3)3Br2 distortions are much closer in value than 

the distortion for Cu2(PPh3)3I2.  It can also be seen that the Stokes’ Shift for these 

complexes have similar magnitudes.  The emissions are visually seen to be blue (490 

nm) for Cu2(PPh3)3I2 and green for Cu2(PPh3)3Br2 (535 nm) and Cu2(PPh3)3Cl2 (535 nm). 

Lifetimes for these complexes are seen to be in the microsecond region.  Ideal LED 

materials should be compromised of white light, comprised of blue, green and red 

emitting materials and have lifetimes in the microsecond region.2  The Cu2(PPh3)3X2 

complexes have lifetimes in the microsecond range, with values of 39.14 ± 0.04, 34.7 ± 

0.1, and 8.4 ± 0.5 microseconds for Cu2(PPh3)3Cl2, Cu2(PPh3)3Br2 and Cu2(PPh3)3I2, 

respectively. Broad emissions (FWHM=5.1x103, 4.4x103, and 4.1x103 cm-1, for 

Cu2(PPh3)3I2, Cu2(PPh3)3Br2 and  Cu2(PPh3)3Cl2) span the visible region from 410-700 

nm.  While broad excitation that span the visible region and microsecond lifetimes make 

these materials ideal candidates for fabrication of white OLEDs, high quantum 
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efficiencies are also necessary.  These materials are shown to have low quantum 

efficiencies of 4.8%, 6.2% and 6.8%, for Cu2(PPh3)3Cl2, Cu2(PPh3)3Br2 and Cu2(PPh3)3I2.  

Large distortions and flexible structures of these complexes will cause much of the 

excitation energy to be lost through nonradiative emissions.  These emissions are seen 

to compete with efficiencies of radiative emissions in the follow manner: 

         
  

      
  

where p=phosphorescent quantum yield, t=triplet formation efficiency, kp=rate 

constant for phosphorescence, and km=rate constant for radiationless transition from 

the triplet state.  Minimization of the nonradiative emission would be necessary to 

employ these materials in OLED applications. 

3.5.3.2 Comparison of Luminescence Spectra and Lifetimes of Bis(2-

bromo)tris(triphenylphosphine)dicopper(I) and Bis(triphenylphosphine)copper(I) 

Bromide Complexes 

The monomeric Cu(PPh3)2Br material was made by recrystallization of the 

starting material in a sterically hindering solvent such as 2,4,6-collidine, which will favor 

the monomer over the dimer.  This complex is compared to the dimer, Cu2(PPh3)3Br2 

material, which is made by recrystallization of the starting material in a mixture of 

chloroform and dichloromethane.   
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Figure 3.33 Comparison of steady-state luminescence of Cu(PPh3)2Br  and Cu2(PPh3)3Br2 
at 77K (a) excitation of Cu(PPh3)2Br (λmax=278 nm) (b) excitation of Cu2(PPh3)3Br2 

(λmax=323 nm) (c) emission of Cu(PPh3)2Br (λmax=438 nm) (d) emission of 
Cu2(PPh3)3Br2 (λmax=484 nm). 

Table 3.21 Stokes’ shifts of Cu(PPh3)2Br and Cu2(PPh3)3Br2 at 77K. 

Molecule Excitation Energy (cm-1) Emission Energy (cm-1) Stokes Shift (cm-1) 

Cu(PPh3)2Br 35,970 22,830 13,140 

Cu2(PPh3)3Br2 30.960 20,660 10,300 

 

Table 3.22 Lifetimes and quantum yields of Cu(PPh3)2Br and Cu2(PPh3)3Br2 at 77K. 

Molecule Lifetime (microseconds) Quantum Yield (%) 

Cu(PPh3)2Br 68 ± 3 4.9 

Cu2(PPh3)3Br2 220 ± 3 7.6 

 

   Cu(PPh3)2Br is not luminescent at  298 K, so comparison to the Cu2(PPh3)3Br2 

dimer complex are carried out at 77 K.  Overall distortion in geometric structure is 

predicted to be greater for the monomer than the dimer by DFT computations.  Steric 

hindrance caused by two copper coordination spheres being in close proximities causes 
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the dimer to have less distortion upon photoexcitation.  The Stokes’ shifts can be seen 

to correspond to the trend in distortions.  DF computations predict Stokes’ shifts of 

6,610 cm-1 for the dimer and 12,290 cm-1 for the monomer.  Experimental values are 

found to be 10,300 cm-1 for the dimer versus 13,140 cm-1 for the monomer.  Larger 

amounts of distortions in the monomer structure also leads to lower quantum yields in 

the Cu(PPh3)2Br monomer, having a value of 4.9 % versus the Cu2(PPh3)3Br2 dimer with 

a value of 7.6 % at 77K. 

3.5.3.3 Luminescence Spectra of 2,4,6-Collidinetriphenylphosphinecopper(I) Iodide   

 Recrystallization methods similar to that used to make Cu(PPh3)2Br were 

attempted to make  Cu(PPh3)2I.  The crystal structure found the crystal to have a 

coordinating 2,4,6-Collidine in addition to a single triphenylphosphine and iodide.  The 

crystal is found to be a noncentrosymetric structure for CuCollPPh3I by crystallography 

as indicated in the crystal results section of this chapter.  Molecules that are 

noncentrosymmetric have been found to be triboluminescent.  Triboluminescence is a 

luminescent emission resulting from fracturing a noncentrosymmetric crystal.  This 

phenomenon has been known for over 400 years.  The name “triboluminescence”, in 

fact dates back to 1885.30  Piezoelectrically generated fields are thought to be the cause 

of the luminescence .31  A well known example of this phenomenon can be observed in 

sugar crystals.  Upon crushing a crystal in the dark, a bluish-white emission is 

observed.32 

 Triboluminescent complexes are often excited by mechanical grinding against an 

optical window.  Other methods, such as thermal shock, phase change, or rapid 
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crystallization, among other methods, are also possible methods for excitation of 

triboluminescent complexes.33  The CuCollPPh3I is observed to be brightly blue when 

crushed with a mortar and pestle in a dark room.  Applications for triboluminescent 

materials include smart sensors of structural damage,34 stress distribution,35 acoustic 

shock waves36 and mechanical shock37.  Spectroscopically observing the 

triboluminescence requires large amounts of samples and ultrafast detectors as the 

emissions are not long lived. 

  

Figure 3.34 Temperature dependant steady-state luminescence of CuCollPPh3I. 

 The CuCollPPh3I was instead measured using temperature dependant 

spectroscopy, as is shown in Figure 3.34.  Emissions are seen to be blue (max=405 nm) 

and structured.  This indicates the emission is ligand centered.  Comparison of the 

experimental emission to the computed structures allows for explanation of the 

structured emission.  As indicated in Figure 3.13, there are two possible structural 

isomers of the triple excited state of CuCollPPh3I.  Structure 1 is found to be the lowest 
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energy structure by computations.  Structure 1 shows the iodide and 2,4,6-collidine 

ligand to be trans to each other.  Structure 2 shows the 2,4,6-collidine trans to the 

triphenylphosphine ligand.  There is only a 10 cm-1 difference between the Stokes’ shifts 

of Structure 1 and Structure 2.  This difference is not enough to negate one of these 

structures as a possibility of the excited state structure.  The HOMO contours show a 

difference in the electronic density of the triple excited state.  Structure 2 shows the 

electron density of the CuCollPPh3I to be centered on the copper atom upon 

photoexcitation.  This structure would indicate the emission should be metal centered in 

nature.  Structure 1 shows the electron density to be centered on the 2,4,6-collidine 

ligand, which would suggest a ligand-centered emission should be expected for this 

molecule.  This structure is therefore not only lower in energy but also consistent with 

what is observed in the experimental spectra of the CuCollPPh3I complex.  Upon 

warming of the complex, the emission is not seen to shift.  The intensity of the emission 

appears to become more Gaussian in nature, but is likely due to lose of resolution as 

the temperature is warmed toward room temperature.  At room temperature, the 

emission is observed to be a dull blue, as non-radiative emission start to increase and 

overwhelm radiative emissions.      

3.5.3.4 Luminescence Spectra of Bis(2,4,6-Collidine) Copper(I) Iodide and 

Heteropolymeric  2,4,6-Collidine Copper(I) Iodide 

 The bis(2,4,6-collidine)copper(I) iodide complex is seen to have a single metal-

centered emission.  This complex is recrystallized from dissolving the (CuCollI)n powder 

in hot 2,4,6-collidine and allowing the solution to slowly cool.  Crystals remain stable 
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while in solution but decompose within several hours after being removed from the 

mother liquid.   

 

Figure 3.35 Steady-state luminescence of Cu(Coll)2I at room temperature compared to 

(CuCollI)n at room temperature. 

 
Table 3.23 Spectral data of Cu(Coll)2I and (CuCollI)n. 

Molecule Excitation 

Energy (cm-1) 

High Energy 

Emission  

(cm-1) 

Stokes  

Shift 1 

(cm-1) 

Low 

Energy 

Emission  

Stokes 

Shift 2 

(cm-1) 

Cu(Coll)2I 26,954 22,523 4,432 - - 

(CuCollI)n 27,624 22,222 5,402 18,018 9,606 

 

 (CuCollI)n powder is readily precipitates from the solution as is described in the 

synthesis section.  Crystals are formed from slow evaporation of a concentrated solution 

of the (CuCollI)n powder in dichloromethane.  Crystals are observed to have a white-

yellow emission at room temperature, similar to what is seen in the powder.  Spectra, 
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as seen in Figure 3.35, show a low and high emission band that cover the visible range 

at room temperature.  Lifetimes of both the bis(2,4,6-collidine)copper(I) iodide complex 

and the 2,4,6-collidine copper(I) iodide homo-polymer are shown to be on the order of 

microseconds. 

Table 3.24 Lifetimes of Cu(Coll)2I and (CuCollI)n. 

Molecule Lifetime (microseconds) Quantum Yield (%) 

Cu(Coll)2I 17.1 ± 0.1 19.5 

(CuCollI)n 13.8 ± 0.2  

 

   

Figure 3.36 Temperature dependant luminescence of (CuCollI)n crystal -77 K,-90K, -120 

K, -150 K, -180 K, -210 K, -240 K, -270 K, -298 K (for maxexc andmaxems see Table 

2.25).  
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Table 3.25  Experimentally measured values of excitation, emission, Stokes’ shifts, and 

lifetimes for (CuCollI)n crystals at various temperatures.  

Temperature Exc. 

max 

(nm) 

Ems. 1 

max 

(nm) 

Stokes’ 

Shift 1 

(cm-1) 

Ems. 2 

max 

(nm) 

Stokes’ 

Shift 2 

(cm-1) 

Lifetime 1 

(microseconds) 

Lifetime 2 

(microseconds) 

77 K 362 446 5,203 - - 46.8 ± 1.1 - 

90 K 362 448 5,303 - - 42.5 ± 0.7 - 

120 K 362 451 5,451 - - 36.1 ± 0.8 - 

150 K 362 462 5,979 538 9,037 33.9 ± 1.9 104.6 ± 1.8 

180 K 362 458 5,790 550 9,442 33.9 ± 1.9   52.6 ± 3.0 

210 K 362 454 5,598 552 9,508 29.2 ± 0.8   22.9 ± 1.7 

240 K 362 450 5,402 555 9,606   8.3 ± 0.6   18.7 ± 0.2 

270 K 362 450 5,402 555 9,606   6.4 ± 0.5   18.2 ± 0.7 

298 K 362 450 5,402 555 9,606 -   13.8 ± 0.2 

   

 

Figure 3.37 Image of (CuCollI)n crystal solved by diffraction excited by hand-held black 
light at 365 nm at 100 K. 
 

 
 Figure 3.37 shows the (CuCollI)n crystal has a blue-green emission at 100 K.  As 

is seen in Figure 3.36 and Table 3.25, the high energy (blue) 450 nm emission is shown 

to dominate at 77 K.  As the complex is warmed a lower energy shoulder appears at 

120 K.  This agrees with the image in Figure 3.37 which shows the emission is blue-

green at 100K.  As the temperature continues to increase, the peaks become similar in 

intensity and the emission is seen to be broad and covers the visible region, showing 

white emission.  As the polymer is warmed to room temperature, both peaks show 

emission and the low energy (550 nm) is shown to be greater in intensity, causing the 
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material to show a white emission with a yellow tint.   

 Computations show the reason for these emissions.  B3PW91/aug-LANL2DZ 

computations of an anionic [CuCollI2]
- monomer show a distortion towards a T-shaped 

structure upon photoexcitation to the lowest phosphorescent state (as seen in Figure 

3.23).  The anionic [CuCollI2]
- monomer has a small Stokes’ shift of 2,556 cm-1 (as seen 

in Figure 3.23 and Table 3.4).  Computations of the anionic dimer [Cu2Coll2I3]
- shows 

excited state distortion towards a T-shape structure in both copper centers as well as 

delocalization of the electron density along the 2,4,6-Collidine ligands.  The dimer 

([Cu2Coll2I3]
-) complex has a larger Stokes’ shift of 9,606 cm-1. 

