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large Stokes’ shift that occurs between the excitation and emission spectra and can be 

as large as 18 000 cm-1 for the neutral Au(I) complexes. 
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The excited state distortion has been thoroughly investigated and it is determined 

that not only is it pertinent to the efficient luminescence but also for the tunability in the 

emission. The factors that affect tunability have been determined to be electronics, 

sterics, rigidity of solution and temperature. The luminescent shifts determined from 

varying these parameters have been described systematically and have revealed 

emission colors that span the entire visible spectrum. These astounding features that 

have been discovered within studies of coinage metal phosphorescent complexes are 

an asset to applications ranging from materials development to electronics. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Overview of Dissertation 

The following work represents part of the work that was performed by me in my 

years of graduate study at the University of North Texas.  Within this compilation of 

studies, some have been published and some are yet to be submitted to scientific 

journals.  The author has previously coauthored manuscripts that are not represented in 

this manuscript while a communication has been published based on part of the work 

represented in one of the chapters of the dissertation.1-4 The primary focus of this 

dissertation is the study of the phosphorescent excited states that gave rise to the 

luminescence of 3-coordinate Au(I)-phosphine complexes.  The study was broadened to 

include investigating the emission of neutral dimeric Au(I) and Cu(I) complexes which 

have proven to be extremely intense luminescent blue phosphors for potential use in 

organic light emitting diodes (OLEDs). Within the scope of the research of Au(I)-

phosphine complexes multiple phenomena have been discovered, explained and are 

proven to be an intellectual asset to further applied studies for the phosphorescent 

molecules in various technological and biomedical applications.  The introductory 

chapter is an overview of the dissertation chapters. 

In view of the study of the photophysical studies of the excited state, Chapter 2 

represents the detailed structural and temperature-dependent luminescence analysis of 

tris(triphenylphosphine)gold(I) hexafluorophosphate ([Au(PPh3)3][PF6]) in both the 
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solid-state and solutions in dichloromethane and 2-methyl tetrahydrofuran.  In Chapter 

3, multiple phosphorescent bands were resolved from solid and frozen solutions of 

tris(1,3,5-triaza-7-phosphaadamantane)gold(I) chloride ([Au(TPA)3]Cl).  It is 

hypothesized that these emissions originate from the spin-orbit coupled microstates 

that arise from the Russell-Saunders triplet and singlet states. Chapter 4 outlines both 

experimental and theoretical investigations of the phosphorescence properties of 

neutral three-coordinate Au(I) complexes (AuL2X, where L= PPh3 = triphenylphosphine, 

TPA = 1,3,5-triaza-7-phosphaadamantane and X = Cl, Br or I) in the solid phase and 

dilute solution.  As a further expansion of Chapter 4, three-coordinate from monomeric 

to dinuclear neutral d10 complexes, Chapter 5 discusses the results of quantum 

mechanical computations and phosphorescent emissions of dimeric Cu(I) and Au(I) 

complexes ([3,5-(CF3)2Pz]2M2[2-{P(Ph)2CH2P(Ph)2}] where M = Cu(I) and Au(I).   

The following sections of this introductory chapter are the background material 

of each of the dissertation topics where a) previous work on each subsequent topic is 

discussed and b) how the outstanding problems have been solved and interpreted in 

this dissertation. 

 

1.2 Huge Luminescent Rigidochromic Shifts in Gold(I)-Phosphine Complexes 

 Luminescent Au(I) complexes most commonly exists in a linear 2-coordinate 

geometry, which is amenable to association via metallophilically bound ground states2,5-

10 and, upon photoexcitation to low-lying luminescent excited states, covalently bound 

excimers and exciplexes with gold-gold bonds.2,11-21 Au(I) complexes do also exist in 3- 
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and 4-coordinate complexes.22  While metal-centered luminescence is believed to be 

absent in 4–coordinate tetrahedral complexes, our group, including the author’s work in 

this dissertation, has major contributions in understanding the electronic structure of 3-

coordinate complexes.22-26 Extremely large excited-state distortions can be hypothesized 

based upon Stokes’ shifts from the photoluminescence spectra of 3–coordinate Au(I) 

complexes that have magnitudes of 10 000 cm-1.23,24 Extended Hückel calculations had 

predicted excitation from an antibonding highest occupied molecular orbital (HOMO) to 

a bonding lowest occupied molecular orbital (LUMO) resulting in increased strength in 

the Au–phosphine bond accompanied by the compression of the bond.23,24  In the 

detailed computational study by Barakat et al., it was determined that 3–coordinate 

cationic Au(I)-phoshine ([Au(PH3)3]
+) complexes distort upon one electron excitation 

from a trigonal planar ground state geometry  (D3h) to a T-shaped (C2v) geometry in the 

phosphorescent excited state.26 The fully optimized calculations hypothesized that 

varying the cone angle of the phosphine in the complex hinders the excited state 

distortion to the phosphorescent emissive state.26  Calculations of hydrocarbon 

phosphine–Au(I) complexes revealed that, as the steric bulk of the phosphine increases, 

the P-Au-P distortion angle decreases,  directly corresponding to a blue shift in the  

emission energy from 772 nm for the coordinated TPA complex to 478 nm for the 

coordinated PPhCy2 coordinating complex.26  Computational findings correctly interpret 

earlier experimental data by Gray and Fackler.23,24  Within Chapter 2, direct 

experimental evidence is presented to show that the expansion of the P-Au-P bond 

angle upon photoexcitation is hindered when the solvent medium rigidity is varied.  This 

is done by frozen and fluid solution photoluminescence measurements of 
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[Au(PPh3)3]PF6 in 2-methyltetraydrofuran and dichloromethane versus temperature.  

The rigidochromic shift discovered in Chapter 2 surpasses all rigidochromic shifts in the 

literature to date. 

 

1.3 Spin–Orbit Coupled Microstates of Gold(I)–Phosphine Complexes 

Previously, the photoluminescence of [Au(TPA)3]Cl (where TPA = 1,3,5-triaza-7-

phosphaadamantane) was reported in the literature; however, only a green emission at 

533-547 nm was recorded.24 Density functional theory (DFT) computations were 

performed to a) determine the electronic structure of the phosphorescent excited state 

and b) model the emission energy of the phosphorescent transition.  It was determined 

that the geometric distortion was from a D3h ground state geometry (designated as a Y-

shape) to a C2v phosphorescent excited state (designated as a T-shape) and the 

calculated emission was 774 nm.26 Chapter 3 reexamines and expands the experimental 

and computational work reported, revealing three additional emissions in the UV, 

orange and red wavelengths in addition to the known green emission.  The red 

emission bands verify and restore the credibility of the results26 of the earlier DFT 

excited-state computations, leading to a detailed study on the remarkable luminescence 

behavior of three coordinate cationic Au(I) complexes. 

Further DFT computations were performed on the [Au(TPA)3]
+ complex to 

determine if in fact the multiple visible emissions (green and two red) were due to 

transitions from three Russell-Saunders triplet excited electronic states.  The result of 

these calculations, where the emission transition wavelengths from higher electronic 
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states were calculated, was that the next highest emission would be in the range of 

ultra-violet emission and not green (507 nm) or red (621 nm).  The hypothesis of 

discrete excited state energy transitions were invalidated by these calculations and new 

hypothesis had to be proposed that would fit the emission model that would encompass 

both the experimentally determined photoluminescence data and the DFT 

computational data. 

Au(I), a heavy atomic ion with a spin orbit constant () value of 5091 cm-1,27 has 

a spin orbit splitting of 13 000 cm-1 in the low lying 3D microstates27 so it would not be 

uncommon for Au(I) complexes to have large spin-orbit splitting as well.  From the 

experimental photoluminescence spectrum it was determined that the splitting between 

the microstates of the complex is ~ 5000 cm-1 where the three luminescent transitions 

were easily resolved and had distinguishable lifetimes.  As a comparison, the classical 

study of Ru(II) and Os(II) bipyridyl complexes show spin-orbit splittings but they are on 

the order of 60 and 220 cm-1, respectively,28 where these molecules exhibit strong 

ligand character in their charge-transfer based emissions.  Even though Ru(II) and 

Os(II) have large  values,27 the ligand dominated emission cannot rival microstate 

splitting of a metal-centered emission. The huge splitting in the Au(I) complex emission 

is due to a metal-based emission and therefore it is not unreasonable to see microstate 

splitting on the order of magnitude reported in Chapter 3. 
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1.4 Beyond T-Shaped Excited State Distortions in Neutral 3–Coordinate Gold(I)–

Phosphine Complexes 

Presently organic light emitting diodes (OLEDs) are being studied and tested as a 

low-cost alternative in applications like solid-state lighting,29 and full color displays.30   

Using phosphorescent metal complexes increases the internal efficiency of the devices 

to 100% versus 25% for their fluorescence analogs;31 therefore, metal-centered 

emissive complexes have added an additional effectiveness in low energy lighting where 

a 100% internal efficiency can be reached.  Metal-centered emissions have more 

promise than ligand-centered or charge transfer emissions due to a possible increased 

likelihood for the phosphorescence transition becoming more favorable with shorter 

phosphorescent lifetime, which is desirable to reduce the efficiency roll-off problem in 

phosphorescent OLEDs.32  AuL2X complexes, for the above reasons, are good 

candidates for OLEDs due to their strong room temperature phosphorescent metal-

centered tunable emissions33 and large Stokes’ shifts.24,34,35 Unlike cationic complexes 

neutral AuL2X complexes can, in principle, be sublimed by vacuum evaporation whereas 

this is not possible for ionic [AuL3]X species. 

Previously, it was determined by DFT computations that three coordinate D3h 

cation (AuL3
+) (where L = various organophoshines) “toward a T-shaped” excited states 

can be tuned by varying the steric bulk of the L group.26 There it was shown that the 

bulkier phosphine ligands hinder the excited state distortion and therefore reduces the 

Stokes’ shift. Here it was discovered that not only does the bulkiness of the phosphine 

reduce the excited state distortion, the increasing ionic radius of the halide ligand also 

is a key factor in the tunability of the emission of 3-coordinate neutral Au(I) complexes.  
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The phosphorescent emissions for [Au(PPh3)3]
+ and [Au(TPA)3]

+ were calculated to be 

496 and 772 nm respectively26 while the experimental values of max were 498 and 614 

nm.  Strong agreement between calculation and experiment in the [Au(PPh3)3]
+ system 

is likely due to a cancellation of errors in the calculations while the results from the 

[Au(TPA)3]
+ system is more probable due to a larger degree of distortion allowable in a 

gas phase calculation versus a solid powder.  Subsequently, a larger excited state 

distortion is seen in the calculation and therefore the emission from DFT computational 

results should be significantly red-shifted when compared to the photoluminescence of 

the solid.  This phenomenon was determined in the study of dimeric salts of 

[Au(SCN)2]
+ 3,36 where the calculations determined 1) a distortion upon photoexcitation 

in both the Au…Au distance as well as the individual ligand that is much larger than 

expected and 2) a red-shifting of emission energies that are well into the IR region 

when compared to experimental results. 