 Experiment data agree with the computed energies and structures.  At low 

temperatures, the distortions of the (CuCollI)n polymer are diminished and an emission 

from a single monomer center is favored.  As the crystals are allowed to warm towards 

room temperature, the low energy emission from greater distortion and electron energy 

is shown to dominate.  Lifetimes show further evidence of these trends as the low 

energy emission is shown to have long lifetimes (104.6 vs. 33.9 microseconds for the 

lower energy and higher energy emission, respectively, at 150 K)   

 3LLCT emissions have been shown to have lower energy emission than 3MLCT 

emissions in previous literature.38  3LLCT are also shown to have longer lifetimes than 

3MLCT emissions.  As complexes are warmed to room temperature, 3MLCT emissions 

generally tend to diminish as lifetimes become short or non-radiative at higher 

temperatures.    3LLCT may remain emissive at room temperature in the presence of 

heavy metals.  These effects will be enhanced by vibronic structures, which will become 
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more predominant with increasing temperatures.  It is with these phenomena in mind 

that the 3MLCT emissions will become dominant at low temperatures (<150 K), while 

the 3LLCT will be greater in intensity toward higher temperatures. 

3.6 Conclusions 

 The Cu2(PPh3)3X2 complexes were investigated computationally and 

experimentally.  These complexes are found to have a weak Cu-Cu interaction at the 

ground state that is distorted in the excited state to create a stronger Cu-Cu bond.  The 

extent of this distortion can be used to control the Stokes’ shift and thus, tune the 

photoluminescent emission color of the complex.  Blue and green emitting materials 

with lifetimes in the microsecond region have been synthesized.  Comparison of the 

Cu2(PPh3)3Br2 dimer with the Cu(PPh3)2Br monomer shows the monomer to have a 

larger distortion that leads to a larger Stokes’ shift as well as a low quantum efficiency 

as the non-radiative emissions are increased.  CuCollPPh3I has been observed to be 

triboluminescent due to its non-centrosymmetric structure.  The phosphorescent 

emissions of the complex are shown to be ligand centered.  These emissions can be 

seen to correspond to the DF computed electronic structure.   Computational and 

experimental data have suggested the Cu(Coll)2X complexes undergo an excited state 

distortion similar to neutral Au(PPh3)2X complexes.  The Cu(Coll)2X complexes, 

however, have a contraction in the bond lengths and also have rotation in the 2,4,6-

collidine ligand-copper bonds.  These extend of the rotation dependency on the 

coordinating halide have been shown by computations.  By changing the coordinating 

halide and thus the amount of ring rotation allowed in the complexes the emission and 
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lifetimes of these complexes have been tuned to cover a substantial portion of the 

visible light spectrum.  Experimentally, polymers of the (CuCollI)n have been found to 

be more stable than the Cu(Coll)2I complex.  These 2,4,6-collidine and 

triphenylphosphine copper (I) halide complexes show the ability to be tuned across the 

visible region, making them useful for OLED application, however, large nonradiative 

emissions of these complexes lead to low quantum efficiencies (<20%), which will 

negate potential use in fabrication of OLED materials.  Complexes with greater rigidity 

will be necessary for efficient lighting materials. 
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CHAPTER 4 

COPPER NANOPARTICLES FROM PHOTOCHEMISTRY OF BISTRIPHENYLPHOSPHINE 

COPPER(I) HALIDE COMPLEXES: CREATION THROUGH DESTRUCTION  

4.1 Introduction 

Density functional (DF) computations of Cu2(PPh3)3X2 (where X=Cl, Br or I) 

complexes show elongation of Cu-P bond lengths upon photoexcitation from the ground 

to low-lying phosphorescent states.  Use of a high intensity mercury lamp to 

photoexcited the Cu2(PPh3)3X2 complexes causes dissociation of the triphenylphosphine 

ligands, as is evident by electronic absorption spectra, causing CuX salts to remain after 

irradiation of the complexes.  Photochemical reactions of the complexes in non-

halogenated solvents lead to precipitation of aggregated copper salts.  Photochemical 

reactions in halogenated solvents cause reduction of the copper salts to occur and thus 

Cu(0) particles are formed.  Various solvents are shown to tune the particle size and 

thus absorbance energies.  Particles are stabilized by the PPh3 ligand, thus additional 

stabilizers are not required for nanoparticle formation.  While additional stabilizers are 

not required for formation particles, shape and size can be tuned by choice of stabilizer.  

Addition of stabilizers lead to changes in shape and size as is indicated by electronic 

absorption spectra and transmission electron microscopy (TEM).          

Previous computations by Barakat et al. and Sinha et al. have shown excited 

state distortions in cationic and halide containing neutral gold phosphorous complexes.  

The distortions cause the gold phosphorous bonds to elongate.  If these bonds are 

elongated to a large enough extent, the phosphorous gold bonds will break.  
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 Photochemistry studies of Elbjeirami et al. showed that photochemical reactions 

of gold isonitrile complexes lead to photodissociation of coordinating ligands. These 

studies reveal that while the gold isonitrile complexes are not stable in energetically 

excited states, the resulting products may be useful for the production of nanoparticles.  

Adding stabilizers to these reactions lead to the creation of gold nanoparticles.  The 

electronic absorption spectra showed by varying the reaction conditions, these 

nanoparticles can be tuned in shape and size, leading to tunable absorptions from 525 

nm to 610 nm.1  

Similar dissociation of ligands in copper phosphorous complexes may allow for 

the production of nanoparticles from photochemical degradation of Cu2(PPh3)3X2 (where 

X=Cl, Br or I) complexes.  In these photochemical studies, higher reactivity will make 

the copper a superior choice for photochemical reactions.  It is with this in mind, as well 

as cost and abundance that these studies have been extended to copper complexes.  

Once copper nanoparticles are formed oxidation of particles may occur more readily 

than for gold nanoparticles.  This may not be concerning as copper oxide may be 

preferred.  Copper nanoparticles will also exhibit unique photophysical properties as 

bond lengths and shapes of particles will differ from gold particles.   

Absorption of light occurs in nanoparticles as a function of displacement of 

charge on the surface which is known as plasmonic oscillations.  As the size of the 

particles changes these oscillations frequencies are also altered, resulting in change in 

absorption color and energy.  Wavelengths can also be shifted as a result of change in 

the shape of particles.  As the shape becomes less symmetric, plasmon energies 
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become nondegenerate leading to broader peaks and peaks of varying energy levels.  

Applications that can take advantage of the nanoparticles generated by these 

photochemical reactions include surface-enhanced resonance roman, biosensors, 

biomedical/chemotherapy, and catalysis.2 

4.2 Computational Modeling of Bis(2-halo)-tris(triphenylphosphine)dicopper(I) 

complexes 

 Calculations on Cu2(PPh3)3X2 (where x=Cl, Br or I) were performed using the 

G03 program suite.3  Calculations on the copper complexes were optimized using the 

density functional, B3PW91.4,5   Optimizations were carried out for the ground state (S0) 

and lowest lying phosphorescent excited state (T1) using no predetermined restrictions 

on geometry to obtain a global minima. Computations on the triplet state were 

performed as spin-unrestricted calculations.     

The LANL2DZ basis set6 was used in all calculations with augmentation with  p-

type functions7 for copper, a d-type polarization function8 (d = 0.55) for phosphorus, a 

d-type polarization function (d = 0.75) for chloride, a d-type polarization function (d = 

0.45) for bromide, and a d-type polarization function (d = 0.302) for iodide. 

4.3 Experimental Section 

4.3.1 Synthetic Procedure 

Description of synthesis, NMR, IR, MP, elemental analysis and crystal structure 

results of bis(2-halo)-tris(triphenylphosphine)dicopper(I) complexes are described in 

Sections 3.3.1.1-3.3.1.3. Benzyldodecyldimethylammonium chloride,  

dodecyltrimethylammonium bromide and  cetyltrimethylammonium bromide (BDAC, 



171 
 

DCAB and CTAB) were purchased from Sigma-Aldrich and used without further 

purifications.  HPLC grade solvents were distilled from conventional drying agents. 

4.3.2 Photochemical Reactions 

Studied solutions of copper complexes were prepared freshly from dry solvents.  

Approximately 3 mL aliquots of solutions were placed in a capped photochemistry 

cuvette.  Samples are diluted to make solutions of 10-3 and 10-4 molar.  Samples were 

irradiated with UV light using a Hanovia 450 W medium-pressure Hg lamp at ambient 

temperatures.  Samples are tuned in size and shape after reaction by addition of a 

stabilizer, BDAC, DCAB or CTAB. 

4.4 Physical Measurements 

Changes in absorption spectra were monitored using a Perkin-Elmer Lambda 900 

double-beam UV/VIS/NIR spectrophotometer with solutions of crystalline materials 

prepared with HPLC grade acetonitrile, methanol, dichloromethane, chloroform or 1,2-

dichloroethane.  Electronic absorption measurements were carried out in a standard 1 

cm quartz cell.   

4.5 Results and Discussion 
 

4.5.1 Computational Models of Bis(2-halo)-tris(triphenylphosphine)dicopper(I) 

complexes 

Table 4.1 shows computed bond length values for Cu2(PPh3)3X2 (where X=Cl, Br 

or I) in the ground state (S0) and lowest lying excited state (T1).  In all cases, 

complexes are shown to undergo distortions from the ground state to excited states.  

The distortion in the Cu-P bond length is of particular interest in photochemistry 
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studies.  As these complexes are excited, the Cu-P bonds of these complexes are seen 

to elongate.  If these complexes are excited with an intense source, the bonds may 

elongate to a point of dissociation.  Dissociation of the PPh3 ligand will leave copper 

salts remaining, which will further react to create copper nanoparticles in a manner that 

is described in more detail in the experimental results section.   

 

 

Figure 4.1 Illustration of B3PW91/aug-LANL2DZ optimized structures for the ground 
state (S0) and lowest lying excited state (T1) of the Cu(Coll)2Cl complex.  Bond lengths 
are denoted as a, b, c, d, e, f, g and h and the angles are denoted a’, b’, c’, d’, e’, f’ and 
g’
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Table 4.1 Comparison of bond lengths for the crystal structure, and the B3PW91/aug-
LANL2DZ computed ground state (S0) and lowest lying triply excited state (T1) of the 

Cu2(PPh3)3X2 molecules. 

X(State) a/Å b/Å c/Å d/Å e/Å f/Å g/Å h/Å 

Cl(S0)  2.236 2.302 2.311 2.999 2.471 2.470 2.325 2.322 

Cl(EXPT.) 2.175 2.245 2.315 2.899 2.450 2.042 2.234 2.224 

Cl(T1) 2.274 2.235 2.235 2.849 2.508 2.502 2.332 2.328 

Cl(S0-T1) -0.038 0.067 0.076 0.150 -0.037 -0.032 -0.007 -0.006 

Br(S0)  2.262 2.435 2.433 2.950 2.606 2.600 2.336 2.337 

Br(EXPT.) 2.193 2.360 2.423 2.895 2.557 2.527 2.236 2.241 

Br(T1) 2.281 2.367 2.368 2.810 2.611 2.602 2.353 2.341 

Br(S0-T1) -0.019 0.068 0.065 0.140 -0.005 -0.002 -0.017 -0.004 

I(S0)  2.292 2.588 2.591 2.891 2.757 2.763 2.349 2.355 

I(EXPT.) 2.221 2.569 2.511 3.001 2.705 2.799 2.269 2.259 

I(T1) 2.283 2.534 2.532 2.796 2.741 2.737 2.373 2.353 

I(S0-T1) 0.009 0.054 0.059 0.095 0.016 0.026 -0.024 0.002 

 

Table 4.2 Comparison of angles for the  crystal structure and the  B3PW91/aug-
LANL2DZ computed ground state (S0), and lowest lying triply excited state (T1) 

structures of the Cu2(PPh3)3X2 molecules. 

X(State) a’/° b’/° c'/° d'/° e'/° f'/° g'/° 

Cl(S0)  128.0 125.7 106.3 96.7 103.2 104.1 129.3 

Cl(EXPT.) 135.8 116.8 106.9 98.1 102.1 114.1 131.1 

Cl(T1) 110.8 134.0 114.9 97.5 109.2 108.4 131.7 

Cl(S0-T1) 17.2 -8.3 -8.6 -0.8 -6.0 -4.3 -2.4 

Br(S0)  122.5 125.3 112.1 101.7 103.2 103.0 128.8 

Br(EXPT.) 132.8 115.3 111.0 101.7 101.0 103.3 131.6 

Br(T1) 127.8 112.2 118.6 102.7 108.3 108.2 129.4 

Br(S0-T1) -5.3 13.1 -6.5 -1.0 -5.1 -5.2 -0.6 

I(S0)  123.3 118.2 117.9 107.0 107.6 106.3 127.4 

I(EXPT.) 112.0 131.0 116.9 103.7 107.4 110.8 124.1 

I(T1) 119.7 115.2 121.6 107.6 107.0 107.2 127.4 

I(S0-T1) 3.6 3.0 -3.7 -0.6 0.6 -0.9 0.0 
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4.5.2 Photochemical Results 

4.5.2.1 Photochemical Reactions of Cu2(PPh3)3I2 in Dichloromethane Solutions 

Figure 4.2 shows electronic absorption of a 10-4 M solution of Cu2(PPh3)3I2 in 

dichloromethane in which a major, unstructured peak from 235 nm to 335 nm 

(εmax=1.1 X 104 M-1 cm-1) assignable to a pz ← dx2 absorption is seen.  Upon irradiation 

of the complex, the solution is observed to change from a clear solution to a light pink 

solution, as is shown in Figure 4.3.  Also shown in Figure 4.3, the electronic absorption 

spectra provide evidence of the reaction through the formation of several new peaks.  