 Large calculated excited distortion corresponds to a large Stokes’ shift in the 

photoluminescence spectrum for both cationic and neutral 3-coordinate Au(I)-

phosphine complexes. With results obtained from the photoluminescence excitation 

spectrum and DFT computations an estimation of HOMO – LUMO levels is determined 

which helps in the design of a multistacked OLED. 
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1.5 Extremely Bright Phosphorescence from Neutral Dimeric Coinage-Metal 

Luminophores 

 As an extension to monomeric coinage metal complexes, a complete set of DFT 

optimization calculations and photoluminescence experiments were performed on rigid 

Cu(I), Ag(I) and Au(I) dinuclear complexes with diphenylphosphinomethane (DPPM) 

and fluorinated pyrazolates as ligands.  The structure of these complexes is displayed in 

Figure 1.1. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1  General structure of the coinage metal complexes studied in Chapter 5. 

  

 In recent years more attention has focused on metal-metal interactions in 

coinage metal complexes where Au...Au distances in the ground state are typically 3.3-
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well established where bonding is based primarily on electron correlation and relativistic 

effects.5,8 In these complexes the geometric distortion and associated luminescence 

stem from metal-metal compression.  From a formal bond order of zero in the ground 

state, when excited to the lowest phosphorescent excited state the bond order is 

increased to one when electrons in an antibonding d* orbital are promoted to a 

bonding p orbital causes the increase in bond energy and therefore a decrease in 

bond length.2   

As a comparison to other reported complexes (e.g., references 5, 8, 37 and 38) 

the complexes studied here are rigid due to the coordination to dppm and the ground 

state metallophilic interaction5,8 is forced into shorter metal-metal interaction than that 

in free dimeric molecular complexes.  When excited to the lowest phosphorescent 

excited state the excited state distortion, according to DFT optimization calculations on 

the lowest-energy phosphorescent excited state, contains metal-metal compression 

which is comparable to studies of the complexes in the aforementioned literature 

precedents and also exhibit the “Y” to “T” shape distortion that was identified in the 

smaller monomeric analogs described in the previous section. These complexes emit in 

the blue region of the visible spectrum but still retain the longer wavelength excitation 

(~360 nm for Cu(I) and 370 nm for Au(I)).  The longer wavelength excitation is 

important in the development of these complexes in blue OLEDs due to 

emission/excitation energy overlaps between the host and dopant.39  

 Absolute quantum yield (PL) measurements40 have been performed and it was 

determined that the Cu(I) and Au(I) dimeric complexes have 91% and 81% 

phosphorescence photoluminescence efficiencies at room temperature in the solid state 
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making these complexes excellent candidates for simple neat stacked OLED structures 

due to the lack of concentration quenching as in the classical Ir(ppy)3 (ppy = 2-

phenylpyridine) device where the Ir complex must be doped in a suitable host.41  A 

wide interest has been taken in extremely efficient Cu phosphorescent luminophores 

because of the low cost in the base metal and subsequent monetary decrease in low 

energy lighting applications.  These highly efficient materials open much needed 

efficiency and may decrease the cost further of flat panel displays and/or lighting 

technology. 

 

1.6 Applications of Bright Coinage Metal Complexes in Organic Light Emitting Diodes 

(OLEDs) 

The knowledge developed in this dissertation can be utilized toward improving 

OLED technologies and the materials studied here can be useful as emitters, charge 

transporters and/or blockers.  Most materials discussed have properties conducive to 

fabrication of multilayer stacked OLEDs.  The materials are sublimable under vacuum, 

conductive and have HOMO (highest occupied molecular orbitals) and LUMO (lowest 

occupied molecular orbitals) levels that are in the region needed for charge transport.  

The future of this research is promising towards developing useful and efficient lighting 

and/or display applications.  

Studying bright transition metal luminophores has become a hallmark in the 

research geared towards the reduction of energy consumption worldwide.  It was the 

groups of Thompson and Forrest that first exemplified that the use of phosphorescent 
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materials can be used to make extremely efficient electroluminescent emitting devices 

that would rival the known flat panel display devices such as liquid crystal display (LCD) 

technology.29,42-45 Where LCD devices must be backlit by a bright light source, OLED 

technology provides a completely inherent lighting process where individual pixels can 

output comparable amounts of light making the OLED much more versatile in television 

and lighting technologies.  In fact, OLEDs can be developed on malleable and flexible 

media again increasing its application further than LCD.  By varying the luminophore 

and using multiple luminophores within the emitting layer of the OLED, highly 

electroluminescent efficient devices have been produced that emit broad spectrum 

white light.46-48 Employing these advances in lighting technology can mark the decrease 

of the appreciable energy consumption throughout developed nations.  The use of 

organic OLED materials marks an increase in efficiency of 27% versus traditional 

lighting according to literature values.29 

OLED technology starts with the use of conductive and sublimable materials that 

can be stacked by thermal evaporation under vacuum environments.  The general 

structure of an OLED contains multiple organic layers sandwiched between the anode 

and cathode producing a diode (unidirectional current) electrode.  When a bias voltage 

is applied across the device, the cathode becomes negatively charged and reduces 

organic materials to which it is interfaced.  On the opposite side where the anode fits, 

when a bias voltage is applied across the device, the anode becomes positively charged 

and oxidizes organic materials to which it is interfaced.  Recombination of the reduced 

and oxidized complexes form the excited state complex or exciton here within the 
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emitting layer which is sandwiched between the cathode and anode and 

electroluminescent radiation is emitted.39  

Figure 1.2 diagrammatically depicts the general structure of an OLED and follows 

the path of electron motion in a stacked device.  In the figure, the following acronyms 

are as follows: HTL/HIL – Hole transport layer/Hole injection layer, EBL – Electron 

blocking layer, HBL – Hole blocking layer, EML - emissive layer, ETL – electron transport 

layer.   

 

Figure 1.2.    The structure of a simple multi-stacked OLED. 

The mobility and HOMO/LUMO energy levels of the electrons are critical in the 

efficiency of the movement of electrons within the diode.39  In a solid, electrons move 

randomly in the absence of an applied field so if the average motion is calculated a net 
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movement of zero is found.   When voltage is applied, electrons are accelerated 

opposite to that of the electric field.  In Figure 1.2, the charge balance is in the 

direction of the cathode towards the anode when an electric field is applied.  For 

recombination to occur within the EML, the mobility of electrons and holes should be 

equal. Realistically, this is not the case and OLED efficiency is tuned by varying 

materials with suitable band gaps (HOMO/LUMO levels) to confine electrons within the 

EML.  For an efficient oxidation/reduction scheme within the diode, the energy barrier 

between each deposited layer has to be chosen in such a way the when the voltage is 

applied electrons and holes can move between the layers with the least amount of 

resistance and make the order of magnitude of the motion of electrons and holes as 

close to equal as possible.       

The HTL/HIL is interfaced with the anode.  The organic material is oxidized and 

assists in the transport of electrons from emitting layer (EML) to anode. The HTL/HIL 

reduces the energy barrier for the transport of electrons from the EML to the anode.  

From Figure 1.2 the energy barrier from the EML to the anode is reduced from the 

energy level of the anode to the HOMO energy level of the HTL/HIL.  In this convention 

energy of the anode is closer to that of the HOMO of the organic layers than the LUMO 

of the HTL/HIL.  Also for convention the term Hole is used to explain the oxidized form 

of the organic layers. 

On the opposite side, the ETL is interfaced with the cathode. The organic 

material is reduced and assists in the transport of electrons from the cathode to the 

EML.  The ETL reduces the energy barrier for the transport of electrons from the 

cathode to the EML.  From the diagram the energy barrier from the cathode to the EML 
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is reduced from the difference in energy level between the cathode and the LUMO of 

the EML to the difference in energy between the LUMO of the EML and the LUMO of the 

ETL.  In this convention energy of the cathode is closer to that of the LUMO of the 

organic layers than the HOMO. 

To add to the efficiency of recombination within the EML, electron blocking and 

hole blocking layers (EBL/HBL) are added to confine electrons within the EML.  An 

electron blocking layer is placed between the HTL/HIL and EML.  In choosing an EBL 

the LUMO level of the material must be higher in energy with respect to the HTL/HIL.  

This confines electrons to EML and serves to slow the movement of electrons when 

mobility of electrons is larger than that of holes.  The HOMO energy level of the EBL 

should stay between that of the HTL/HIL and EML.   HBL are conceptually opposite to 

that of the EBL.  It is deposited between the EML and ETL but in this case the HOMO 

energy level of the HBL is lower in energy than that of the ETL.  The purpose of the 

HBL is to confine hole formation within the EBL and is used when hole mobility is larger 

than that of electrons. 

The efficiency increase with the use of the EBL/HBL has an added feature in the 

use of triplet exciton confinement where a triplet emitting dopant is sandwiched within 

the structure (where Figure 1.2 conceptually describes a singlet exciton formation), the 

EBL/HBL are described as exciton blocking layers (XBL).  With the use of 

phosphorescent dopants, luminescence efficiencies can be improved however the 

architecture is more complicated than with fluorescent dopants. Singlet excitons have 

short lifetimes (fluorescent emission) and will consequently have short diffusion lengths 

(10 -100 Å). On the other hand triplet excitons have longer lifetimes and significantly 
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larger diffusion lengths (>1000 Å).31  Triplet exciton confinement can be achieved with a 

simple 3 layer structure but the HTL and ETL must have a larger optical energy gap 

than that of the phosphor but the use of HBL/EBL as an XBL assists in the design 

architecture by blocking electrons and holes and creating a barrier for triplet excitons to 

form within the EML. Exciton blocker will be needed to stop energy transfer of the 

triplet exciton into the ETL or HTL. Confinement of the triplet excitons has shown to 

appreciably increase luminance efficiency.31 Figure 1.3 conceptually describes the 

confinement of triplet excitons and shows that the barrier between the energy levels of 

the triplet excitons is a) lower in energy than that of singlet excitons and b) assisted 

with the use of HBL/EBL or in this case XBL. 

 

Figure 1.3.    The structure of a simple multi-stacked OLED in a phosphorescent device 
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The overall described movement of electrons or current within the diode 

produces exciton formation within the EML and electroluminescence is produced.  With 

the described theory and experimental results described within this dissertation, it is of 

no doubt that the materials studied here have opened for an excellent future for 

fabrication of efficient blue OLEDs that would rival commercially available and recently 

developed phosphorescent luminophore, HTL/HIL, and electron blocking layer.    
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CHAPTER 2 

 

HUGE LUMINESCENT RIGIDOCHROMIC SHIFTS IN AU(I)-PHOSPHINE COMPLEXES 

 

2.1 Introduction 

From the classical experiments of rigidochromic1 behavior where it was found a 

1500 cm-1 shift depending on the rigidity of the media, many applications with these Re 

complexes have turned up such as probes for the drying of gypsum,2 biological 

photosensors,3 and dendrimer based organic light emitting devices (DOLEDS).4 Even 

larger shifts are seen in ReCl(CO)3bpy when in matrices of tetraethoxysilane and a 

mixed aluminosilicate system and used as a means to probe the gelation process.5  

There, rigidochromic shifts of 2500 cm-1 were noted in gel medium. Reported was a 

gradual shift from a fresh solution of a yellow emitting fluid gel to a green emitter when 

dried partially and finally a greenish-blue when completely dried.5 Used as a 

luminescence probe of molecular environments, sol-gel processing and its materials 

were reviewed 10 years ago and since then many remarkable applications have been 

reported including biosensors and biofuel cells.6 Pressure induced peak maximum 

shifting was reported for cuprous iodide clusters in varying solutions and emission of 

695 nm at ambient conditions shifted to 580 nm when under high pressure conditions.7 

A rigidochromic shift of 2850 cm-1 occurred when the high pressure induced phase 

change of the solvent.  Here, the author reports a shift in the emission spectra of 

[Au(PPh3)3][PF6] from 77 K glass to room temperature solution that have a difference 
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of energy in the range of 2890 cm-1 as the media rigidity is varied (Figure 2.1).  Not 

rivaled in the known literature this shift in energy, caused by varying the degree of 

excited state distortion of the molecule, is claimed to be the largest luminescence 

rigidochromic shift from blue to greenish-yellow.   

 

Figure 2.1. Photoexcitation from the ground state (left crystal structure) to 
phosphorescent excited state (middle and right8a) showing the amount of 
distortion as a function of medium rigidity. 
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2.2 Experimental Section 

2.2.1 General Procedures 

All manipulations were carried out under an atmosphere of purified argon using 

standard Schlenk techniques. Solvents were purchased from commercial sources, 

distilled from conventional drying agents and degassed by purging with argon gas. 

Glassware was oven-dried at 150 ºC overnight. 

 

2.2.2 Physical Measurements 

The luminescence measurements were carried out for purified recrystallized 

material. Steady-state luminescence spectra were acquired with a PTI QuantaMaster 

Model QM-4 scanning spectrofluorometer. The excitation and emission spectra were 

corrected for the wavelength-dependent lamp intensity and detector response, 

respectively.  Lifetime data were obtained using a xenon arc flash lamp and 

phosphorescence detector. Quantum yield measurements were obtained using a 6 inch 

integrating sphere by LabSphere. Quantum yield determination was done 3 different 

methods. The first by direct measurement with the integrating sphere, the second by 

calculations from the respective lifetime measurements at the temperature listed and 

the third temperature dependent studies by dividing the area under the curve of the 

steady state spectra at each temperature by the steady state spectra at room 

temperature and liquid nitrogen temperature and multiplying by the quantum yield 

value derived by direct measurement.  Cooling in temperature-dependent 

measurements for were achieved using an Oxford optical cryostat, model Optistat CF 
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ST, interfaced with a liquid nitrogen and liquid He tank. Absorption spectra were 

acquired with a Perkin-Elmer Lambda 900 double-beam UV/VIS/NIR spectrophotometer 

for solutions of crystalline samples prepared in HPLC grade dichloromethane using 

standard 1-cm quartz cuvets. 31P{1H} NMR spectra were recorded in CDCl3 at ambient 

temperature on a Varian spectrometer operating at 300 MHz for proton spectra. The 

chemical shifts in the 31P{1H} NMR spectra are reported relative to 85% H3PO4 in CDCl3. 

 

2.2.3 Synthesis 

Au(THT)Cl (0.33 g, 1.03 mmol) was dissolved in a minimum amount of CH2Cl2. 

Triphenylphosphine (PPh3, 0.27 g, 1.03 mmol) is added the solution and was left to stir 

for 15 minutes. The solvent was evaporated to concentrate the solution and redissolved 

in a minimum amount of CH2Cl2 and recrystallized with cold ethanol (Au(PPh3)Cl).  The 

solid was redissolved in a minimum amount of CH2Cl2 and 2 molar equivalents of 

triphenylphosphine were added to the stirred solution.  The solution was stirred for 30 

minutes and the solvent was evaporated and the solid is collected ([Au(PPh3)3]Cl).  The 

solid was redissolved in a minimum amount of THF where 1 molar equivalent of TlPF6 

was added to the stirred solution.  Immediately TlCl precipitated out and was filtered.  

The filtered solution is evaporated to concentrate and hexanes are added to 

recrystallize the product. [Au(PPh3)3]PF6: 
31P{1H} NMR (CD3Cl):  32.52.  M.p. 197 °C, 

Anal. Calcd (found): C 57.46 (56.43), H 4.02 (3.91), P 10.98 (10.88). UV/Vis: max = 

224 nm. Crystals were grown by vapor diffusion fron CH2Cl2/Hexanes. 
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2.2.4 Crystal Structure Determination 

 The structure was determined Dr. Charles Campana from Bruker for crystals 

grown by the author by vapor diffusion from CH2Cl2/hexane. A pale yellow prism-like 

specimen of [Au{P(C6H5)3}3][PF6]·(C2H5OH), C56H51AuF6OP4, approximate dimensions 

0.13 mm x 0.13 mm x 0.15 mm, was used for the X-ray crystallographic analysis.  The 

X-ray intensity data were measured at 100(2) K on a Bruker Kappa APEX CCD area 

detector system equipped with a graphite monochromator and a Mo Kfine-focus 

sealed tube ( = 0.71073Å) operated at 1.5 kW power (50kV, 30mA).  The detector 

was placed at a distance of 3.991 cm. from the crystal.  

 A total of 1116 frames were collected with a scan width of 0.5º in  or  and an 

exposure time of 5 sec/frame.  The total data collection time was 2.17 hours.  The 

frames were integrated with the Bruker SAINT software package using a narrow-frame 

integration algorithm.  The integration of the data using a monoclinic cell yielded a total 

of 73825 reflections to a maximum  angle of 33.16 (0.65Å resolution), of which 18167 

were independent (redundancy 4.06, completeness = 96.4%, Rint= 3.41%, Rsig = 

3.18%) and 13231 (72.8%) were greater than 2 sigma(I).  The final cell constants of a 

= 15.0029(5) Å, b = 15.6004(5) Å, c = 21.5465(7) Å, = 102.0860(10)°, volume = 

4931.2(3) Å3, are based upon the refinement of the XYZ-centroids of  7538 reflections 

above 20 (I) with 5.55° < 2 < 66.26°.  Analysis of the data showed negligible decay 

during data collection.  Data were corrected for absorption effects using the multi-scan 

technique (SADABS).   The ratio of minimum to maximum apparent transmission was 

0.6788.   The calculated minimum and maximum transmission coefficients (based on 

crystal size) are 0.6473 and 0.6922. 
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 The structure was solved and refined using the Bruker SHELXTL (Version 6.1) 

Software Package, using the space group P21/n, with Z = 4 for the formula unit, 

C56H51AuF6OP4. The final anisotropic full-matrix least-squares refinement on F2 with 616 

variables converged at R1 = 2.47%, for the observed data and wR2 = 6.32% for all 

data.   The goodness-of-fit was 1.026.  The largest peak on the final difference electron 

density synthesis was 2.729e-/Å3 and the largest hole was -0.772e-/Å3 with an RMS 

deviation of 0.100e-/Å3.  On the basis of the final model, the calculated density was 

1.582 g/cm3 and F(000), 2352e-. 

 

2.3 Results 

2.3.1 Crystal Structure Determination 

[Au(PPh3)3][PF6] is found to have a near D3h symmetry as seen in the ORTEP 

diagram in Figures 2.2-2.4 (All crystal parameters are listed in Tables 2.1-2.2).  Crystals 

were obtained from a solution of CH2Cl2.  The complexes crystallized in the monoclinic 

P21/n space group. In the absence of the phenyl rings, the effective symmetry of the 

coordination sphere containing the gold and the three phosphorus is close to trigonal 

planar where the sum of the P-Au-P angles is 360. The Au-P phosphine distances are 

2.3865(4) Å, 2.3918(4) Å, 2.3632(4) Å and are close to most Au-P complexes.  The PF6 

anion has no interaction with the complex where the distance from the complex is 

13.994 Å. 
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Figure 2.2.   A view of the [Au{P(C6H5)3}3
+] cation showing the numbering scheme 

employed. 



28 
 

 

Figure 2.3.   A view of the [Au{P(C6H5)3}3
+] cation.  Anisotropic atomic displacement 

ellipsoids for the non-hydrogen atoms are shown at the 50% probability 

level.  Hydrogen atoms are displayed with an arbitrarily small radius. 
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Figure 2.4.   A view of the molecular packing [Au{P(C6H5)3}3][ PF6]·(C2H5OH), from the 

crystal structure (projection down the a axis). 
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Table 2.1.  Sample and crystal data for [Au(PPh3)3][PF6]. 

_______________________________________________________________________ 

Empirical formula C56 H51 Au F6 O P4 

Chemical formula [Au{P(C6H5)3}3][ PF6]·(C2H5OH) 

Formula weight 1174.81 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.15 x 0.13 x 0.13 mm  

Crystal habit prism 

Crystal system monoclinic 

Space group P21/n 

Unit cell dimensions a = 15.0029(5) Å = 90° 

 b = 15.6004(5) Å = 102.0860(10)° 

 c = 21.5465(7) Å  = 90° 

Volume 4931.2(3) Å3 

Z 4 

Density (calculated) 1.582 g/cm3  

Absorption coefficient 3.176 mm-1 

F(000) 2352 

______________________________________________________________________ 
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Table 2.2.  Significant bond lengths (Å) and angles () for [Au(PPh3)3][PF6]. 

_______________________________________________________________________ 

Au1-P1 2.3865(4)                     P1-Au1-P2                      114.93 

 Au1-P2 2.3918(4)                     P2-Au1-P3                      123.00 

Au1-P3 2.3632(4)   P1-Au1-P3                      121.91 

C-C (avg)                       1.3913 

P-C (avg)                       1.8200 

Distance to solvent         4.636 

Distance to anion           13.994 

______________________________________________________________________ 

 

2.3.2 Photoluminescence Spectroscopy 

 

In the solid phase the compound emits at 498 nm. Figure 2.5 displays the 

photoluminescence spectra of [Au(PPh3)3][PF6] where peaks with broad, unstructured 

features indicate metal-based emission from 70 - 298 K. This is common due to thermal 

band broadening.  Thermal broadening is prevalent when looking at the increase in full 

width at half maximum (FWHM) when temperature is increased.  In Figure 2.5 

luminescence intensity increases as temperature is decreased, this correlates directly 

with lifetime measurements.  The lifetime is higher at cryogenic temperatures due to 

the decrease of non-radiative transitions (knr) at lower temperatures. 