These peaks are further assessed by a series of UV-VIS electronic absorption, Dynamic 

Light Scattering (DLS) and TEM experiments.  The first set of structure peaks, λmax=267 

nm is compared to varying concentrations of triphenylphosphine oxide in a 1 mm 

cuvette. The peaks match the absorptions of triphenylphosphine oxide.  This provides 

experimental evidence that concurs with computational modeling, indicating the 

triphenylphosphine ligand is dissociated upon photoexcitation.  After dissociation of the 

triphenylphosphine ligand in the presence of oxygen and a photochemical catalysis, the 

triphenylphosphine undergoes oxidation and forms the triphenylphosphine oxide 

product, as shown in Figure 4.4. 
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Figure 4.2 Electronic absorption of a 10-4 M Cu2(PPh3)3I2 solution in dichloromethane 

using a 1 cm quartz cell. 

 

   

Figure 4.3 Time dependant photochemistry of a 10-3 M solution of Cu2(PPh3)3I2 in 
dichloromethane monitored by electronic absorption spectra. 
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Figure 4.4 (a) Time dependant degradation of a 10-3 M solution of triphenylphosphine in 
dichloromethane when exposed to a mercury lamp.  (b) Electronic absorption spectra of 

triphenylphosphine oxide in dichloromethane. 
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A second peak evolves at λmax=315 nm.  This peak is a result of copper (I) and 

copper (II) salts formed during the photochemical reactions.  Similar peaks are reported 

in previous studies.9-11 

A third peak which is observed at 475 nm in a solution can be attributed to 

copper nanoparticles by evidence from dynamic light scattering (DLS) spectra and TEM 

images, as shown in Figure 4.5.  This peak is observed in the irradiated product even in 

the absence of the addition of a stabilizer.  The product is most likely stabilized by the 

free triphenylphosphine molecules in solution, which is similar to results seen previously 

in several literature examples.12-15   
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Figure 4.5 Transmission electron microscopy images of copper nanoparticles generated 

by irradiation of a 10-3 M Solution of Cu(PPh3)2I in chloroform. 
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4.5.2.2  Photochemical Reactions of Cu(PPh3)2I in Dichloromethane:Methanol Solutions 

Photochemical reactions were also carried out in a mixture of 

dichlormethane:methanol solution in a similar manner to previous gold studies by 

Elbjeirami and Omary.1  This mixture is used because many stabilizers are not soluble 

in dichloromethane.  When this solution mixture is used in photochemical reactions of 

Cu2(PPh3)3I2 the resultant solution does not turn pink in color, as is indicated by the 

electronic spectra shown in Figure 4.6.  The peak that was present at 475 nm in the 

dichloromethane solution is no longer present.  The first two peaks are still present 

indicating that the triphenylphosphine ligands still photodissociate to form 

triphenylphosphine oxide and copper salts.  The DLS of these solutions also do not have 

a  peak if the 475 nm peak is absent from the electronic spectra indicating 

nanoparticles do not form without a chlorinated solvent present.   
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Figure 4.6 Electronic absorption of photoproduct of 10-3 M solution of Cu2(PPh3)3I2 in a 

1:1 dichloromethane:methanol mixture irradiated by a mercury lamp source. 

 

Other common solvents for the generation of nanoparticles, such as 

tetrahydrafuran or acetonitrile also fail to yield nanoparticles, as is shown in Figure 4.7,  

and only result in the photodissociation of the triphenylphosphine ligand.   Continued 

irradiation of the solution will result in precipitation of copper salts, as shown in Figure 

4.7.  The choice of solvent is shown in this study and previous studies in the literature 

to be important for the generation copper nanoparticles from the copper salts that are 

formed by the photodissociation of triphenylphosphine.9   
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Figure 4.7 Time dependant photochemistry of a 10-3 M solution of Cu2(PPh3)3I2 in 

acetonitrile monitored by electronic absorption spectra. 

 

Several examples in previous literature show the electronic spectra for the 

photoproducts that are generated by photoirradiation of dichloromethane 

solutions.14,16,17  Several important radicals are formed in the following manner: 

 

 The radical species will then react with the CuX salt that has been formed by the 

photodissociation of the Cu2(PPh3)3X2 by intense irradiation from the mercury lamp 

source.  The mechanism of this reaction is as follows: 
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 Evidence of the mechanisms is provided by in the electronic absorption spectra 

shown in Figures 4.3 and 4.7.  In Figure 4.3, the spectrum has a peak at 335 nm that is 

known in previous literature to correspond to an anionic Cu(II) salt in solution.11  A 

shoulder is also seen at 280 nm in Figure 4.7 that corresponds to the formation of the 

anionic Cu(I) salt.10   

 Another peak is formed in the mixture of methanol and dichloromethane at 360 

nm that is light yellow in color but does not scatter light in the DLS spectra as is 

expected for nanoparticle formation.  It is shown in the literature that low 

concentrations of chloride will result in the formation of oligomers of the salt which 

absorb at red shifted energies when compared to monomeric salts.16,17  It appears 

these clusters may be stabilized and therefore not result in the formation of any 

nanoparticles.  The nanoparticle formation is shown in the current study to be initiated 

by a disproportionation of the anionic Cu(I) salt. 
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4.5.2.3 Photochemistry of Cu2(PPh3)3I2 in Other Chlorinated Solvents 

  

Figure 4.8 Time dependant photochemistry of a 10-3 M solution of Cu2(PPh3)3I2 in 

chloroform monitored by electronic absorption spectra. 

Photochemical reactions are also possible in other chlorine-containing solvents, 

such as chloroform and dichloroethane, as shown in Figure 4.8.  Peaks from 

photodissociation of the triphenylphosphine are still present as well as the peaks 

generated by the anionic copper salts.  While copper nanoparticles are still formed, the 

reaction rate depends on the choice of solvent.  This is likely due to the slight variation 

in the mechanism of the generation of radicals in the solvent, as is represented in the 

following mechanism: 
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 While the radical products remain the same as those generated in 

dichloromethane solutions, the concentration and rate at which the radicals are 

generated will not be the same.  This change in rate will result in chloride radical 

concentration that are generated more quickly in chloroform and dichloroethane with 

respect to dichloromethane solutions but will also remain less constant, resulting in a 

product that is formed faster with a more intense absorbance at similar wavelength. 

4.5.2.4 Variation of the Coordinating Halogen on the Cu2(PPh3)3X2 Precursor 

 The Cu2(PPh3)3X2 (where X=Cl, Br, or I) nanoparticle precursor has also been 

studied to determine if the lack of stability of the CuI salt that is form from the 

photodissociation will affect the overall size, shape or rate of generation of 

nanoparticles.  It is with this in mind that the Cu2(PPh3)3Cl2 nanoparticle precursor was 

also studied.  As shown in Figure 4.9, the peaks generated from the Cu2(PPh3)3Cl2 

precursor are similar to those generated from the Cu2(PPh3)3I2 precursor with the 

exception of a  blue shift in the second peak from the CuClI- salt at 335 nm when 

compared to the peak of the CuCl2
- salt at 310 nm.  The copper nanoparticles 

generated using the Cu2(PPh3)3Cl2 precursor form in similar amounts of times and are at 

the same wavelength but at a lower intensity than those formed using the Cu2(PPh3)3I2 

precursor, indicating similar sized nanoparticles forming at a lower rate with the 

Cu2(PPh3)3Cl2 precursor.  This may be due to the increased stability of the CuCl2
- salts in 

solution, resulting in a lower rate of disproportion.  The shape and size may likely be 

more dependent on the stabilizing effect provided by the free triphenylphosphine ligand 

than on the choice of the bridging halide of the Cu2(PPh3)3X2 nanoparticle precursor.  
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Figure 4.9 Electronic absorption of a 10-3 M solution of Cu2(PPh3)3Cl2 in dichloromethane 

irradiated with a mercury lamp source. 

 

4.5.2.5 Addition of Stabilizers 

 As the photodecomposition of the Cu2(PPh3)3X2 complexes occurs, the free 

triphenylphosphine ligand may not only stabilize the nanoparticles but may also have an 

effect on the particle shape that is prepared.   Tunability in size and absorbance may be 

possible through the addition of various stabilizers.  It is with this in mind that an 

additional stabilizer must be added.  While most stabilizers are not soluble in pure 

dichloromethane solutions, it has been found in this study that surfactants such as 

cetyltrimethylammonium bromide (CTAB) and benzyldimethylammonium chloride 

(BDAC) can be used in these solutions. 

 The particles are shown absorb at 515 nm, similar to the absorption peak seen 

for particles grown without additional stabilizers, at short time exposures with a 10:1 

ratio of Cu2(PPh3)3I2:CTAB.  As the particles are further exposed to irradiation from the 
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mercury lamp, the absorbance is shown to shift towards shorter wavelengths.  The 

shifts no longer occur at approximately 470 nm after 30 minutes of exposure to the 

mercury lamp, as shown in Figure 4.10.  TEM images show the particles are seen to be 

capped at smaller size compared to nanoparticles grown in the absence of additional 

stabilizers, less than 5 nm in size, as is seen in Figure 4.11.  TEM also reveals tuning of 

the particle shapes.  The tuning of the particle shape corresponds to the tuning of the 

absorption colors of the samples.  The color of the absorption can be tuned by changing 

the ratio of the stabilizer to the copper precursor as shown in Figure 4.12.   
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Figure 4.10 Time dependant photochemistry of a 10-3 M:10-3 M  solution of 

Cu2(PPh3)3I2:CTAB in chloroform monitored by electronic absorption spectra. 
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Figure 4.11 Transmission electron microscopy images of copper nanoparticles 

generated by irradiation of a 10-3 M:10-3 M solution of Cu(PPh3)2I:CTAB in chloroform. 
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Figure 4.12 Time dependant photochemistry of a 10-3 M:10-4 M  solution of 

Cu2(PPh3)3I2:CTAB in chloroform monitored by electronic absorption spectra. 

 

The variation of the stabilizer is shown to control the growth of the particles.  As 

is shown in Figure 4.13, the absorption color is tuned by the addition of BDAC instead 

of CTAB.  There is also a change in shape and size of the particles, as is shown in 

Figure 4.14. 
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Figure 4.13 Time dependant photochemistry of a 10-3 M:10-4 M  solution of 

Cu2(PPh3)3I2:BDAC in chloroform monitored by electronic absorption spectra. 

 

Figure 4.14 Transmission electron microscopy images of copper nanoparticles 

generated by irradiation of a 10-3 M:10-3 M solution of Cu(PPh3)2I:BDAC in chloroform. 
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4.6 Conclusions 

 Cu2(PPh3)3X2 complexes have been shown to exhibit distortion upon 

photoexcitation.  These photoinduced distortions result in dissociation of the 

triphenylphosphine ligands, producing copper salts.  Photocatalysis of radical products 

produced from the degradation of chlorinated solvents used for these reactions, react 

with these copper salts to form copper nanoparticles.  These particles remain stabilized 

by the triphenylphosphine for over a week.  The longevity of the particles without the 

use of additional stabilizers will be advantageous by allowing for the surface of the 

particles to be easily accessed when the nanoparticles are used for catalytic process.  

Particles size was found to be tunable from several nm to 10 nm by the addition of 

surfactants such as CTAB.  Electronic absorptions correspond to differences in the size 

of particles.  Tunable size and absorptions will allow these particles to be potential 

useful in catalytic process.  
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CHAPTER 5 

TUNING OF WAVELENGTH AND EFFICIENCY OF A COPPER(I) COMPLEX:  

DIPHENYLPHOPHINO AND PHOSPHINDOLE COPPER(I) PYRAZOLATE COMPLEXES 

5.1 Introduction 

 {(3,5 CF3-Pyz)2Cu2[µ2-dppm]}2 has been evaluated as a potential blue emitting 

material for use in OLEDs.  X-ray crystal structures and luminescence spectra show 

sensitivity to choice of the recrystallization method.  Recrystallization from slow 

evaporation of the product in a dichloromethane solution will result in a {(3,5 CF3-

Pyz)2Cu2[µ2-dppm]}2 structure while recrystallization of the product from a slow cooling 

in a hexane:tetrahydrafuran mixture will favor a {(3,5 CF3-Pyz)2Cu2[µ2-dppm]}2•THF 

structure.   {(3,5 CF3-Pyz)2Cu2[µ2-dppm]}2 and {(3,5 CF3-Pyz)2Cu2[µ2-dppm]}2•THF are 

found to have blue (472 nm) and teal (477 nm) emissions, respectively,  upon 

photoexcitation.  Materials are also evaluated by lifetime and quantum yield spectra for 

use in OLEDs.  Materials are drop-cast into films to study changes in emission energies 

and quantum yields that will occur in the OLED manufacturing process. 