Photoluminescence quantum efficiency (PL) directly compares to the drop in intensity 

as temperature is increased and was determined according to literature procedure on 

determination of direct quantum yield measurements.8 In all Stokes’ shift (SS) in the 



32 
 

range of 8000 to 10 000 cm-1 indicate large excited state distortion that was determined 

computationally.7a  
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Figure 2.5. Photoluminescence emission and excitation spectra of solid [Au(PPh3)3][PF6] 
at multiple temperatures (a-70 K, b-90 K, c-120 K, d-150 K, e-180 K, f- 210 
K, g-250 K, h-298 K).   
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Table 2.3.  Photoluminescence excitation, emission and lifetime data for solid 
[Au(PPh3)3][PF6]. 

 
Temp (K) exc (nm) em (nm)  (s) 

70 350 498 12.00 ± 0.07 

90 350 498 11.37 ± 0.07 

120 350 497 11.29 ± 0.07 

150 350 496 10.50 ± 0.07 

180 350 494 9.98 ± 0.06 

210 350 492 11.07 ± 0.06 

250 350 489 10.15 ± 0.09 

298 350 488 9.72 ± 0.06 
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Frozen solution photoluminescence experiments exemplify the rigidochromic 

shift.  The solution at cryogenic temperatures behaves similarly to the solid with a rigid 

matrix that will not allow for the degree of distortion in solution or the gas phase.  

Figures 2.5-2.7 and Table 2.4 plot and outline the spectral results of frozen solution 

photoluminescence measurements in a 0.01 M solution of CH2Cl2. 
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Figure 2.6.  Absorption spectrum (0.0001 M CH2Cl2, dashed line) and photoluminescence 

excitation and emission spectra (solid lines) of [Au(PPh3)3][PF6] in 0.01 M 

CH2Cl2 at 70 K and 240 K (Spectra are normalized for comparison). 
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Figure 2.7.  Photoluminescence spectra of [Au(PPh3)3][PF6] in 0.01 M CH2Cl2 at multiple 

temperatures-solid lines, and solid at 77 K – dashed line, a – 70 K, b – 

160 K, c – 165, d – 166 K, e – 167 K, f – 168 K, g – 173 K, h – 190 K, i – 

240 K.  (Spectra are normalized for comparison). 
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Table 2.4. Photoluminescence spectra of [Au(PPh3)3][PF6] in 0.01 M CH2Cl2 at multiple 

temperatures (graphically plotted in Figure 2.6-2.7). 

 

 (K) exc (nm) em (nm) SS (103 cm-1) (s) 

70 290, 340 498 9.33 14.87 ± 0.21 

160 290, 340 502 9.49 11.72 ± 0.06 

165 290, 340 512 9.88 10.72 ± 0.07 

166 290, 340 516 10.03 10.85 ±  0.01 

167 290, 340 520 10.18 11.53 ± 0.11 

168 290, 340 525 10.36 11.31 ± 0.10 

173 290, 340 547 11.13 10.63 ± 0.09 

190 290, 340 545 11.06 7.16 ± 0.15 

240 290, 340 540 10.89 5.27 ± 0.27 

 

 Cryogenic solvent temperatures have similarity with solid powder where the solid 

em is 498 nm at 77 K and the frozen solution is 498 nm at 70 K.  When heated, a red-

shift occurs as the frozen matrix approaches the fluid state.  Between 70 and 160 K, 

little red shifting takes place due to insignificant phase change between solid and liquid 

phases despite the large temperature change. In contrast, in the narrow temperature 

range between 168 and 173 K melting occurs and the largest red-shift is observed. The 

normal melting point temperature of CH2Cl2 is 178 K and a colligative effect9 decreases 

at this temperature versus pure solvent. Table 2.4 lists the Stokes’ shift (SS) of each 

spectrum and is seen is as SS increases the amount of distortion increases.  The energy 
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difference between the spectrum at 70 K and 173 K (the most drastic shift) is   1800 

cm-1. The frozen solution exhibits a bright blue emission color and, as it warms up, a 

gradual change to green-yellow emission color takes place with a concomitant decrease 

in intensity and lifetime.  A dramatic shift in the color of the emission occurs at the melt 

temperature of the solution of [Au(PPh3)3][PF6] in CH2Cl2.   

A drastic change in emission color also occurs when solid glass is formed when a 

0.0001 M solution of [Au(PPh3)3][PF6] in 2-methyltetrahydrofuran (MTHF) occurs while 

the solution freezes.  Figure 2.8 and Table 2.5 is the photoluminescence spectra and 

spectral parameters of [Au(PPh3)3][PF6] in a solution of MTHF.
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Figure 2.8. Photoluminescence spectra of [Au(PPh3)3][PF6] in 0.0001 M 2-
methyltetrahydrofuran at multiple temperatures-solid lines, and solid at 
77 K – dashed line, a – 70 K, b – 90 K, c – 95, d – 100 K, e – 110 K, f – 

115 K, g – 120 K, h – 150 K, i – 180 K, j – 210 K, l – 250 K, m – 298 K. 
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Table 2.5  Photoluminescence spectral data for 0.0001 M solution in MTHF of 
[Au(PPh3)3][PF6] at multiple temperatures (graphically plotted in Figure 
2.7). 

 

(K) exc (nm) em (nm) SS (103 cm-1)  (s) 

70 294, 330 472 9.12 15.49 ± 0.06 

90 294, 331 473 9.16 14.95 ± 0.07 

95 294, 332 474 9.21 15.48 ± 0.05 

100 294, 333 476 9.29 15.32 ± 0.10 

105 294, 334 487 9.77 14.47 ± 0.05 

110 294, 335 525 11.26 15.09 ± 0.07 

115 294, 336 544 11.92 15.30 ± 0.07 

120 294, 337 548 12.05 15.31 ± 0.07 

150 294, 338 540 11.78 8.48 ± 0.05 

180 294, 339 540 11.78 5.08 ± 0.10 

210 294, 340 540 11.78 5.99 ± 0.10 

250 294, 341 538 11.72 6.63 ± 0.30 

298 294, 342 529 11.40 5.64 ± 0.40 

 

 

At low concentration a frozen glass transparent matrix of the complex in MTHF, a 

blue-shift (Table 2.5, 472 nm) in emission at 70 K versus the 0.01 M CH2Cl2 frozen 

solution (Table 2.4, 497 nm) and this blue-shift is even more drastic versus than the 

solid itself (Table 2.3, 498 nm).  In the solid phase there is significant π-π interaction 



40 
 

between the phenyl rings stabilizing the energy of the highest singly occupied molecular 

orbital (SOMO) subsequently lowering its orbital energy and red-shifting the emission.  

Further evidence is seen when the complex is dissolved at low concentrations in MTHF 

and frozen to 70 K where the π-π interaction of the phenyl rings is diminished by 

increasing the ring distance.   In the extremely low concentration emission in glass 

there should be no interaction and the emission is from the complex itself. 

From the data in Table 2.5, and seen graphically in Figure 2.8, there is a large 

shift in luminescence energy as the solution is warmed from 90 to 110 K.  Physically, 

the change is from blue to bluish-green emission color.  Soon after, another leap 

between 110 and 120 K marking a luminescence shift from bluish-green to yellow.  

Here it is clear that there are three distinct colors seen as temperature is increased.   

The largest difference in luminescence energy corresponds to a rigidochromic shift of 

2890 cm-1 (110 K vs 120 K; see Table 2.5). 

 

2.3.3 Absolute Photoluminescence Quantum Yield 

2.3.3.1 Solid [Au(PPh3)3][PF6] 

Absolute photoluminescence quantum yields (PL) have been directly measured 

for both the solid and solution in MTHF at 90 K using an integrating sphere.  In 

conjunction with the temperature dependent photoluminescence emission spectra, 

temperature dependent PL values have been extrapolated by dividing the calculated 

area under the curve of each emission spectrum at a given temperature and multiply 

the quotient by the experimentally determined PL at 90 K.  As temperature is increased, 

both the absolute quantum yield and the lifetime of the emission decrease due to the 
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increase of non-radiative transitions that occur at higher temperatures.  The following 

equations explain the relationship between radiative (kr) and non-radiative (knr) rate 

constant with lifetime and absolute quantum yield.  

Equation 1 is the relationship of temperature (T) and pre-exponential constant 

(k0) with non-radiative rate constant (knr).
10                                                        

                                           𝑘𝑛𝑟 =  𝑘0𝑒
−𝐸𝑎
𝑅𝑇                                              (1) 

From equation 1 as T increases knr increases as well.  Both  and pl are inversely 

proportionately to the effects of knr.  Equations 2 and 3 are the relations linking  and 

PL to knr respectively.  While knr is strongly temperature-dependent, kr is temperature 

dependent. 

                                              =  
1

𝑘𝑟+ 𝑘𝑛𝑟
                                                 (2)               

                                          
𝑃𝐿

=
𝑘𝑟

𝑘𝑟+ 𝑘𝑛𝑟
                                               (3) 

In both cases of  and PL, when one relates the three expressions it is clear that 

higher temperatures decrease the quantum yield of the material. 

In a previous study it was determined that the PL could be calculated from  

based on equations 1, 2 and 3.11  The same treatment was done for the solid sample of 

[Au(PPh3)3][PF6] where equations 1 and 2 are combined to give equation 4. 

   
 1


=  𝑘𝑟 + 𝑘𝑛𝑟 =  𝑘𝑟 + 𝑘0𝑒

−𝐸𝑎
𝑅𝑇                             (4) 
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From equation 4, when the inverse value of  is plotted versus the inverse of T 

the values for kr and knr are extrapolated, substituted into equation 3 and the value for 

PL is determined for each temperature when fit to an exponential decay.   

 Table 2.6 is a summary of the temperature dependent  and PL determined for 

the solid sample of [Au(PPh3)3][PF6].   Four methods are used to determine 

luminescence quantum efficiency: Method 1 utilizes the direct measurement from the 

integrating sphere, Method 2 extrapolates the efficiency from the lifetime collected at 

each temperature and 3a and 3b extracts the value of PL from the integrated steady 

emission spectrum at 90 K and 298 K respectively. 

 
Table 2.6.  Photoluminescence lifetime and quantum yield data for solid 

[Au(PPh3)3][PF6]. 
 

 Method 1 Method 2 Method 3a Method 3b 

PL (298 K) 0.74 0.75 0.76 ---------- 

PL(90 K) 0.84 0.87 ---------- 0.82 

kr  (s
-1) ---------- 7.6  104 ---------- ---------- 

 

 Figure 2.9 is plots 
1


 versus 

1

T  
 where the value of kr is determined, from which  

knr values are determined versus temperature as summarized in Table 2.7 for the solid 

sample of [Au(PPh3)3][PF6].  In Table 2.7 the values of PL determined by a) direct 
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measurements from the integrating sphere and b) calculated values from lifetime 

measurements are compared. 
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Figure 2.9.  Plot of 
1


 versus 

1

𝑇  
 for [Au(PPh3)3][PF6](s).  The value for kr is determined 

to be 7.6  104 s-1 from the inset. 
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Table 2.7.  Determination and comparison of PL determined by direct measurement 

and calculated from .  knr values are determined are reported versus 

temperature. 

 

Temp (K)  (s) knr (s
-1) PL

a PL
b 

70 12.00 ± 0.07 8459 0.90 0.94 

90 11.37 ± 0.07 11680 0.87 0.84 

120 11.29 ± 0.07 15491 0.83 0.82 

150 10.50 ± 0.07 18350 0.81 0.81 

180 9.98 ± 0.06 20544 0.79 0.81 

210 11.07 ± 0.06 22270 0.77 0.78 

250 10.15 ± 0.09 24063 0.76 0.78 

298 9.72 ± 0.06 25691 0.75 0.74 

                   aCalculated from  measurements.  Graphically plotted in Figure 2.8. 

                   bDetermined from direct measurements from the integrating sphere. 

 

 From Figures 2.5 and 2.8, and Tables 2.6 and 2.7 one sees a substantial 

agreement between the different methods for determining PL.  In Table 2.7 it is clear 

that as temperature is decreased knr also decreases.  This is exemplified by a 20% 

increase in PL when temperature is dropped to 70 K from room temperature.  A large 

value of kr (7.6  104 s-1) makes [Au(PPh3)3][PF6](s) a very bright and efficient 
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luminescent phosphor.  With a 74% photoluminescence quantum yield at room 

temperature, this complex is found to be an extremely bright and efficient blue emitter.  

This is significant in part for applications in OLEDs since blue phosphors are highly 

coveted. As temperature decreases, the value of PL rises by 20% to PL = 94% at 70 K.  

The value of kr  is determined from the lifetime data and is listed in Table 2.6. 

 

2.3.3.2 Solution of [Au(PPh3)3][PF6] in MTHF 

 Given the validation of the method of determining temperature dependent PL, 

direct measurement of the PL of the 1.0  10-4 M solution of [Au(PPh3)3][PF6] was 

determined with the integrating sphere and photoluminescence emission spectra.  In 

the case of determination of PL in solution, the calculation method from  cannot be 

performed because of the luminescent shift.  Table 2.8 is the experimentally determined 

temperature dependent PL for the solution of [Au(PPh3)3][PF6] in MTHF.   
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Table 2.8.  Temperature dependent photoluminescence quantum yield measurements 

of 1.0  10-4 M solution of [Au(PPh3)3][PF6] in MTHF.  

 

Temperature (K) PL 

70 0.83 

90 0.83 

95 0.82 

100 0.82 

105 0.85 

110 0.91 

115 0.93 

120 0.92 

150 0.35 

180 0.18 

210 0.07 

250 0.04 

298 0.02 

 

 With the photoluminescence emission data generated in Figure 2.6 compared to 

the PL values in Table 2.8 the most photoluminescence efficiency is seen at 110, 115 

and 120 K when the largest rigidochromic shift occurs.  At these temperatures the 

solution is liquid and the color has dramatically shifted from green to yellow-green (525 

 544  548 nm).  The solution is fluid so very little contribution of packing effect to 

knr is reducing the emission of photons versus the frozen solution and the solution is not 
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fluid enough to reduce emission by solvent effect.  In total, the combination of solution 

fluidity and temperature makes the emission of the solution extremely bright during the 

physical rigidochromic shift of the emission.  Verified by the physical emission of the 

solution is that at high temperatures the emission becomes very weak to the eye where 

efficiency values from Table 2.8 at temperatures ranging from 210 to 298 K measured 

to be less than 1%. 

 

2.4 Conclusion 

In conclusion, luminescent rigidochromism has been discovered in the variable 

temperature solution study of cationic Au(I) phosphine complexes where in CH2Cl2 the 

shift is 1800  cm-1 and in MTHF the shift of 2890 cm-1 is the largest reported in the 

literature.  Dramatic temperature dependent color variation makes [Au(PPh3)3][PF6] an 

excellent candidate for temperature sensors in organic solvent and luminescent probes 

of environment fluidity.  In addition to the rigidochromic shift in solution, a new method 

to determine the photoluminescence quantum yield (PL) at multiple temperatures has 

been standardized where the combination of direct PL and photoluminescence emission 

spectra at varying temperatures yield the desired information.  What is determined is 

the solution of [Au(PPh3)3][PF6] is extremely luminescent efficient at low temperatures 

in the region where the region where the largest rigidochromic shift occurs (110  120 

K) with PL values larger than 90%.  The values determined for PL for this Au(I) 

complex rival those of tunable laser dyes at room temperature.  With that this complex 

may also finds its application in fine tuning laser systems with the high 
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photoluminescence efficiency and the very fine tunability of the complexes inherent 

rigidochromic shift. 
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CHAPTER 3 

 

SPIN – ORBIT COUPLED MICROSTATES OF GOLD(I) – PHOSPHINE COMPLEXES 

 

3.1 Introduction 

Transition metal complexes coordinated to organic ligands are currently being 

studied in organic light emitting devices (OLEDs) and being tested as a low-cost 

alternative in applications like thin-layer lighting, and full color displays1-6 due to 

emission from electronically forbidden transitions or phosphorescent transitions (i.e. S 

 0).7,8 Using phosphorescent metal complexes increases the internal efficiency of the 

devices by 75% versus their fluorescent analogs;9 therefore, heavy metal-centered 

emissive complexes have added an additional effectiveness in low energy lighting where 

a 100% internal efficiency can be theoretically reached.1,3-5,8,9  Metal-centered emission 

with significant mixed spin-orbit coupling show much promise in the field of solid state 

lighting applications due to a) fast intersystem crossing and b) the isolated influence of 

the metal center makes the phosphorescence transition more favorable and decreases 

the phosphorescent lifetime.10 However, efficient and bright room temperature 

phosphorescent complexes can be rare because of the spin-forbidden nature of the 

emissive transition while fluorescent materials are much more common and tend to be 

brighter.  Three coordinate Au(I)–phosphine complexes have been found to be bright at 

room temperature and have photoluminescence quantum efficiencies that are 
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approximately 75%.11  Studied here is the interesting photoluminescent behavior of the 

cationic three coordinate Au(I) complex [Au(TPA)3]Cl (where TPA = tris(1,3,5-triaza-7-

phosphaadamantane)gold(I)). Figure 3.1 depicts the cationic structure of [Au(TPA)3]
+. 

Although the emissive nature of [Au(TPA)3]Cl presented here is only present at low 

temperatures, the complex with its multiple resolvable spin-orbit coupled emissive 

states is an excellent representation of the fundamental luminescence properties of 

monomeric Au(I)-phosphine complexes that do emit brightly at room temperature and 

are candidates for OLEDs.11  

 

Figure 3.1.  The molecular structure of tris(1,3,5-triaza-7-phosphaadamantane) Au(I) 
cation ([Au(TPA)3]

+). 
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Over the past 30 years, data collected in regards to the photochemistry and 

spectroscopy of heavy transition metal complexes have been attributed to large spin-

orbit coupling effects. Tris(2,2’-bipyridine)ruthenium(II) ([Ru(bpy)3]
+) and derivatives 

thereof was at the forefront of such research efforts because of its characteristic 

luminescence properties.12  With an octahedral effective symmetry, the excited states 

responsible for the emissions have been well defined by numerous groups.13-17 With 

large spin-orbit  values for transition metal atoms (e.g. Co = 517 cm-1, Rh = 968 cm-1, 

Ru = 878 cm-1, Os = 3500 cm-1, Ir = 3600 cm-1, W = 2089 cm-1, Pt = 4052 cm-1, Au 

= 5091 cm-1)18 it is not uncommon to see spin-forbidden transitions causing brightly 

phosphorescent emission.  For example, frozen solution luminescence spectroscopy 

revealed that ruthenium, osmium and iridium bipyridinyl complexes showed that the 

luminescence are phosphorescent due to spin-forbidden metal-to-ligand charge transfer 

(MLCT) excited states.19  

It was experimentally determined that multiple emissions of [Ru(bpy)3]
2+ and 

[Os(bpy)3]
2+ could be resolved at low temperature and this resolution was proposed to 

be due to ligand based spin-orbit microstate splitting of the formally triplet 

phosphorescent states.13a In addition, the low-lying spin-mixed splitting of the emissions 

of bis-[2-(2-thienyl)-pyridine] platinum and palladium (Pt(thpy)2 and Pd(thpy)2)  as well 

as tris(2-phenylpyridine) iridium (Ir(ppy)3) were calculated by the discrete variable 

representation (DVR) method.7,8 These simulations indicated that the low-lying singlets 

and triplets states are in fact mixtures of these “pure” spin states arising from the spin-

orbit coupling mechanism.  In comparison to the transition metals listed above (Ru, Os, 

Ir, Pt, Pd), gold has (a) significantly larger  values,18 and (b) metal-centered emission 
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in many of its phosphorescent complexes11a,20 while the aforementioned complexes of 

the listed metals generally exhibit emissions from states that are ligand-centered or 

MLCT Russell-Saunders triplet.  In comparison to the well documented MLCT based 

spin-orbit coupling of [Ru(bpy)3]
2+ and [Os(bpy)3]

2+, wherein the spin-orbit splitting 

between microstates is 60 and 220 cm-1 respectively,13 the metal-based microstate 

splitting found here experimentally for [Au(TPA)3]Cl on in the order of  5000 cm-1 for 

the phosphorescent excited states.   

 

3.2 Experimental Section 

3.2.1 General Procedures 

All manipulations were carried out under an atmosphere of purified argon using 

standard Schlenk line techniques. Solvents were purchased from commercial sources, 

distilled over conventional drying agents and degassed by purging with argon gas. 

Glassware was oven-dried at 150 ºC overnight. 

 

3.2.2 Physical Measurements 

The luminescence measurements were carried out for purified recrystallized 

material. Steady-state luminescence spectra were acquired with a PTI QuantaMaster 

Model QM-4 scanning spectrofluorometer. The excitation and emission spectra were 

corrected for the wavelength-dependent lamp intensity and detector response, 

respectively.  Lifetime data were obtained using a xenon arc flash lamp and 

phosphorescence detector and/or fluorescence and phosphorescence subsystem add-



54 
 

ons to the aforementioned PTI instrument by means of N2 dye uses. Temperature-

dependent measurements for the solid materials were achieved using an Oxford optical 

cryostat, model Optistat CF ST, interfaced with a liquid nitrogen or liquid He tank. 