Copper(I) dimer complexes have been found to have only weak interactions in 

ground state structures owing to d10-d10 interactions of the metal centers.  Upon 

photoexcitation of an electron from the d orbitals to the s orbital in a metal centered 

excitation, the Cu-Cu bond is substantially contracted as the metal-metal interaction is 

enhanced due to the interaction of the s orbitals of the d9s1 orbital conformation.   Such 

distortions cause brightly colored emissions with long life lifetimes that may be 

advantageous to the creation of LED devices.1 
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Recent studies of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 have suggested quantum 

efficiency values of upwards of 90% at room temperature.2  These promising quantum 

efficiency results have lead to further investigations into the properties that afford these 

highly efficient luminescent materials including the variation of coordinating ligand and 

the investigation of packing effects caused by various solvents used for recrystallization 

of materials. 

5.2 Computational Modeling of {(3,5 CF3-Pyz)2Cu2[µ2-dppm]}2  

Calculations for (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 were performed for the S0 ground 

state and the T1 lowest energy excited states  Calculations of the copper complexes 

were optimized using the density functional, B3PW91.3,4   Optimizations were carried 

out for both states using no predetermined restrictions on geometry to obtain a global 

minima. Triplet state computations were performed as spin-unrestricted calculations.  

Absorptions and emissions were computed by modeling vertical transitions based on the 

Franck-Condon principle.5 

The LANL2DZ basis set6 was used in all of the calculations with augmentation of 

p-type functions7 for copper and a d-type polarization function8 (d = 0.55) for 

phosphorus.   
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5.3 Experimental Section 

5.3.1 General Procedures 

All synthesizes were carried out using standard Schlenk techniques under an 

argon atmosphere.  Solvents were purchased from commercial sources and dried by 

distilling over standard drying agents.  Glassware was oven-dried at 150°C overnight. 

5.3.2 Synthetic Procedures 

5.3.2.1 Synthesis of the {[3,5-(CF3)2Pz]Cu}3 Starting Material 

The synthesis of {[3,5-(CF3)2Pz]Cu}3 was carried out in a manner similar to what 

was described by Dias et al.9   In particular, 0.19 g Cu2O (1.43 mmol) was added to a 

refluxing solution of 0.50 g [3-5-(CF3)2Pz]H in 20 mL of dry, degassed toluene.  The 

solution was then refluxed for 48 h.  After cooling the solution was filtered through a 

bed of Celite to remove any unreacted copper oxide.  The filtrate was collected and 

solvent was removed from product under reduced pressure to obtain a colorless solid.  

The product was recrystallized via a slow cooling of hexane in a -5°C freezer. Mp:  198-

201°C (dec): 1H NMR (CDCl3):  7.00 (CH); 13C {1H} NMR (CDCl3):  104.3 (CH), 119.9 

(CF3, q, 1JCF=HZ), 144.7 (CCF3, q, 2JCF=HZ); 

5.3.2.2 Synthesis of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 

Three molar equivalence of diphenylphosphinomethane were added to a stirring 

solution of the {[3,5-(CF3)2Pz]Cu}3 starting material (described in Section 5.3.2) in 

tetrahydrofuran.  The solution was stirred for 3-4 hours and then a slight amount of 

hexane was added so that the final mixture was approximately 4:1 THF:hexane.  The 

mixture was place in a -5°C freezer overnight to form a white precipitate.  Crystals were 
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grown from slow evaporation of a saturated dichloromethane solution.  Mp:  234-236°C 

(dec); 1H NMR (CDCl3):  7.23 (C5H6, m), 7.0 (CH), 1.6 (CH3) 
31P {1H} NMR (CDCl3, 

85% H3PO4)  -10.0; IR (KBr): cm-1 3056, 2894, 1960, 1891, 1587, 1485, 1436, 1341, 

1256, 1209, 1116, 1000, 974, 846, 779, 738, 720, 694, 509, 472; Anal. Calc. (Found) C, 

55.26%, (56.32); H, 3.71%, (3.69); P, 9.50%, (9.61); N, 4.30%, (4.25); F, 17.48% 

(17.66).    

5.3.2.3 Synthesis of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 

The reaction was done in a similar manner as described in Section 5.3.3.  The 

powder of the product was formed by quickly removing THF under vacuum.  Crystals 

were formed by slow cooling in a dilute solution of {(3,5 CF3-Pyz)2Cu2[µ2-dppm]}2 

powder in THF.   Mp:  228-231°C ; 1H NMR (CDCl3):  7.15 (C5H6, m), 6.6 (CH), 3.8 

(C4H8O),1.8 (CH3) ; 
13C {1H} NMR (CDCl3):  132.8 (C5H6), 129.8 (C5H6), 128.4 (C5H6), 

101.9 (CH), 68.0 (C4H8O), 27.3(CH3) , 25.6 (CH3) ; 
31P {1H} NMR (CDCl3, 85% H3PO4)  

-10.0 ; IR (KBr): cm-1 3056, 2894, 1960, 1516, 1436, 1340, 1257, 1208, 1116, 1000, 

974, 780, 739, 649, 517, 482; Anal. Calc. (Found) C, 55.86%, (55.29); H, 4.10%, 

(3.57); P, 9.00%, (11.12); N, 4.07%, (4.24); F, 16.57% (16.74).    

5.3.3 Crystal Structures  

5.3.3.1 Crystal Determination of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 

 A colorless crystal of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2, C60H46Cu2F12N4P4,of 

approximate dimensions, 0.26 mm x 0.25 mm x 0.14 mm, was used for crystallography 

analysis.  The X-Ray intensities were measured at 100(2)K on a Bruker SMART APEX II 

CCD-based diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a 
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graphite monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames 

for the compound were integrated using the APEX2 software10 using a narrow-frame 

algorithm.  The structure was solved and refined using the SHELXTLTM program 

package11 using space group C2/c with Z=4 for the formula unit,  C60H46Cu2F12N4P4.  

The final anisotropic full-matrix least squared refinement on F2 with 397 variables 

converged at R1=3.01% for the observed data and wR2=7.90% for all data.  The 

goodness of fit was 1.007.  The largest peak on the final difference electron density 

synthesis was 0.821e-/Å3 and the largest hole was 0.517 e-/Å3.  Based on the final 

model the density was 1.484 g/cm3 and F(000),2640e-.    

5.3.3.2 Crystal Determination of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 

 A colorless crystal of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF, C72H70Cu2F12N4O3P4, of 

approximate dimensions 0.21 mm x 0.10 mm x 0.06 mm was used for crystallography 

analysis.  The X-Ray intensities were measured at 100(2)K on a Bruker SMART APEX II 

CCD-based diffractometer with a Mo Kfine focus sealed tube (0.71073 Å) and a 

graphite monochromator operated at 1.5 kW power (50 kV, 30 mA).  The data frames 

for the compound were integrated with the APEX2 software10 using a narrow-frame 

algorithm.  The structure was solved and refined using the SHELXTLTM program 

package11 with a space group P-1 where Z=2 for the formula unit,  C72H70Cu2F12N4O3P4.  

The final anisotropic full-matrix least squared refinement on F2 with 877 variables 

converged at R1=9.21% for the observed data and wR2=23.00% for all data.  The 

goodness of fit was 1.034.  The largest peak on the final difference electron density 
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synthesis was 2.537 e-/Å3 and the largest hole was 1.145 e-/Å3.  Based on the final 

model the density was 1.464 g/cm3 and F(000), 1560 e-. 

5.4 Physical Measurements 

 Luminescent measurements were carried out on purified recrystallized materials.  

Steady-state luminescence was recorded on a PTI QuantaMaster Model QM-4 scanning 

spectrofluorometer.  The excitation and emission spectra were corrected for 

wavelength-dependant lamp intensity and detector response.  Lifetimes were recorded 

using a PTI xenon flash lamp and phosphorescent detector.  Absorption spectra were 

collected using a Perkin-Elmer lambda 900 double-beam UV/VIS/NIR 

spectrophotometer with solutions of crystalline materials prepared using HPLC grade 

dichloromethane using a standard 1-cm quartz cell.  1H and 13C {1H} NMR spectra were 

recorded in CDCl3 at ambient temperature on a Varian spectrometer operating at 500 

MHz for proton spectra.  IR was recorded on a Thermo Scientific Nicolet 6700 Analytical 

FTIR Spectrometer. 

5.5 Results and Discussion 

5.5.1 Crystal Structures 

The (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF crystal was found to be stable only at 

lower temperatures.  When the crystal is warmed to room temperature the THF 

molecules are lost and the crystal structure is lost.  The (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 

crystal is also found to be of better quality when solving the structure as the crystal has 

an R1=3.01% value versus the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF  crystal which has an 

r1=9.21%.  The lack of quality in the R1 value of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF  
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crystal is due to the lowered refinement value found for the THF structure.  Although 

the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF crystal is not of a high quality, the crystal 

structure is able to show the inclusion of the THF molecule in this crystal. 

 

 

Figure 5.1 Crystal structure of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 showing the numbering 

scheme employed in  Table 5.2. 
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Table 5.1 Sample and crystal data for (3,5 CF3-Pyz)2Cu2[µ2-dppm]2. 

Empirical formula 

Formula weight 

C60 H46 Cu2 F12 N4 P4 

1301.97 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group C 2/c 

Unit cell dimensions a = 24.9216(11) Å = 90°. 

 b = 13.7643(6) Å = 122.3740(10)°. 

 c = 20.1116(9) Å     = 90°. 

Volume 5826.6(4) Å3 

Z 4 

Density (calculated)  1.484 Mg/m3 

Absorption coefficient 0.921 mm-1 

F(000) 

R-Factor 

2640 

3.01% 

  

Table 5.2 Selected bond lengths (Å) and angles (°) for (3,5 CF3-Pyz)2Cu2[µ2-dppm]2. 

Cu(1)-N(1) 
Cu(1)-P(2) 
Cu(1)-P(1) 

P(1)-C(30A) 
P(2)-C(30) 
C(30)-P(1A) 

2.0109(15) 
2.2127(5) 
2.2514(5) 

1.8340(17) 
1.8405(18) 
1.8342(17) 

N(1)-Cu(1)-P(2) 
N(1)-Cu(1)-P(1) 
P(2)-Cu(1)-P(1) 

C(30A)-P(1)-
Cu(1)  
P(1A)-C(30)-P(2) 

121.75(5) 
96.41(5) 
140.703(19) 

105.25(6) 
 
109.32(9) 
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Figure 5.2 Illustration of the packing of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 crystal. 
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Figure 5.3 Crystal structure of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF showing the numbering 
scheme employed in  Table 5.4. 
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Table 5.3 Sample and crystal data for (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF. 

Empirical formula 

Formula weight 

C72 H70 Cu2 F12 N4 O3 P4 

1518.28 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions a = 12.773(3) Å = 77.181(3)°. 

 b = 15.071(3) Å =  81.076(3)°. 

 c = 18.746(4) Å     = 80.453(3)°. 

Volume 3443.6(12) Å3 

Z 2 

Density (calculated)  1.464 Mg/m3 

Absorption coefficient 0.794 mm-1 

F(000) 

R-Factor (%) 

1560 

9.21% 

 

Table 5.4 Selected bond lengths (Å) and angles (°) for (3,5 CF3-Pyz)2Cu2[µ2-dppm]2. 

Cu(1)-N(1) 
Cu(1)-P(2) 
Cu(1)-P(1) 

P(1)-C(6A) 
P(2)-C(6) 
C(6)-P(1A) 

2.018(6) 
2.2180(19) 
2.264(2) 

1.839(7) 
1.835(7) 
1.839(7) 

N(1)-Cu(1)-P(1) 
N(1)-Cu(1)-P(2) 
P(2)-Cu(1)-P(1) 

C(6A)-P(1)-Cu(1)  
P(1A)-C(6)-P(2) 

124.97(18) 
96.41(18) 
137.43(9) 

115.0(2) 
108.1(3) 
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Figure 5.4 Illustration of the packing of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF crystal. 

Packing effects prove to be important in the structure of the (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2 and (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF complexes.  While the Cu-P, 

Cu-N and P-C-P bond lengths and angle only change slightly, the Cu-Cu distances vary 

greatly in the two molecules.  The (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 has a Cu-Cu bond 

distance of 3.277 Å in all molecules while the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 

complex has varied bond lengths of 3.299 Å and 3.228 Å depending on the distortions 

in the structures caused by the THF solvent molecules. 

Also as seen in Figures 5.2 and 5.4, the arrangements of the molecules 

themselves are dependent on the packing of the crystal.  In the (3,5 CF3-Pyz)2Cu2[µ2-

dppm]2 crystal, molecules arrange themselves in a manner that leaves space between 

molecules, particularly in between the phenyl rings of the diphenylphosphinomethane 

ligand.  The (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF are arranged in a manner that cause 
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some distortions of the molecules core, as well as causing the phenyl rings of the 

diphenylphosphinomethane to be sterically hindered from free vibrations due to the 

inclusion of the THF molecules.  This hindrance will cause greater rigidity in the 

molecule, disallowing distortion from occurring upon photoexcitation. 

5.5.2  Computation Changes in (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 Structure Upon 

Photoexcitation 

Computations of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 have been carried out starting 

with the crystal structure, as shown above.  The structure was optimized using the 

B3PW91/aug-LANL2DZ combination that is described in the method section of this 

chapter.  Bond lengths and angles are compared to the experimental structure in Table 

5.5.  One bond length that is notably different in the computational result as compared 

to the crystal structure is bond length g, or the distance between the copper atoms of 

the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 complex.  The difference between the computed and 

experimental value, 0.368 Å, can be attributed to the choice of methodology used in the 

computation.  While B3PW91 has been shown to give values for metal-metal bond 

lengths that agree well with experimental values in the excited state, the method is not 

capable of properly describing long range dispersion forces between the copper atoms 

of the molecules, known as metallophilic interactions.12  Metallophilic interactions are 

caused by correlation effects that are strengthened by relativistic effect.  These 

interactions cause the copper-copper interaction of the complex to be stronger than van 

der Waals only interactions and thus the bond lengths are shorter as a result.  The 
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bond strength will be underestimated with convention density functional methods, such 

as B3PW91 and thus the bonds will be longer than experimental values.   

 

 

Figure 5.5 B3PW91/aug-LANL2DZ computed S0 and T1 geometries and HOMO contours 
of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2.  
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Table 5.5 Geometry parameters ((a) bond lengths and (b) bond angles) of (3,5 CF3-
Pyz)2Cu2[µ2-dppm]2 computed with B3PW91/aug-LANL2DZ.  

(a) 

State a b c d e F G 

Expt. 2.251 2.213 2.213 2.251 2.011 2.011 3.277 

S0 2.324 2.281 2.281 2.324 2.024 2.024 3.645 

T1 2.396 2.368 2.368 2.396 2.036 2.036 2.577 

T1-S0 0.072 0.087 0.087 0.072 0.012 0.012 -1.068 

 

(b) 

State a' b' c' d' e' f' 

Expt. 96.4 121.8 121.8 96.4 140.7 140.7 

S0 97.1 125.9 125.9 97.1 136.8 136.8 

T1 109.3 90.4 90.4 109.3 144.5 144.5 

T1-S0 12.2 -35.5 -35.5 12.2 7.7 7.7 

 

 Upon photoexcitation, each copper center is seen to undergo a distortion from a 

distorted Y-shaped structure in the ground state towards a T-shaped structure in the 

lowest lying triple state, as is represented in Figure 5.7.  The inside angles, e’ and f’ are 

shown to distort from 136.8° for the ground state (S0) structure to 144.5° in the lowest 

lying triply excited state(T1) structure.  As this distortion occurs, the copper-copper 

distance, g, is shown to contract from 3.645 Å to 2.577 Å in the excited state.  The 

reason for this large distortion, g=-1.068 Å, is seen in the HOMO contours shown in 
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Figure 5.7.  The HOMO in the ground state shows a sigma donation of electron density 

from the diphenylphosphinomethane to the copper atom.  The copper atoms of the 

dimer show no formal bond in the ground state.  As the complex undergoes 

photoexcitation, a formal copper-copper bond is formed.  Electron density is shared 

between the copper atoms, as a covalent bond is formed and thus the copper-copper 

distance contracts. 

 The large geometric distortion of the complex corresponds to a large Stokes’ shift 

of 10,168 cm-1.  This value is large as compared to the experimental value of 6,814   

cm-1.  Both the ground state and excited structures cause this overestimation in the 

Stokes' shift.  The ground state has an excitation energy that is underestimated when 

compared to the experimental data, due to the inability of the B3PW91 method to model 

dispersion force interactions.  As was previously mentioned in this section, 

underestimation of the metallophilic interactions will cause the copper-copper 

interactions to be underestimated and thus the excitation energy is affected by the use 

of a structure with a longer copper-copper bond length.  The computations are 

approximated using a gas phase matrix for the material, while the experiment is carried 

out for a solid state material.  The solid state interactions will cause the excited state 

distortion to be diminished, and thus the emission energy will be red shifted in the 

computations as compared to the ground state.  The combination of these errors in 

excitation and emission energies results in the computed Stokes’ shift to be larger than 

the experimental Stokes’ shift. 
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5.5.3 Photoluminescence of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2  

As was discussed in the synthetic and crystal results section of this chapter, 

recrystallization conditions cause differences in the geometric structures of (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2 and (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF.  Upon excitation with a 

black lamp source at 365 nm, as shown in Figure 5.6, a difference in emission color is 

observed.  A spectra obtained by excitation at max of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 

and (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF reveals the emission wavelengths are only 5 nm 

apart, at 477 nm and 472 nm respectively at room temperature.  The subtle difference 

can be seen by the naked eye, as the shift occurs in a sensitive portion of the visible 

region, where 5 nm is the difference between a true blue emission from the (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2•THF and a teal colored emission from the (3,5 CF3-Pyz)2Cu2[µ2-

dppm]2. 

 

 

Figure 5.6 (a) Luminescence of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF (b) (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2 excited at 365 nm with a black lamp source.  
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Figure 5.7 Steady-state luminescence of  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2  and (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2•THF at 298 K (A) excitation of  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 
(λmax=360 nm) (B) excitation of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2  (λmax=360 nm) (C) 
emission of  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF (λmax=472 nm) (D) emission of (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2  (λmax=477 nm). 
 
 

Table 5.6 Calculated Stokes’ shifts at 298 K of  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2  and (3,5 
CF3-Pyz)2Cu2[µ2-dppm]2•THF. 

Molecule Excitation Energy 

(cm-1) 

Emission Energy 

(cm-1) 

Stokes’ Shift 

(cm-1) 

(3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 27,778 21,186 6,592 

(3,5 CF3-Pyz)2Cu2[µ2-dppm]2 27,778 20,964 6,814 

 

Table 5.7 Lifetimes and quantum yields of complexes at room temperature with 
excmax=360 nm. 

Molecule Lifetime (s) Quantum Yield 

(3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 27.7 ± 0.1 93 

(3,5 CF3-Pyz)2Cu2[µ2-dppm]2 24.9 ± 0.3 60 
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 Both the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF and (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 

materials have phosphorescent decay lifetimes in the microsecond region, with values 

of 27.7 ± 0.1 microseconds and 24.9 ± 0.3 microseconds, respectively.  The quantum 

yield of the  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF product is seen to have a much greater 

quantum efficiency than the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 product, with a value of 93 % 

efficiency versus 60 %, respectively.   

The combination of microsecond lifetimes as well as high quantum efficiencies 

(93 %) at a blue emission of 472 nm wavelength, makes (3,5 CF3-Pyz)2Cu2[µ2-

dppm]2•THF appear to be an ideal candidate for lighting applications.  Upon sublimation 

of this product, however, the emission color is seen to red shift to 472 nm in addition to 

the loss of high quantum efficiency seen in the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 

powder.  Tetrahydrofuran will not remain in the material when (3,5 CF3-Pyz)2Cu2[µ2-

dppm]2•THF is sublimed and thus methods used to manufacture OLEDs will not be able 

to be used successfully while maintaining the desired characteristics of this material. 
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Figure 5.8 Steady-state luminescence of  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2  and (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2•THF at 90 K (A) excitation of  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 in a    
10-3M glass in 2-methyltetrahydrofuran (λmax=300 nm) (B) excitation of (3,5 CF3-

Pyz)2Cu2[µ2-dppm]2•THF solid (λmax=340 nm) (C) emission of  (3,5 CF3-Pyz)2Cu2[µ2-
dppm]2 in a 10-3M glass in 2-methyltetrahydrofuran (λmax=450 nm) (D) emission of (3,5 
CF3-Pyz)2Cu2[µ2-dppm]2  (λmax=466 nm).  

 
 
Table 5.8 Stokes’ shifts at 90 K of  (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 in a 10-3 M glass in 2-

methyltetrahydrofuran and (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF. 

Molecule Excitation Energy 

(cm-1) 

Emission Energy 

(cm-1) 

Stokes’ Shift 

(cm-1) 

(3,5 CF3-Pyz)2Cu2[µ2-dppm]2  glass 33,333 22,222 11,111 

(3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 29,412 21,459 7,953 

 

The (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF solid is shown to blue shift to 466 nm 

upon cooling of the material to 90 K.  This phenomenon was also seen in previous 

studies by Sinha.2  This blue shift can be attributed to a reduction of the excited state 

distortion as the material is cooled, causing a reduction in the Stokes’ shift. 

Comparison of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF emission at 90 K with the 
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emission of a frozen glass of 10-3 M (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 in 2-

methyltetrahydrofuran reveals a further blue shift in emission as the amount of THF 

solvent is increased.  This phenomenon can be explained by the crystal structures of 

the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF and (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 complexes as 

well as by the computations carried out on (3,5 CF3-Pyz)2Cu2[µ2-dppm]2.  The crystal 

structures reveal a large amount of empty space in the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 

crystal.  The (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF crystal show that the tetrahydrofuran 

molecules occupy this empty space in the crystal structure.  While these molecules do 

not directly interact with (3,5 CF3-Pyz)2Cu2[µ2-dppm]2, the filling of the space between 

molecules hinders the distortions seen in the computations.  The tetrahydrofuran fills 

the space around the phenyl rings of the diphenylphosphinomethane ligand of the 

complex.  This will increase the rigidity of the molecule and thus, the emission will be 

blue shifted and the quantum yield will be increased as vibrations of the phenyl rings 

will be quenched. 

 
Figure 5.9 Comparison of  visual emission colors of (a) 3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF 

(b) drop-cast neat film of 3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF (c) drop-cast film of PVK 

doped 3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF. 
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Figure 5.10 Comparison of emissions of powder A (3,5 CF3-Pyz)2Cu2[µ2-dppm]2) (472 

nm); powder B ((3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF)(477 nm); 140 nm thick [Cu] neat 

film (deposition of 3,5 CF3-Pyz)2Cu2[µ2-dppm]2 onto quartz Slide) (496 nm); 140 nm 

thick 60% [Cu]:mCP (deposition of 60% 3,5 CF3-Pyz)2Cu2[µ2-dppm]23,5 CF3-

Pyz)2Cu2[µ2-dppm]2 doped with 40% 1,3-bis(9-carbazolyl)benzene (mCP))(511 nm). 

Table 5.9 Steady state spectra and quantum yield of CF3-Pyz)2Cu2[µ2-dppm]2•THF, CF3-
Pyz)2Cu2[µ2-dppm]2, 140 nm thick neat CF3-Pyz)2Cu2[µ2-dppm]2 film, 140 nm thick 
doped 60% 3,5 CF3-Pyz)2Cu2[µ2-dppm]23,5 CF3-Pyz)2Cu2[µ2-dppm]2 doped with 40% 

1,3-bis(9-carbazolyl)benzene (mCP) film. 

Material Excitation Emission Stokes’ shift Quantum Yield 
(max) 

(CF3-Pyz)2Cu2[µ2-
dppm]2•THF 
powder 

27,778 21,186 6,592 93 

(CF3-Pyz)2Cu2[µ2-
dppm]2  powder 27,778 20,964 6,814 60 

(CF3-Pyz)2Cu2[µ2-
dppm]2  neat film 

30,581 20,161 10,420 11 

(CF3-Pyz)2Cu2[µ2-

dppm]2  doped film 
33,333 19,569 13,764 2 

 

 Emissions are also seen to red shift upon deposition of the CF3-Pyz)2Cu2[µ2-

dppm]2  powder into either a neat film or a doped film.  As is shown in Figure 5.9, when 
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the (CF3-Pyz)2Cu2[µ2-dppm]2 is drop-cast onto a glass slide to make a thin film, the 

material is seen to shift emission color from a blue material to a dull green material.  

Addition of a doping material, such as polyvinyl carbazole (PVK), broadens the emission 

as the film appears to be a whitish-green in color as seen in Figure 5.9c. 

 
Figure 5.11. FTIR spectra of (a)      CF3-Pyz)2Cu2[µ2-dppm]2  powder prior to 
sublimation (b)          CF3-Pyz)2Cu2[µ2-dppm]2  powder after sublimation. (c)          CF3-

Pyz)2Cu2[µ2-dppm]2  powder deposited on  silicon substrate.  
                                      

 Spectra of the (CF3-Pyz)2Cu2[µ2-dppm]2 and (CF3-Pyz)2Cu2[µ2-dppm]2•THF have 

been compared with films made by deposition of the (CF3-Pyz)2Cu2[µ2-dppm]2 powder 

onto a quartz slide in Figure 5.10 and Table 5.9.  The emission energies are shown to 

red shift from 477 nm for the (CF3-Pyz)2Cu2[µ2-dppm]2  powder to 496 nm for the 140 

nm thick neat (CF3-Pyz)2Cu2[µ2-dppm]2  film.  Purity of the film as well as the stability 

of the material is monitored by infrared spectroscopy, as shown in Figure 5.11.  Peaks 

remain consistent, indicating the powder does not decompose upon sublimation. 