Absorption spectra were acquired with a Perkin-Elmer Lambda 900 double-beam 

UV/Vis/NIR spectrophotometer for solutions of crystalline samples prepared in HPLC 

grade dichloromethane using standard 1-cm quartz cuvets. 31P{1H} NMR spectra were 

recorded in D2O at ambient temperature on a Varian spectrometer operating at 300 

MHz for proton spectra. The chemical shifts in the 31P{1H} NMR spectra are reported 

relative to 85% H3PO4 in D2O. 

 

3.2.3 Synthesis of [Au(TPA)3]Cl 

To a stirred suspension of tetrahydrothiophene gold(I) chloride (100 mg, 0.31 

mmol) in 10 ml MeOH:CH3CN (2:1) was added 1,3,5-triaza-7-phosphaadamantane 

(TPA) (49 mg, 0.31 mmol). After stirring for 2 h, an additional 49 mg of the ligand was 

added. The white suspension was stirred for 3 h after which the third 0.31 mmol 

portion of the TPA ligand was added. In 10 minutes a clear solution formed and stirring 

continued for 3 h followed by filtration to remove any suspension. A white product was 

precipitated out by the addition of Et2O. 31P{1H} NMR (D2O, 85% H3PO4) -55.3 ppm.  
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3.3 Results 

3.3.1 Photoluminescence Steady State Emission and Lifetime 

The photoluminescence of the water-soluble [Au(TPA)3]Cl complex was 

previously reported by the Fackler group, however only the green emission of the solid 

(533 nm at room temperature, 517 nm at 77K); solution (547 nm) was reported.21 

While aqueous solution luminescence has been characterized with different transition 

metal centers, the [Au(TPA)3]Cl, Na8[Au(TPPTS)3] and Cs8[Au(TPPTS)3] were the first 

examples of aqueous Au(I) based luminescence to be discovered.21 As no crystal 

structure could be determined for this complex, the authors in reference 21 used a 

Stern-Volmer analysis to verify the presence of the complex as 3–coordinate.  

Density functional theory (DFT) computations were performed to (a) determine 

the electronic structure of the phosphorescent excited state, and (b) model the 

emission energy of the phosphorescent transition. It was determined in a previous work 

by Barakat et. al. using quantum mechanical/molecular mechanics computations20 that 

the geometric distortion around the gold was from a ~D3h ground state geometry to a 

~C2v phosphorescent excited state and the calculated emission was 774 nm.20  While 

this computational treatment attained excellent agreement with the experimental 

luminescence data for the [Au(PPh3)3]
+ in Chapter 2, the predicted deep-red 

phosphorescence of [Au(TPA)3]
+ is in qualitative disagreement with the aforementioned 

experimental results reported by the Fackler group, necessitating this expanded study 

to re-visit this complex both experimentally  and computationally.  The experimental 

luminescence data are shown in Figures 3.2-3.5 and Tables 3.1-3.2.  Figure 3.4 is the 
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time-resolved photoluminescence spectra of [Au(TPA)3]Cl and shows resolution of each 

phosphorescent emission bands.  Luminescence studies on recrystallized materials at 4 

K the blue-green emission reveal emission maximum (em,max) at 500 nm as well as a 

red emission at 650 nm with an excitation maximum (exc,max) of 384 nm. In addition to 

the green and red emissions present when excited with 384 nm, another red emission 

band is uncovered at 660 nm when excited with 275 nm. According to Figure 3.2, the 

660 nm emission band is dominant when excited with 275 nm but the 500 nm green 

emission is also present.  In addition, a ultra-violet weak emission at 277 nm is 

determined when the material is excited with 244 nm.  When the solid is warmed to 70 

K (Figure 3.3) the four emission bands are still present but the green emission band is 

slightly blue-shifted, from 500 nm to 495 nm, whereas the red emission band at 650 

nm is blue-shifted to 648 nm and the 660 nm band is blue-shifted to 630 nm.  The 

blue-shift in the lowest-energy emissive band corresponds to 600 cm-1.  The higher 

energy ultra-violet emission at 277 nm slightly red shifts to 280 nm upon warming to 70 

K. In addition to the shift in luminescence energies, the green and red bands that come 

from excitation with 384 nm also show a change in relative intensity when the 

temperature is increased.   
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Figure 3.2. Photoluminescence emission spectra of solid [Au(TPA)3]Cl at 4 K.  em,max = 

500 and 650 nm correspond to a exc,max = 384 nm while em,max = 660 nm 

correspond to a exc,max = 275 nm.  em,max = 277 nm correspond to a 

exc,max = 244 nm. (* peak due to filter) 
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Figure 3.3. Photoluminescence emission spectra of solid [Au(TPA)3]Cl at 70 K.  em,max = 

495 and 647 nm correspond to a exc,max = 383 nm while em,max = 630 nm 

correspond to a exc,max = 275 nm.  em,max = 280 nm correspond to a 

exc,max = 244 nm. 
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Figure 3.4. Time-resolved photoluminescence emission spectra of solid [Au(TPA)3]Cl at 

70K.  em,max = 490 and 648 nm correspond to a exc,max = 380 nm while 

em,max = 627 nm correspond to a exc,max = 290 nm.  The delay of the pulse 

is listed within the figure. 
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Figure 3.5.  Photoluminescence excitation spectrum of [Au(TPA)3]Cl at 4 and 70 K. The 
solid line spectra were obtained monitoring em,max = 495 nm while the 

dashed line spectra were obtained monitoring the em,max = 650 nm.  

 

 At 4 K the green emission at ~500 nm has relatively larger emission intensity 

than that of the ~650 nm emission but when warmed to 70 K the relative intensity of 

the ~650 nm emission increases in relation to the ~500 nm emission.    
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 In Figure 3.5, strong excitation energies in the regions ranging from 247 to 390 

nm correspond to the fluorescent (270 nm) and phosphorescent emissions (500, 650 

and 660 nm) of [Au(TPA)3]Cl.  The absorption and emission transitions can be 

determined from the orbital energy levels in Figure 3.6 where the correlation diagram of 

select orbitals in the D3h ground state and C2v excited state show how the symmetry of 

the energy levels of the ground state changes as it Jahn-Teller20 distorts upon one 

electron excitation. 

 

Figure 3.6.  Correlation diagram for the molecular orbitals of AuL3 for a trigonal planar 

(D3h) ground state with the seesaw (C2v) excited state. 
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  In reference to Figure 3.6, the absorption transition for the D3h ground state is a 

promotion from the degenerate e’ (dxy,dx
2
-y

2)  to the a2” (pz) orbital and has the Russell-

Saunders terms 1A1’  3E” which is attributable to the 383 nm excitation band.  In a D3h 

3-coordianate Au(I) phosphine complex, spin-orbit coupling splits the 3E” to A1’ + A2’ + 

E’ +E” and according to dipole selection rules 1A1  E’ is allowed.22 

 Upon further analysis of the correlation diagram where the C2v distorted excited 

state orbital energy levels are plotted in Figure 3.6, it is concluded that emission from 

the lowest phosphorescent excited state have the transition of 3A1  1A1 stemming 

from relaxation from the a1 (pz) orbital to the a1 (dx
2
-y

2) orbital.  Spin orbit coupling 

splits the 3A1 state in into A2 + B1 +B2 where B1 and B2 are dipole allowed.  While it was 

determined that there is 3 emission bands from Figure 3.2-3.4 and the spin-orbit 

analysis determined that only 2 are allowed (B1 and B2), it is hypothesized that the 

chloride counterion forms an exciplex when excited to the lowest energy 

phosphorescent excited state similar to the 2-cordinate cationic [Au(TPA)2]Cl complex.11 

[Au(TPA)2]Cl is characterized by crystallography and computational analysis to be a 2-

coordinate cation in the ground state and a 3-coordinate neutral exciplex in the excited 

state with a true near C2v symmetry.11,23  Figure 3.7 is the result of photoluminescence 

excitation and emission spectra determined at 77 K for the [Au(TPA)2]Cl complex and 2 

emission bands were found at 485 and 650 nm and is consistent to the spin-orbit 

analysis where 2 emissive transitions are dipole allowed (B1 and B2). Excited-state 

complexation (exciplex formation) of the chloride counterion in the phosphorescent 

excited state of [Au(TPA)3]Cl ionic complex relaxes selection rules by perturbing the C2v 

symmetry enough to make the forbidden transition (A2) allowed and hence three 
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emission bands (Figures 3.2-3.4) have been successfully resolved.  The emission at 650 

nm has been designated to the A2 transition due to the weak intensity in Figures 3.2-

3.4.  According to symmetry, B2 corresponds to the 500 nm emission while B1 relates to 

the 660 nm band.  Interestingly, the B1 emission band red-shifts upon warming from 4 

K to 70 K and for reference all supporting analysis will follow the results of spectroscopy 

measurements at 4 K. 
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Figure 3.7.  Photoluminescence excitation and emission spectra of [Au(TPA)2]Cl at 77 K.  
Emissions at 650 nm (exc = 293 nm, dashed line) and 485 nm (exc = 350 

nm, solid line) correspond to transition from B1 and B2 spin states.  
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According to Figures 3.2-3.5 multiple emission bands arise from varying the 

excitation energy.  The red emission more closely relates to the DFT/MM ONIOM 

computations.20 The overestimation of the calculated value versus the experimentally 

derived value (774 vs 650 or 660) can be ascribed to overestimation of the gas-phase 

calculated excited state distortion versus the more hindered geometric distortion in a 

crystalline matrix.24  A trend was identified with the emission energy and cone angle of 

the coordinated phosphine:20  as the cone angle of the phosphine was decreased the 

emission energy red-shifted.  Since TPA has the smallest cone angle among the Au-

phoshine complexes studied, it had the largest calculated geometric distortion and 

subsequently the most red-shifted emission energy.  Since only the green emission was 

reported by Fackler,21 the resolution of the red emissions discovered in this study a) 

validates the “T-shape” excited state distortion found by DFT calculations of 3–

coordinate Au(I)–phosphine complexes,11,20 and b) verifies that the emission calculation 

of the [Au(TPA)3]
+ is within a suitable range for which experiments can be compared.  