Addition of a common dopant, 1,3-bis(9-carbazolyl)benzene (mCP) film cause a 

broadening of the film as well as further red shifting the emission to 596 nm.  The 

reason for the red shifting is due to a decrease in rigidity of the media.  Crystal 
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structures have a 3-dimensional lattice that causes steric effects to quench the excited 

state distortions of the material.  Thin films allow for greater distortions of the material 

and, thus, the overall emission of the material is red shifted.  The films are less thick as 

compared to a neat powder and thus the matrix allows for more surface molecules, 

which are not hindered by surrounding molecules, allowing for greater distortions of the 

material.  A shoulder is seen at 420 nm in the doped film.  This shoulder can be 

attributed to emissions from the mCP host material, thus the emission covers more of 

the visible region and the overall emission appears as a whitish-green material.  The 

films also show greatly reduced quantum yields of 11% and 2% for neat and doped 

films, respectively.  As the excited distortions are much more allowed in the films than 

the powders, more energy is lost to nonradiative emissions, as is represented in the 

following equation: 

5.1      
  

      
  

where p=phosphorescent quantum yield, t=triplet formation efficiency, kp=rate 

constant for phosphorescence, and km=rate constant for radiationless transition from 

the triplet state.13  Given this equation, as the nonradiative emission is increased the 

overall phosphorescent emission efficiencies are greatly reduced.  Improvement in 

rigidity of material will be required for efficient film to be manufactured. 

Test of longevity have been conducted for the (CF3-Pyz)2Cu2[µ2-dppm]2  powder, 

neat film and doped film.  As films are exposed to an excitation source (such as a 65 W 

xenon arc lamp in this study), the film will degrade through a process known as 

photobleaching.  Constant exposure to the excitation source will cause decomposition of 
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the chromophores used in the OLED manufacturing, and thus efficiency of the device 

will degrade over the life of the device.14  The amount of degradation was studied by 

quantum yield (%) after exposure to the xenon arc lamp excitation source. The films 

were made by drop-casting a solution of (CF3-Pyz)2Cu2[µ2-dppm]2  in chloroform or a 

solution of 80:20 (by weight) (CF3-Pyz)2Cu2[µ2-dppm]2:PVK in chloroform onto a quartz 

slide.  The films were allowed to air dry for several hours and then were dried in a 

vacuum dessicator for several more hours.    

The (CF3-Pyz)2Cu2[µ2-dppm]2  powder was first studied to show the stability of 

the material in the absence of the polyvinyl carbazole (PVK) host material.  As shown in 

Table 5.10, the (CF3-Pyz)2Cu2[µ2-dppm]2  powder is found to have 60.0 % efficiency 

before any exposure to the xenon arc lamp.  The material is then excited at maxexc 

(360 nm) for the reported amount of time between measurements of the quantum 

yield.  After 120 minutes of exposure to the 65 W xenon arc lamp, the quantum 

efficiency is observed to be 55.4 %.  The 4.6% difference in quantum efficiency is 

within the error of the method used, therefore, the values are not statistically different.  
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Table 5.10 Time dependant photobleaching of (CF3-Pyz)2Cu2[µ2-dppm]2 powder. 

Time (minutes exposed to xenon arc lamp) Quantum Yield (%) 

0 60.0 ± 3.0 

15 58.8 ± 2.9 

30 56.9 ± 2.8 

45 59.3 ± 3.0 

60 55.5 ± 2.8 

75 58.4 ±2.9 

90 55.4 ± 2.8 

120 54.8 ± 2.7 

 

 The drop-cast neat (CF3-Pyz)2Cu2[µ2-dppm]2  film is shown to have a lower 

quantum yield than the neat powder.  As mentioned above, films have less hindrance in 

the distortion of the molecule, thus the emission peak will be red shifted and exhibit a 

lower quantum yield.  Compared to the neat deposited film, the neat drop-cast film 

exhibits a greater quantum yield.  This is to be expected, as the drop cast films are 

generally thicker.  As the film is exposed to the xenon arc lamp, there is only a 1.8% 

drop in quantum yield, a value that is within the error of the experiment.  Statistically, 

the neat film is not seen to degrade with exposure to the xenon arc lamp, within the 

studied time. 
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Table 5.11 Time dependant photobleaching of a drop-cast (CF3-Pyz)2Cu2[µ2-dppm]2 

neat film.   

Time (minutes exposed to xenon arc lamp) Quantum Yield (%) 

0 28.5 ± 1.4 

15 28.3 ± 1.4 

30 27.9 ±1.4 

45 27.8 ± 1.4 

60 27.7 ±  1.4 

75 27.7 ± 1.4 

90 27.4 ± 1.4  

120 26.7 ± 1.3 

  

The drop-cast 80:20 (CF3-Pyz)2Cu2[µ2-dppm]2:PVK doped film is seen to have 

only 6.5% quantum efficiency at time zero.  Similar to doped-films in the above studies, 

the matrix allows for large distortions in the material, causing a very low efficiency, 

even before photobleaching occurs.  As the doped film is exposed to the xenon arc 

lamp, the efficiency drops over 60% in value to a quantum efficiency value of only 

2.8%.  This drop in intensity is statistically significant, as this value cannot be attributed 

to only the error in the experimental method.     
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Table 5.12 Time dependant photobleaching of a drop-cast 80:20 (CF3-Pyz)2Cu2[µ2-
dppm]2:PVK doped film. 

Time (minutes exposed to xenon arc lamp) Quantum Yield (%) 

0 6.5 ± 0.3 

15 2.8 ± 0.1 

30 2.7 ± 0.1 

45 2.6 ± 0.1 

60 2.5 ± 0.1 

75 2.5 ± 0.1 

90 2.5 ± 0.1 

120 2.3 ± 0.1 

 

 

Figure 5.12. Photobleaching of a drop-cast neat PVK film. 
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As shown in Figure 5.12, the neat PVK film is also seen degrade at a rapid rate.  

After exposure to the lamp intensity for an hour, a drop from 38% efficiency to only 

24% efficiency is observed in the quantum yield of the film.  Two additional hours of 

exposure of the neat PVK film to the lamp results in degradation to only a 12% 

quantum efficiency, less than 33% of the original intensity of the film.    

Photodegradation studies have shown the need for a different host material.  

While PVK is commonly used as a host material due to photophysical properties, large 

amounts of degradation are seen when the material is excited by the xenon arc lamp.  

The (CF3-Pyz)2Cu2[µ2-dppm]2 does not experience substantial degradation and thus is 

shown to have stability over long term exposure to an excitation source, allowing for its 

use in OLED materials. 

5.6 Conclusions 

CF3-Pyz)2Cu2[µ2-dppm]2•THF shows high quantum efficiency of 90% in the blue 

region of the visible spectrum with microsecond lifetimes.  This material would be an 

ideal candidate for an emitting layer of an OLED, if not for the loss of the rigidity upon 

sublimation of the material.  Loss of tetrahydrofuran leads to a CF3-Pyz)2Cu2[µ2-dppm]2 

crystal structure.  This material is shown to be only 60% efficient with a red shifted 

emission of 477 nm.  Deposition of material onto films further red shifts the emission of 

the material and greatly reduce quantum efficiencies.  Rigidity will need to be increased 

in materials to successfully produce OLEDs.  Further study of alternative host materials 

is also important to find materials less sensitive to photodegradation thus increasing 

longevity of OLEDs.   
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS AND APPLICATIONS OF RESEARCH 

 Photophysical and photochemical phenomena of copper (I) complexes have been 

discussed in this dissertation.  Structures and emission values were shown to be 

important for these phenomena in both computational and experimental data.  Density 

functional calculations have shown distortions of the structures from the ground state 

to lowest lying phosphorescent excited state of studied complexes.  Computational 

results have shown how photoinduced distortions of the geometric structures may be 

controlled to tune the emission energies and dissociations of the complexes.  

Experimental data further explores how control of these distortions can be used to 

control not only the emission energy but also quantum efficiencies of the materials.  

The following chapter summaries what has been accomplished and what further 

directions may be necessary for applications of these materials.  

 Copper (I) materials may find use in both photophysics and photochemistry, 

even in examples where other transition metal materials exist.  Though iridium and 

rhenium have found uses in photophysics, particularly in WOLED manufacture, 

copper(I) complexes may be useful due to abundances.   Mass production to contribute 

to lighting needs will require an abundant material.  Copper is 170,000 times more 

abundant than iridium.  It is also 17,000 times more abundant than platinum and 

42,500 times more abundant than gold, materials that have also found wide usage in 

OLED materials.1   
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6.1 Tunable Copper(I) Complexes: Computational and Experimental Photoluminescent 

Studies of Copper(I) Triphenylphosphine, 2,4,6-Colldine and Tricyclohexylphosphine 

Complexes 

 In Chapters 2, 3 and 5, the emission of copper (I) complexes are shown to be 

tunable in a variety of manners.  Chapter 2 showed a Y-shaped ground state in 

[Cu(L)3]
+ complex that undergo a Jahn-Teller distortion towards a T-shaped 

phosphorescent excited state.  The distortion of the bond angles, dihedral angles and 

lengths of these complexes were shown to be controlled by a combination of ligand 

cone angle size and type.  Ligands with large cone angles will hinder the Jahn-Teller 

distortion and thus the excited state angle is further away from a T-shaped geometry.  

Ligands with small cone angles will not hinder the distortion of the bond angle and thus 

the distortion will be controlled by the interactions of the metal orbitals with the ligands 

of the coordinating ligand.   

 The type of coordinating ligand was shown to control the distortion of the bond 

length of these complexes.  Sigma donating ligands, such as those in the [Cu(Cy)]BF4 

complex,  were shown to have a stronger interaction with the metal in the ground state 

and thus upon excitation of the complex the bond lengths are shown to elongate due to 

weaker interactions between the metal and ligand.  Pi accepting ligands, such as those 

seen in the [Cu(Coll)3]PF6 complex, were shown to have a stronger interaction with the 

metal in the excited state and thus the metal ligand bond is shown to contract when the 

complex is excited.  Complexes with a combination of sigma donating and pi accepting 

ligands, such as [Cu(PPh3)3]BF4, were seen to have the smallest difference in 
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interaction between the metal and coordinating ligand when comparing the ground and 

excited states, and thus there is little difference in bond lengths. 

 The geometric distortions seen upon photoexcitation of three-cooridinate 

copper(I) complexes were shown to be due to both steric and electronic effects of the 

coordinating ligand.  Use of the B3PW91:UMM methods result in bond elegonation 

between the metal and the coordinating metal, as is shown in Chapters 2 and 3 of this 

dissertation, as well as in previous studies by Barakat et al.2  Studies in Chapters 2 and 

3 B3PW91 could represent all contributions to the distortions of the structures of the 

complexes upon photoexcitaition from the ground state to low lying excited states.  

When electronic effects are modeled, the computations result distortions and Stokes’ 

shift trends that match the experimental data. 

 The distortions were also shown to be tunable by the media in which the studied 

complexes are placed.  Greater distortions are generally seen in solutions when 

compared to solids, as the solids allow for greater separation of molecules.  

Temperature dependant studies of solutions reveal emissions red shift as medium 

becomes less rigid.  As frozen glasses of the [Cu(L)3]
+ complexes are melted allowing 

for more freedom of the distortions, the Stokes’ shifts of the complexes are shown to 

increase. 

 Temperature dependence was studied to a much greater extent than in the 

classic literature study conducted by Wrighton and coworkers.3  The use of a cryostat, 

accurate to the degree, allowed studies conducted to show the shifts as the medium 

was thawed, rather than only the difference between a frozen glass and a fluid solution.  
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At the melting point of the medium, the Stokes’ shifts are sensitive to the degree, as 

one degree can lead to a change as large as 5 nm to occur.  The great sensitivity of the 

material allows not only for the proof of rigidity dependence of the spectra, but also 

potential applications for temperature sensors.  Shifts are seen to occur with a change 

of a single Kelvin at the melting point. 

 In both the neutral and cationic complexes studied, coordination numbers rely 

heavily on sterics of ligands as well as the conditions (i.e. solvent choice, 

thermodynamics, kinetics, etc.) the material.  Coordination number has also been 

shown to have consequences on the photophysics and photochemistry of the studied 

materials.  Four coordinate copper complexes are seen when ligand with small angles 

are employed in the complexes.  These complexes are nonluminescent.  Larger ligands 

in conjunction with noncoordinating solvents can be used to force copper(I) complexes 

to be three coordinate.  These complexes distort upon photoexcitation from the ground 

state to low lying excited states.  Controlling the amount of these distortions has 

resulted in emissions that are tunable across the visible region.  Two coordinate 

complexes have also been found in some cases when ligands are sterically bulking.  

These complexes have shown emissions only at low temperatures as emissions are 

generally metal-to-Ligand in nature, and thus are not efficient enough at room 

temperatures to be detected by the fluorometers used in the study of these materials. 

The emission energy of the neutral, bis(2-halo)tris(triphenylphosphine) 

dicopper(I) triphenylphosphine halide complexes are tunable by choice coordinating 

halide.  While these complexes are shown to be tunable from deep blue to yellow 
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emissions, large amounts of nonradiative emissions, such as geometric distortions and 

vibrational emissions, are dominant in the complexes at room temperatures.  Low 

quantum yields (<10%) of the powders at room temperatures prevent these complexes 

from being viable candidates for fabrication of OLEDs. 