Lifetime () measurements for the visible emissions determined that each 

corresponds to a separate transition that is indeed phosphorescent.  Figures 3.8-3.13 

and Table 3.1 and 3.2 is the results of the decay measurements determined for each 

transition at 4 and 70 K. 
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Figure 3.8.  Phosphorescence decay of 500 nm emission band when excited with 383 
nm at 4K.  Solid line is the instrument response function (IRF) and the 

dash line is the decay.  Lifetime is listed in Table 3.1. 
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Figure 3.9.  Phosphorescence decay of 650 nm emission band when excited with 383 
nm at 4K.  Solid line is the instrument response function (IRF) and the 
dash line is the decay.  Lifetime is listed in Table 3.1. 
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Figure 3.10.Phosphorescence decay of 660 nm emission band when excited with 275 
nm at 4K.  Solid line is the instrument response function (IRF) and the 

dash line is the decay.  Lifetime is listed in Table 3.1. 
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Figure 3.11.Phosphorescence decay of 495 nm emission band when excited with 383 
nm at 70K.  Solid line is the instrument response function (IRF) and the 
dash line is the decay.  Lifetime is listed in Table 3.2. 
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Figure 3.12.Phosphorescence decay of 630 nm emission band when excited with 275 
nm at 70K.  Solid line is the instrument response function (IRF) and the 
dash line is the decay.  Lifetime is listed in Table 3.2. 
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Figure 3.13.Phosphorescence decay of 650 nm emission band when excited with 383 
nm at 70K.  Solid line is the instrument response function (IRF) and the 

dash line is the decay.  Lifetime is listed in Table 3.2. 
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Table 3.1.  Emission energy and lifetimes of [Au(TPA)3]Cl(s) at 4 K. 

max,em (nm)  

500 47.5 ± 0.07 s 

650 52.8 ± 0.09 s 

660 73.0 ± 0.08 s 

 

Table 3.2.  Emission energy and lifetimes of [Au(TPA)3]Cl(s) at 70 K. 

max,em (nm) 

280 0.39 ± 0.08 ns  

495 6.81 ± 0.05 s 

630 13.5 ± 0.03 s 

647 22.5 ± 0.08 s 

 

 From Tables 3.1 and 3.2 it is seen that all transitions are from forbidden 

phosphorescent transitions from a triplet excited state to a singlet ground state.  

However, it is hypothesized that the deep UV emission at 277 nm is due to a singlet-

singlet transition, but as seen in the next section, j-j coupling makes all the transitions 

forbidden with the exception of the green emission band. The trend in temperature 

dependence follows the relation between  and radiative rate (kr) and non-radiative rate 

(knr) of the transition.  Each luminescent transition showed a decrease in decay rate. 
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3.3.2 Spin-Orbit Splitting of the Phosphorescent States of Gold(I) Complexes 

 In the classical experiments of emission from spin–orbit coupled states of 

bipyridyl complexes12 of Ru and Os by Crosby, it was determined that the spin states 

are split by a magnitude of hundreds.  In these experiments the emission of 

[Ru(bpy)3]
2+ and [Os(bpy)3]

2+ stems from a ligand based charge transfer and therefore 

a relatively small splitting was deduced.  Now in comparison to Au, the spin orbit  

value18 for the metal is 5091 cm-1 and the emission of Au(I)–phosphine complexes is 

metal based (refer to the broad unstructured emission in Figures 3.2–3.4) so it is not 

questionable to assume that the spin-orbit splitting of the lowest energy 

phosphorescence state will be much larger.  Here it is hypothesized that the spin-orbit 

spin splitting of the excited state of [Au(TPA)3]Cl is on the magnitude of 5000 cm-1 for 

the phosphorescent states (in reference to the emission energy difference between 

em,max Figures 3.2–3.4) which by far easily surpasses the emission splitting of 

[Ru(bpy)3]
2+ and [Os(bpy)3]

2+. 

A comparison of the spin-orbit splitting in [Au(TPA)3]
+ of the atomic ion of Au(I) 

itself is shown in Figure 3.13. The order of magnitude of the splitting between the 3D1 

and 3D2 is 10.1  103 cm-1 while the one between 3D2 and 3D3 is 2.6  103 cm-1, giving 

rise to a total splitting between the 3D1 and 3D3 states of ~13 000 cm-1.18  A significant 

amount of configuration mixing stabilizes the 3D2 microstate and destabilizes the 1D2 

bringing the 3D2 microstate closer in energy to the 3D3 state in relation to the 3D1 state 

(Figure 3.13).  The resolution of the spin-orbit microstate deduced by experimental 

luminescence spectroscopy leads us to analyze the splitting.  The multiple emissions 
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from [Au(TPA)3]Cl arise from perturbation from either a Russel-Saunders (LS coupling 

scheme) or from j-j coupling.  When the experimental splitting energies are analyzed, 

the perturbation scheme closely resembles that of j-j coupling. Figure 3.14 compares 

the difference in energy levels of the atomic ion when both, the Russell-Saunders LS 

coupling and j-j coupling, schemes are applied.  Qualitatitively, with no j-j coupling the 

3D2 state would be closer in energy to the 3D1 state.  Au(I) atoms are heavily subject to 

j-j coupling because the 1D2 energy level is found to be relatively lower in energy when 

compared to the Hg atom were the 1P1 level is ~20 000 cm-1 higher in energy then the 

3P0,1,2,3 levels.18  When the atomic ion is coordinated to a  donating ligand such as TPA 

in D3h symmetry, each of the energy levels destabilize with the largest difference in the 

energy occurring in the 3D1 level upon coordination.   
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Figure 3.14.  Spin-orbit splitting comparison a Russell-Saunders (left) and j-j splitting 

(right) of the Au(I) atomic ion when coordinated to the TPA ligand. 

  

According to Figure 3.13 when coordinated to a  donating ligand 3D1 stabilizes 

from 27.76  103 cm-1 to 20.00 103 cm-1, which is the largest stabilization, while 3D2 is 

reduced in energy from 17.64  103 cm-1 to 15.39  103 cm-1 and 3D3 is destabilized 

from 15.04  103 cm-1 to 15.15  103 cm-1. In this scheme the 1D2 state is destabilized 

from 29.62  103 cm-1 to 36.10  103 cm-1. What is notable from the figure is the 

relative distribution between the spin microstates in the complex stays relatively 

constant from the splitting within the atom itself.  In reference to Figure 3.2-3.4, the 
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large intensity of the green emission band (500 nm at 4K and 495 at 70K) signifies that 

this band is consistent with the formally allowed J = 10 transition.  

   Quantum mechanical computations were performed on the [Au(PH3)3]
+ by 

Grimes et. al. (unpublished results) and are presented here for the sake of discussion. 

The computational treatment was in order to interpret the experimental results in this 

chapter. Along the same lines as Koseki calculated the spin orbit splitting of Pt, Pd and 

Ir complexes7,8 where the B3LYP functional25 and SBKJC relativistic effective core 

potential26,27 with the corresponding valence basis sets augmented with Couty-Hall p-

functions28 on gold and an extra polarization d-function29 on each of the phosphorus 

atoms was used to optimize the ground and lowest energy phosphorescent excited 

state.  Spin-orbit coupling calculations were performed with fully optimized reaction 

space-configuration interaction (FORS-CI) computation with a Hartree-Fock reference 

wavefunction.  Compromise orbitals were generated by performing a state-averaged 

multiconfiguration self-consistent field (SA-MCSCF).7,8  

 Figure 3.15 and 3.16 is the result of the calculation of the emission and 

excitation spectra of [Au(PH3)3]
+ as well as a comparison to the experimentally derived 

spectra of [Au(TPA)3]Cl at 4 K.   
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Figure 3.15.  Comparison of calculated emission spectrum of [Au(PH3)3]
+ (dashed line) 

and the experimental luminescence of [Au(TPA)3]Cl at 4 K (solid lines). 
(Calculated emission spectrum was kindly provided by Tom Grimes of the 

Cundari group). 
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 Figure 3.16.  Comparison of calculated excitation spectrum of [Au(PH3)3]
+ (dashed line) 

and the experimental excitation of [Au(TPA)3]Cl at 4 K (solid lines). 
(Calculated emission spectrum was kindly provided by Tom Grimes of the 

Cundari group). 

 

 The calculated emission spectrum (dashed line in Figure 3.15) displays 4 

emission bands: a = 265 nm, b = 319 nm, c = 332 nm, d = 456 nm.   The calculations 

here are capable of calculating the L-S coupling scheme and four emission bands are 

present.  However, with calculation putting no weight on j-j coupling between the 1D2 
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and 3D2 (refer to Figure 3.14) the opposite trend on emission wavelengths is noted 

where the lower energy emissions (650 and 660 nm – Figures 3.2–3.4) are closer in 

energy while the calculated emission spectrum shows the higher energy wavelengths 

(265 and 319 nm – Figure 3.15) are closer in energy.  Figure 3.17 visually explains the 

calculated result by displaying the coordination to the  donating PH3 ligand when j-j 

coupling is not present as in Figure 3.14. 
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Figure 3.17.  Spin-orbit splitting of the Au(I) atomic ion with an estimation of the 3D2   
level when no j-j coupling is present (left) and the energy levels after 
they have been coordinated to the PH3 ligand (right). 

  

Figure 3.17 qualitatively explains the result of the calculated emission and 

excitation spectra where the calculated results follow a Russell-Saunders perturbation 

scheme while the experimental results follow a j-j coupling scheme (refer to Figure 

3.14).  The estimation allows for the proper weighting (similar splitting of the states in 

the complex versus the atom) of the microstates similar to that in Figure 3.14 and the 
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emission values in the blue region and red region show why a treatment of j-j coupling 

is needed when calculating the spin-orbit splitting of the complex.  However, in total of 

four emission bands were calculated and four emission bands were experimentally 

determined.  The calculations were able to predict the large splitting of the triplet 

excited-state emissions, however the difference between the TPA and PH3 ligand, 

however the use of the PH3 ligand may reduce computational expense but may put 

more emphasis on a purely metal-based system. 

 

3.4 Conclusion 

 The spin-orbit splitting of the three coordinate Au(I) complex [Au(TPA)3]Cl have 

been resolved by photoluminescence spectroscopy.  The splitting of the microstates are 

in the range of 5000 cm-1 in the phosphorescent emission which is unrivaled in the 

known literature.  For reference, the classical spin-orbit splitting experiments on the 

ligand based emissions [Ru(bpy)3]
2+ and [Os(bpy)3]

2+ showed splitting of the of 60 and 

220 cm-1 but there can be no comparison to metal based emissions of Au(I) – 

phosphine complexes.  Multi-reference calculations were performed for comparison and 

4 phosphorescent emissions were found.  Experimental and computational results 

derived in this chapter show complete resolution of the triplet microstates with 

qualitatively different colors whereas such a resolution was never realized in the 

literature. 
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CHAPTER 4 

 

COMPUTATIONAL AND PHOTOPHYSICAL EVIDENCE OF EXCITED STATE DISTORTIONS 

IN NEUTRAL 3–COORDINATE AU(I)–PHOSPHINE COMPLEXES 

 

4.1 Introduction 

Phosphorescent transition metal complexes have found their way in addressing 

efficiency issues in the technology of organic light emitting diodes (OLEDs) with the 

upper limit of the internal electroluminescence quantum efficiency in triplet emitters 

being 100% versus 25% for most singlet emitters.1 The heavy atom effect enhances 

organic ligand efficiency by large spin-orbit coupling,2 and metal-centered emissions are 

favorable because the direct influence of the metal makes the phosphorescent 

transitions more allowed and the triplet lifetimes shorter.3 Bright metal-centered 

emissions of Au(I) complexes make them unique phosphors.4 In particular, three-

coordinate Au(I) mononuclear and multinuclear complexes exhibit Au-centered 

phosphorescence with huge Stokes’ shifts.5-7 Computational calculations suggests that 

the distortion in the phosphorescent state in cationic [Au(PR3)
3+] D3h complexes distort 

to a toward a T-shape via a Jahn-Teller distortion mechanism.8 The study concluded 

that systematic variation of the steric bulk of the phosphine ligand in three-coordinate 

d10 complexes result in an efficient tuning of the phosphorescence energies and 

lifetimes. Here, neutral [Au(PR3)2X] complexes (X = halide), both the halide and 
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phosphine are varied methodically to study the tuning properties of the emission and in 

addition the overall neutral charge of complex allows for the sublimation of the small 

molecules into thin films. Significant advances have been made in the area of 

phosphorescent OLEDs, but still multiple groups continue to design devices that 

improve brightness, charge transport properties, excited-state lifetime, long-term 

stability, and chromaticity.1 Stable blue emitters are particularly sought after. We show 

here that such phosphors can be designed by an intuitive control of the steric bulk in 

[Au(PR3)2X] complexes. 