Also studied in Chapter 3 are neutral collidine complexes, Cu(Coll)2I and 

(CuColI)n.  The (CuColI)n polymers are the more stable complex.  Emission spectra 

showed an emission that spans the visible region with microsecond lifetimes.  Further 

evaluations of quantum efficiency will be necessary to evaluate the potential use of this 

material for white OLEDs. 

The crystal structures of both the (CuColI)n polymer and (CuDPPMPz’)2 

pyrazolate dimer may indicate potential of these porous materials for use in gas 

storage.  As seen in the crystal structures (Figures 6.1-6.3), these structures contain 

space that may potentially be used for storage of solvent or gas molecules.  The 

(CuColI)n polymer can have a channel between the polymer chains of the molecule.  

Inside the  channel bridging iodide atoms can be seen, that have the potential to 

hydrogen bond to  hydrogen or other small gas molecules.  

The (CuDPPMPz’)2 pyrazolate dimer has an ability to interact with solvent as 

molecules, as proven in Chapter 5.  The molecules are easily removed by sublimation or 

by allowing the molecule to sit in ambient conditions.  Weak interactions of these 

molecules with gases will make them useful for temporary gas storage with ability to 

easily desorb from the storage material.4 
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Figure 6.1 Stacking of (CuCollI)n (Reproduction of Figure 3.31b for convenience). 
 

 
Figure 6.2 Packing of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 crystal (Reproduction of Figure 

5.2 for convenience). 
. 
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Figure 6.3 Packing of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2•THF crystal (Reproduction of 
Figure 5.3 for convenience). 

 
6.2 Brightly Emitting Copper(I) Pyrazolate Complexes: Increasing Rigidity for 

Fabrication of Extremely Bright OLEDs 

 

Figure 6.4. Representation of an OLED structure. 
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The structure of an OLED material can be represented as is shown in Figure 6.4.  

As is shown the cathode acts as a source of the electrons.  Next to the cathode is a 

layer of media that transports the electrons toward the layer of material to be excited 

by the electroluminescence.  On the other side of the OLED is a glass substrate that 

encloses the structure and allows emission of light out of the OLED.  Inside this is the 

anode, or the source of the holes.  The next layer is the hole injection layer which 

transports the holes to the recombination layer.  The recombination layer is made up of 

two materials, the host material and an emitting dopant.  As the holes and electrons 

may move at different rates, a blocker layer is needed to prevent the holes from going 

past the recombination/emitting layer.  If the holes and electrons meet in the electron 

transport layer or at the cathode, no emission will be seen.  The hole blocking layer 

must be able to block the hole from missing the recombination layer, while at the same 

time not blocking the electrons from reaching the recombination layer.5,6 

 The recombination layer is made up of a host material as well as an emitting 

dopant.  The host material must be chosen carefully so the excitation matches the 

energy supplied by the OLED, as well as having an emission energy that matches well 

with the emitting material.  The emitting material must also have certain desirable 

properties for use in an OLED.  White OLED materials require the use of blue (450-470 

nm), green (500-550 nm) and red (650-700 nm) emitters, with high quantum 

efficiencies.  While a variety of green and red emitters exists, identification of a blue 

material with high quantum efficiencies has proven to be relatively challenging.   
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 Chapter 5, as well as studies by Sinha, has shown a bis(diphenylphosphine) 

copper(I) pyrazolate material made by the Dias group to have a desirable blue emission 

with high quantum efficiencies.  While trying to make enough quantities of this blue 

material for use in an OLED material, it was discovered by the author of this 

dissertation that a teal emitting variation of this product is possible by slight variation of 

synthetic conditions.  In particular, if the product is recrystallized with a large 

concentration of tetrahydrofuran, the product will emit blue, while if the product is 

recrystallized using a greater concentration of  hexanes, the product will be teal in 

color.  Crystals reveal the blue emitting product contains THF in the structure while the 

teal is simply the (CuDPPMPz’)2 pyrazolate dimer.  While the emission colors of these 

materials only vary by 5 nm, the quantum yield of the teal emitting product at room 

temperature is only 60% compared to a quantum yield of 90% for the blue emitting 

material. 

 Sublimation is needed to process any material used in an OLED, as the devices 

are manufactured using vapor deposition.  Upon sublimation of the blue emitting 

material, the emission color is seen to red shift, and is seen to emit at the same 

wavelength as the teal emitting product.  This causes the blue emitting material to be 

unusable as an OLED material. 

 The teal emitting product is found to sublime at approximately 200°C under 

approximately 1 x 10-6 atmosphere pressure.  While this material is slightly red shifted 

from the blue material the use of host materials may cause the matrix to change and 

cause the material to blue shift, as has been observed for other materials studied by 
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other members of the Omary research group.  The lowered efficiency of this material is 

not ideal, however, 60% efficiency for an abundant material such as copper, may make 

this material viable for commercial applications.  This material is currently being studied 

for uses as OLED devices. 

 Another problem with use of these materials is seen in neat and doped films of 

the products.  Upon deposition of the material to make neat films, emissions are seen 

to red shift.  The emission spectra of the films are a broad green instead of the original 

blue or teal emission color that was observed in the powder.  The quantum efficiency is 

also seen to be greatly diminished upon the deposition of the powder to a neat film (a 

60% quantum yield for the (CuDPPMPz’)2 powder verses an 11% quantum yield for the 

neat film).  There is less molecular interaction in film than in the powder due to the thin 

atomic layers that are required for fabrication of efficient OLEDs.  The lack of 

interactions with other molecules allows the (CuDPPMPz’)2 complex to undergo greater 

distortion.  The greater amount of distortion will cause more energy to be lost to 

nonradiative emissions and thus radiative emissions will be lower in energy, or red 

shifted in energy and the quantum yield will be greatly diminished.  A molecule that 

undergoes less distortion may be advantageous for use in OLEDs. 

 The (CuDPPMPz’)2 complex has been studied in both neat and doped films.  Neat 

films are shown to have a greater quantum efficiency than the doped films (11% versus 

2%, respectively.)  The neat films are also shown to have emission energies that are 

less red shifted than the doped films, with emissions that are closer to the original blue 

color of the powder.  Neat films also show less photobleaching than doped films.  Both 
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the powder and neat films of the (CuDPPMPz’)2 complex show no significant 

degradation when photoexcited over extended periods.  Doped films, as well as the 

host material alone are shown to rapidly degrade when photoexcited.  The increased 

photodegradation, as well as decreased quantum efficiencies of these films suggest 

OLEDs made with the (CuDPPMPz’)2 complex may not benefit from doping.  The 

(CuDPPMPz’)2 complex, may indeed have the advantage of being efficient without 

doping.  Devices made without dopants will require less effort to manufacture and will 

likely have longer product lifetimes as the product will not degrade by photobleaching 

over time.7 

 While the blue emitting material may not be sublimed and therefore is unlikely to 

be useful in the manufacturing of an OLED, this material may be viable as a polymer 

light emitting devices (PLED).  These materials use a host material as well as the 

emitting material to create light.  These devices are made by spin coating the material 

rather than sublimation, so the blue material may still be useful in these applications.  

These devices, however, are generally not known to be as efficient as OLEDs.  If the 

blue emitting material is much more efficient, these devices may be as efficient as the 

OLED made with the teal emitting material if not more greatly efficient. 

 While the (CuDPPMPz’)2 material containing tetrahydrofuran molecules in the 

structure may not be used for manufacturing of OLEDs, the knowledge that has come 

out of these studies may be used to design materials that have higher quantum 

efficiency than the teal emitting material, while still remaining able to be sublimed.  The 

(CuDPPMPz’)2•3THF material was found to be blue shifted by 5 nm due to changes in 
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distortions of the excited state being hindered due to the presence of the 

tetrahydrofuran in the crystal structure.  The presence of the solvent molecules in the 

crystal structure also results in the increased quantum efficiency of the 

(CuDPPMPz’)2•3THF.  The solvent molecule fills in holes in the structure, causing the 

molecule to have a greater limitation on vibrational motion of the molecule.  Using this 

knowledge, a complex with greater rigidity may be synthesized, thus increasing the 

quantum yield of the material.  Limitations of these nonradiative motions, such as ring 

rotations or bond vibrations, which are more problematic in the (CuDPPMPz’)2 than the 

(CuDPPMPz’)2•3THF complex will lead to higher quantum efficiency, as is represented in 

the following equation: 

(2)      
  

      
  

where p=phosphorescent quantum yield, t=triplet formation efficiency, kp=rate 

constant for phosphorescence, and km=rate constant for radiationless transition from 

the triplet state.8 

 One manner of reducing the nonradiative emission may be to replace the 

bridging methyl group of DPPM with a benzene group of DPPB as is shown in Figures 

6.5 and 6.6.  While the (CuDPPBPz’)2 complex was not able to be made in a similar 

manner as to the (CuDPPMPz’)2, as is the case in Chapter 5, other synthetic routes may 

be useful to make this particular complex.  Another alternative to using a DPPB ligand 

instead of DPPM may be to bridge the phenyl rings of the complex to make a 5,5’-(1,2-

methanediyl)bis-5H-benzo(b)phosphindole.  This molecule can be used in place of the 

DPPM ligand as is represented in Figure 6.7. 
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Figure 6.5 Depictions of (CuRPz’)2 complexes (where Pz’=3,5-

bis(trifluoromethyl)pyrazolate and  R=(a)diphenylphosphinomethane (DPPM)  
(Replicated from Chapter 1, Figure 1.2 for convenience). 
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Figure 6.6 Depictions of (CuRPz’)2 complexes (where Pz’=3,5-
bis(trifluoromethyl)pyrazolate and  R=diphenylphosphinobenzene (DPPB) (Replicated 

from Chapter 1, Figure 1.1, for convenience). 
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Figure 6.7 Depictions of (CuRPz’)2 complexes (where Pz’=3,5-

bis(trifluoromethyl)pyrazolate and  R=5,5’-(1,2-methanediyl)bis-5H-
benzo(b)phosphindole (Replicated from Chapter 1, Figure 1.3 for convenience). 
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Figure 6.8 Depictions of (CuRPz’)2 complexes (where Pz’=3,5-

bis(trifluoromethyl)pyrazolate and  R=5,5’-(1,2-benezenediyl)bis-5H-
benzo(b)phosphindole (Replicated from Chapter 1, figure 1.4 for convenience). 
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 The 5,5’-(1,2-methanediyl)bis-5H-benzo(b)phosphindole is not commercially 

available and will need to be made through several steps.  The first step of making this 

ligand has been achieved in the following manner: 

 The first step of making the  5,5’-(1,2-methanediyl)bis-5H-benzo(b)phosphindole 

was to synthesize the starting material of the 2,2’ dibromobiphenyl ligand, as is shown 

in Figure 6.9.  The ligand was made in a manner similar to what is described by Gilman 

and Gai.9  The reaction was carried out under an argon atmosphere at -120°C.  If run 

at higher temperatures, the product is seen to decompose and yields are diminished.  

The -120°C bath was created by slowly adding liquid nitrogen to an 

ether:tetrahydrofuran dry ice bath and monitoring temperature with a digital 

thermometer.  When temperatures of the dry ice bath reach a sustained -120°C, an 

equivalence of n-butyllithium was added to a solution of 1,2-dibromobenzene in ether.  

The resulting solution was observed to turn to a light yellow-greenish is allowed to stir 

for approximately two hours.  The solution was allowed to slowly warm to room 

temperature under stirring.  Excess ether was removed under vacuum.  An oily product 

remains and was dissolved into dichloromethane and quenched with hydrochloric acid.  

The aqueous layer of the product was separated from the dichloromethane and 

extracted with 4 equivalences of ether.  The ether portions were added to the 

dichloromethane layer and dried with magnesium sulfate.  The organic solvent was 

removed from the product by vacuum for several days.  Light brown crystals were seen 

to form. 
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Figure 6.9 Scheme used to synthesize 2,2’-dibromobiphenyl ligand. 

 The 2,2’dibromobiphenyl was further reacted to form 5H-benzo(b)phosphindole, 

as is shown in Figure 6.10.  The reaction was carried out in an argon atmosphere.  The 

2,2’-dibromobenzene ligand was dissolved in dry, degassed tetrahydrofuran:toluene 

mixture in a round bottom flask.  The mixture was cooled to -78°C by placing the round 

bottom flask in a dry ice bath.  Two equivalence of n-butyllithium in hexanes were 

added to the solution.  After several hours, an equivalence of distilled, degassed PPhCl2 

was added to the mixture.  The reaction was allowed to warm to room temperature 

overnight.  Product was quenched with ammonium chloride.  The product was filtered 

to remove ammonium chloride.  The solvent is removed under reduced pressure.  NMR 

showed impurities in the product.  The product was found to also contain 

phenylbiphenylphosphine oxide in the product.  Analysis of the PPhCl2 starting materials 

revealed phenylphosphonic dichloride impurities.  The reaction will need to be 

reproduced with a different chemical source.   
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Figure 6.10 Scheme used to synthesize 5H-benzo(b)phosphindole ligand. 

  Preliminary studies of the 5H-benzo(b)phosphindole versus the 

triphenylphosphine ligand show encouraging results.  The increased rigidity is evident in 

both the Stokes’ shift and quantum yield data that is listed in Figures 6.8 and 6.9 and 

Table 6.1. 

 

Figure 6.11 Steady state luminescent spectra of 5H-benzo(b)phosphindole at __90 K 
and __298 K. 
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Figure 6.12 Steady state luminescent spectra of triphenylphosphine at __90 K. 

Table 6.1. Experimentally measured values of excitation, emission, Stokes’ shifts, 

lifetimes and quantum yields for 5H-benzo(b)phosphindole and triphenylphospine 

ligands. 

Ligand/ 

Temperature 

Excitation 

max (nm) 

Emission 

max (nm) 

Stokes’ 

Shift  

(cm-1) 

Lifetimes 

(microseconds) 

Quantum 

Yield 
(%) 

Triphenylphosphine 

90 K 

310 436 9,322  19.0 

5H-

benzo(b)phosphindole 

90 K 

295 375 7,232 8.9 ± 0.4 39.4 

5H-

benzo(b)phosphindole 

298 K 

295 380 7,583 4.4 ± 0.6 14.9 

 

 The 5H-benzo(b)phosphindole ligand is found to have a deep blue emission at 

both  298 K and 90 K temperatures.  Only a slight shift in emission is seen as the ligand 

is cooled.  The rigidity of the ligand appears to cause the emission to be only minimally 
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impacted by temperature changes.  The analogous triphenylphosphine ligand is not 

luminescent at room temperatures and is only luminescent under liquid nitrogen 

temperatures.  This is likely due to dominance of nonradiative emissions (such as 

vibrations and distortions of the ligand) at room temperature due to the flexible 

structure of the triphenylphosphine ligand.  At 90 K the emission of the 

triphenylphosphine is red shifted with respect to the emission of the 5H-

benzo(b)phosphindole ligand, with a 2090 cm-1 greater Stokes’ shift due to greater 

flexibility of the triphenylphosphine ligand. 

 At room temperature (298 K), the 5H-benzo(b)phosphindole ligand has 14.9% 

quantum yield.  Upon cooling to 90 K the ligand is found to have an efficiency of 39.4 

% compared to the analogous triphenylphosphine ligand with an efficiency of only 

19.0%.  It appears that increased rigidity as well as an increased amount of pi 

conjugation has increased the efficiency by a significant amount (over twice as 

efficient). 

 The reactions to make the 5H-benzo(b)phosphindole ligand without impurities 

will be necessary in future work to increase quantum efficiencies in (CuDPPMPz’)2 

complexes.  Once a pure version of the 5H-benzo(b)phosphindole ligand is made the 

final step to make the 1,2-bis(dibenzophospholyl)methane ligand as a more rigid analog 

of diphenylphosphinomethane.  The preparation of this material will be done in a similar 

manner used by Huang et al. to make dppm-d8ortho.
10   

 Once the 1,2-bis(dibenzophospholyl)methane ligand has been made, it will be 

mixed with (CuPz’)3 in a similar manner to the preparation of (CuDPPMPz’)2, as 
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described in Chapter 5.  Use of the more rigid ligand will make the overall complex 

more rigid.  The emission will likely be blue shift, as is seen in the case of 

(CuDPPMPz’)2▪THF.  The 1,2-bis(dibenzophospholyl)methane ligand also will have 

greater pi conjugation as compared to the diphenylphosphinomethane ligand, thus it 

will be a better chromophore.  The increased rigidity and pi conjugation should increase 

the quantum efficiency of the powder.  Rigidity of the molecule will also likely increase 

the efficiency in the thin films allowing for a highly efficient blue OLED device to be 

fabricated using copper (I) complexes. 

 Another possible modification of the molecule may be possible by changing the 

pyrazole ligand.  More electron withdrawing ligands, such as triazoles and tetrazoles 

may be used to blue shift the overall emission of the molecule.  As is shown in Chapter 

5, deposition of this material into either a neat or doped film will result in a red shift of 

the emission.  A material that has a blue emission that is higher in energy will be 

advantageous, as even with the red shift of the emission, the color that is visible to the 

eye will remain blue. 
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Figure 6.13 B3PW91/aug-LANL2DZ computed S0 and T1 geometries and HOMO contours 

of (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 (Replication of Figure 5.5 for convenience). 
 

 As seen in Figures 6.13, in the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 the two copper 

coordination spheres distort from a Y-shaped ground state (S0) towards a T-shape in 

the lowest lying phosphorescent state (T1).  As seen in Chapters 2 and 3, distortions 

similar to the distortions seen in the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 can be tuned by 

varying the cone angle of coordinating ligands.  Tuning these distortions will cause the 

emission energy to be blue shifted by limiting nonradiative emissions.  Limiting the 

distortions will also cause an increase in quantum efficiency, as is represented by the 

following equation: 

6.1      
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where p=phosphorescent quantum yield, t=triplet formation efficiency, kp=rate 

constant for phosphorescence, and km=rate constant for radiationless transition from 

the triplet state.11  Bulky ligands, such as those depicted in Figure 6.14, as well as 

others that have been previously synthesized in literature studies12,13, could be used to  

hinder the distortion of the (3,5 CF3-Pyz)2Cu2[µ2-dppm]2 molecule, thus blue shifting the 

emission energy and increasing the quantum yield of the complexes. 

N
N  

(a) 

N
N

N

 

(b) 

Figure 6.14 Sample disubstituted (a) pyrazole and (b) triazole (R) ligands for potential 
use for (R)2Cu2[µ2-dppm]2 complexes. 
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6.3 Tunable Copper Nanoparticles:  Variation of Size and Absorption Properties of 

Particles Created by Photochemistry of Cu2(PPh3)3X2 (where X=Cl, Br or I) in Organic 

Media 

 While Cu2(PPh3)3X2 complexes have been shown to not be a viable option for 

OLED fabrication, distortions of the complex can be used to create copper nanoparticles 

through photodissociation of the ligands.  Chapter 4 shows the use of photochemical 

reactions of Cu2(PPh3)3X2 by photoexcitation through the use of a medium pressure 

mercury lamp.  The solvent is particularly important as only chlorinated solvents can be 

used to create nanoparticles.  This is due to the need of a radical generator for the 

nanoparticles.  The amount of chlorination of the solvent, and thus the rate at which 

the radicals are formed is usable to create a variety of absorption colors, as a result of 

particle size. 

 Use of a stabilizer was found to be unnecessary as the triphenylphospine ligand 

is able to be used as a stabilizer.  Use of the triphenylphosphine ligand as a stabilizer 

resulted in simple spherical nanoparticles, whose sizes are controlled by rate of the 

reaction.  Use of addition stabilizers can be used to modify the nanoparticle shape and 

size.  This results in tuning of absorption colors of the nanoparticles. 

 Further tuning of the nanoparticle size and shape could be useful to tune 

emission absorptions to the far visible region as well as the near infrared region of the 

spectra.  This can be done by irradiating nanoparticles with resonance wavelengths, 

thus cause a further aggregation of nanoparticles and thus making larger nanoparticles. 
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6.4 Biological Applications of Copper Nanoparticles Synthesized through Photochemistry 

of Copper(I) TPA and TPPTS Halide Complexes 

 Copper nanoparticles with tunable size and absorption properties where 

synthesized in Chapter 4 by use of chlorinated solvents.  While the mechanism study in 

these reactions allow for creation of nanoparticles without the use of harsh reducing 

agents, use of organic solvents limits the use of these reactions to nonbiological 

applications.  This will result in the exclusion of many biological applications such as use 

as biological sensor, antimicrobial applications, medical implants, drug deliver, sterile 

coatings for medical devices, chemotherapeutic treatments, as well as a host of other 

applications.14-16 

 While only organic solvents that are chlorinated where found to be able to be 

used in the growth of nanoparticles in Chapter 6, aqueous solutions may show 

possibilities of making the necessary radical to reduce the anionic copper salts to Cu(0) 

particles.  Literature sources show generation of radicals in aqueous media in presence 

of catalytic copper salts.  Use of water soluble copper (I) halide complexes, therefore, 

show potential to be analogous for Cu2(PPh3)3X2 complexes used in the photochemical 

syntheses of copper nanoparticles studied in  Chapter 4.17    

 Water soluble gold complexes with 1,3,5-triaza-7-phosphaadamante (TPA) and 

trisulfonated triphenylphosphine ligands have been previously studied and shown to 

have similar photophysical properties to Au(PPh3)2X complexes.2,18,19  Water soluble 

cationic copper (I) trisulfonated triphenylphosphine and copper (I) TPA complexes have 

been previously synthesized in literature procedures.20,21 
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 Using the procedure of Kirillov et al.,21 the author of this manuscript was able to 

synthesize the [Cu(TPA)4](NO3) complex.  Complex was validated by FTIR and 1H and 

31P NMR spectra.  Photochemistry was performed on a 10-3 M [Cu(TPA)4](NO3) aqueous 

solution using a 450 W, medium pressure mercury lamp.  Preliminary results are as 

shown in Figure 6.15.  As seen in Figure 6.15, some peak growth is seen at 

approximately 417 and 610 nm, possible from small concentrated amounts of radicals in 

the aqueous solutions.  Use of halide containing complexes may increase the rate these 

radicals are produced therefore making these peaks grow to a concentration that will be 

useful for biological applications.  
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(b) 

Figure 6.15.  (a) Full view of time dependant photochemistry of a saturated aqueous 
solution of [Cu(TPA)4](NO3) irradiated with a 450 W medium pressure mercury lamp. 

(b) Closer view of time dependant photochemistry of a saturated aqueous solution of 
[Cu(TPA)4](NO3) irradiated with a 450 W medium pressure mercury lamp, depicting 

growth of peaks at max=408 nm and max=610 nm, possibly from growth of 

nanoparticles. 
  

Chapters 2 and 3 results indicate sigma donating ligands will have long elongations 

when compared with pi accepting or synergistic type ligands.  As such, sigma donating 

ligands will be advantageous for use as precursor materials for nanoparticles.  As stated 

earlier in this chapter, bulky ligands will be necessary to create the photoreactive three 

coordinate copper(I) complexes used in the creation of nanoparticles.  Use of a 

piperidine in Cu(R)2X (where X=Cl, Br, or I)  complexes instead of 2,4,6-collidine may 

result in complexes that are more photochemically reactive.  These complexes are 

synthesized by reacting CuX salts with an excess of piperidine.  Colorless crystals grow 
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in 7 days are reaction is complete.  Crystals are found to be light sensitive.22  Light 

sensitivity will make this complex an ideal candidate for use in photochemical formation 

of nanoparticles, as decomposition occurs readily.  

Calculations for Cu(pip)2Cl were preformed for the S0 ground state and the T1 lowest 

energy excited states.  Calculations of the copper complexes were optimized using the 

density functional, B3PW91.23,24   Optimizations were carried out for both states using 

no predetermined restrictions on geometry to obtain global minima. Triplet state 

computations were performed as spin-unrestricted calculations.  Absorptions and 

emissions were computed by modeling vertical transitions based on the Franck-Condon 

principle.25 

  The LANL2DZ basis set26 was used in all calculations with augmentation with  p-

type27 and two f-type28 functions for copper and  a d-type polarization function (d = 

0.75) for chloride.  Results of the calculations show greater bond elongation upon 

photoexcitation than complexes studied in Chapter 4, as is shown in Figure 6.16 and 

Table 6.2, further demonstrating the potential for creation of nanoparticles from 

Cu(pip)2X (where X=Cl, Br or I).  As the Cu(pip)2X show greater elongatiom, as well as 

possible use in aqueous medium, these complexes may show great potential for bio-

medical applications. 
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Figure 6.16 Illustration of B3PW91/aug-LANL2DZ optimized structures and HOMO 
contour diagrams of the ground state (S0) and lowest lying excited state (T1) of the 
Cu(PPh3)2Cl.  Bond lengths are denoted as a, b, c and the angles are denoted 

andand listed in Table 6.2 

 

Table 6.2 Geometric parameters of the Cu(Pip)2X (where X=Cl, Br or I) complexes from 
B3PW91/aug-LANL2DZ computations (As represented in Figure 6.17). 

Halide/State  a/Å  b/Å  c/Å  /°  /°  /°  DH/°  

Cl /S
0 
 2.015  2.037  2.326  157.8  108.0  94.2  0.3  

Cl /T
1
 2.133  2.164  2.261  174.6  90.9  85.1  -2.4  

Cl /T
1
-S

0
  0.118  0.127  -0.065  16.8  -17.1  -9.1  -2.7  

Br /S
0 
 2.019  2.037  2.492  154.8  108.7  96.5  0.0  

Br/T
1
 2.128  2.155  2.448  181.5 91.9  86.6  -7.7  

Br/T
1
-S

0
  0.109  0.118  -0.044  26.7  -16.8  -9.9  -7.7  

I /S
0 
 2.039  2.054  2.618  146.1  111.8  102.1  1.3  

I /T
1
 2.129  2.153  2.648  179.0  93.1 87.9  -10.9  

I /T
1
-S

0
  0.090  0.099  0.030  32.9  -18.7  -14.2  -12.2  
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