 

4.2 Experimental Section 

4.2.1 General Procedures 

All manipulations were carried out under an atmosphere of purified argon using 

standard Schlenk techniques. Solvents were purchased from commercial sources, 

distilled from conventional drying agents and degassed by purging with argon gas. 

Glassware was oven-dried at 150 ºC overnight. 

 

4.2.2 Synthesis 

4.1.2.1 Synthesis of [Au(PPh3)Cl]. 

[Au(THT)Cl] (1.53 g, 4.77 mmol) is dissolved in 30 ml of CH2Cl2. 

Triphenylphosphine (PPh3, 1.25 g, 4.77 mmol) is added the solution and was left to stir 

for 15 minutes. The solvent is evaporated to concentrate the solution and redissolved in 

a minimum amount of CH2Cl2 and recrystallized with cold ethanol.  
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4.2.2.2 Synthesis of [Au(PPh3)2Cl] 

[Au(PPh3)Cl] (0.307 g, 6.21 mmol) is dissolved in a minimum amount of CH2Cl2. 

Triphenylphosphine (PPh3, 0.163 g, 6.21 mmol) is added to the solution. The solution is 

stirred for 1 hour. The solvent is evaporated to concentrate the solution and the 

complex is redissolved in a minimum amount of CH2Cl2. The complex is recrystallized 

with cold hexanes. 31P{1H} NMR: δ 32.52, M.p. 205 °C, Anal. Calcd (found): C 57.12 

(56.86), H 3.99 (3.82), Cl 4.68 (5.02), P 8.18 (7.69). UV/vis: λmax = 250 nm. 

 

4.2.2.3 Synthesis of [Au(PPh3)2Br] 

[Au(PPh3)2Cl] (0.139 g, 1.84 mmol) is dissolved in a minimum amount of CH2Cl2. 

Excess potassium bromide is dissolved in 5 ml of water and added to the CH2Cl2 

solution. The biphasic mixture is stirred overnight. The organic layer and water layer 

are separated and the CH2Cl2 layer is washed twice with water. The solvent is 

evaporated to concentrate the solution and the complex is redissolved in a minimum 

amount of CH2Cl2. The complex is recrystallized with cold hexanes. 31P{1H} NMR: δ 

32.48, M.p. 214 °C, Anal. Calcd (found): C 53.95 (53.86), H 3.77 (3.58), P 7.73 (7.88). 

UV/vis: λmax = 250 nm. 

 

4.2.2.4 Synthesis of [Au(PPh3)2I] 

[Au(PPh3)2Cl] (0.388 g, 5.13 mmol) is dissolved in a minimum amount of CH2Cl2. 

Excess potassium iodide is dissolved in 5 ml of water and added to the CH2Cl2 solution. 

The biphasic mixture is stirred overnight. The organic layer and water layer are 

separated and the CH2Cl2 layer is washed twice with water. The solvent is evaporated 
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to concentrate the solution and the complex is redissolved in a minimum amount of 

CH2Cl2. The complex is recrystallized with cold hexanes. 31P{1H} NMR: δ 32.59, M.p. 

226 °C, Anal. Calcd (found): C 50.96 (50.75), H 3.56 (3.33), P 7.30 (6.95). UV/vis: λmax 

= 250 nm. 

 

4.2.2.5 Synthesis of [Au(TPA)2]Cl 

Au(THT)Cl (0.047 g, 1.47 mmol) is suspended in 3 ml of CH3CN. TPA (0.023 g, 

1.46 mmol) is added the suspension and a white precipitate formed. The mixture was 

stirred for 2 and half hours. TPA (0.023 g, 1.46 mmol) is added and stirred for 2 hours. 

The solution is clear and 10 ml of cold ether is added to form a white precipitate. The 

product is filtered and washed with cold ether. M.p. 208 °C, Anal. Calcd (found): C 

24.73 (24.74), H 4.84 (4.48), N 14.42 (14.03), Cl 6.08 (6.91). 

 

4.3 Physical Measurements 

The luminescence measurements were carried out for purified recrystallized 

material. Steady-state luminescence spectra were acquired with a PTI QuantaMaster 

Model QM-4 scanning spectrofluorometer. The excitation and emission spectra were 

corrected for the wavelength-dependent lamp intensity and detector response, 

respectively. Lifetime data were acquired using fluorescence and phosphorescence sub-

system add-ons to the PTI instrument. The pulsed excitation source was generated 

using the 337.1 nm line of the N2 laser for [Au(PPh3)2Cl], [Au(PPh3)2Br], and 

[Au(PPh3)2I]. For the lifetime of [Au(TPA)2]Cl, the 337.1 nm line of the N2 laser was 

used to pump a freshly-prepared 1x10-3 M solution of the organic continuum laser dye 
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Coumarin-540A in ethanol, the output of which was tuned and frequency doubled to 

attain the 265 nm excitation used to generate the time-resolved data. Quantum yield 

measurements were obtained using a six inch integrating sphere by labsphere. Cooling 

in temperature-dependent measurements for the solid materials was achieved using an 

Oxford optical cryostat, model Optistat CF ST, interfaced with a liquid nitrogen tank. 

Absorption spectra were acquired with a Perkin-Elmer Lambda 900 double-beam 

UV/vis/NIR spectrophotometer for solutions of crystalline samples prepared in HPLC 

grade dichloromethane using standard 1-cm quartz cuvets. 31P{1H} NMR spectra were 

recorded in CDCl3 at ambient temperature on a Varian spectrometer operating at 300 

MHz for proton spectra. The chemical shifts in the 31P{1H} NMR spectra are reported 

relative to 85% H3PO4 in D2O. 

 

4.4 Quantum Mechanical Computations 

4.4.1 Methods 

All calculations were performed using the Gaussian 03 suite of programs.9 

Calculations were performed using Density Functional Theory10 (DFT) employing the 

B3PW91 functional11. The geometries were optimized for the singlet ground state and 

triplet excited state without any restrictions to obtain global minima. The triplet states 

were treated with spin-unrestricted DFT (UDFT). The absorption and emission energies 

were computed for the vertical transitions based upon the Franck-Condon principle. 
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4.4.2 Basis Sets 

The LANL2DZ basis set12 augmented with two f –type polarization functions13 

and p-type functions14 for the 5s2 5p6 5d10 6s1 valence electrons of gold, one d-type 

polarization function15 (d = 0.55) for phosphorus, and one d-type polarization function 

(d = 0.75) for chlorine. For comparison CEP-31G(d),16-18 where d signifies the addition 

of d-polarization functions on the main group elements were performed.15  

 

4.5 Results and Discussion 

4.5.1 DFT Computations of [AuL2X]* 

Full optimization calculations were performed on the singlet ground and triplet 

excited state on [Au(PR3)2X] (were R = PPh3 – triphenylphosphine and TPA - 1,3,5-

triaza-7-phosphaadamantane, X = Cl, Br, I) with the method and basis sets described in 

the computational details.  In Figure 4.1, results of DFT calculations display the bond 

lengths and angles for the Au, phosphine and halide ligands.  The bond lengths are 

designated as d1, d2 and d3 while the angles are designated as 1, 2 and 3.  Shown 

in the figure are fully optimized structures of the ground and phosphorescent excited 

state. 

 

 

 

 

                                                 
* Parts of this section have been reproduced with the permission of the American 
Chemical Society 
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Figure 4.1.  DFT calculations of the ground state (left) and lowest energy excited state 
(right) of [Au(PPh3)2Cl].  Bond lengths are identified as d1, d2, and d3 while 

the angles are designated as 1, 2, and 3. 
 

 

All results from the calculations of the aforementioned complexes are displayed 

in Figure 4.2 and the bond lengths and distortion angles are tabulated in Table 4.1.  

Experimental geometries are known for [Au(PPh3)2Cl],19 [Au(PPh3)2Br],19 [Au(PPh3)2I],
19 

and [Au(TPA)2]Cl20 and are compared to the optimized ground state structure.  
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Figure 4.2.  DFT calculations of the ground state (left) and lowest energy excited state 
(right) of [Au(PPh3)2X] and [Au(TPA)2]X.   
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Table 4.1.  Geometric parameters of [AuL2X] complexes: DFT calculated and 
experimental. 

 
 

Molecules State d1/Å d2/Å d3/Å 1/º 2/ 3/ 

[Au(PPh3)2Cl] 
S0

* 
2.332 2.378 2.538 100.0 116.9 143.2 

S0
** 

2.349 2.382 2.541 101.3 115.8 142.9 

Experimental S0 
2.317 2.336 2.533 109.1 114.8 135.7 

[Au(PPh3)2Cl] 
T1

* 
2.484 2.486 2.481 89.3 90.2 191.7 

T1
** 

2.495 2.496 2.489 91.3 91.2 191.0 

[Au(PPh3)2Br] 
S0

* 2.344 2.381 2.676 117.3 102.0 140.7 

S0
** 2.358 2.388 2.639 117.4 103.8 138.8 

Experimental S0 2.323 2.323 2.625 113.8 113.8 132.5 

[Au(PPh3)2Br] 
T1

* 2.536 2.526 2.613 94.0 90.0 187.8 

T1
** 2.534 2.522 2.607 94.9 90.5 188.7 

[Au(PPh3)2I] 
S0

* 2.359 2.389 2.806 118.6 104.8 136.6 

S0
** 2.372 2.396 2.781 118.7 106.4 134.9 

Experimental S0 2.333 2.333 2.754 113.9 113.9 132.1 

[Au(PPh3)2I] 

T1
* 2.465 2.465 2.814 92.3 92.2 197.9 

T1
** 2.476 2.476 2.812 92.8 92.8 197.6 

[Au(TPA)2]Cl 
S0 2.320 2.320 2.647 92.3 92.3 175.4 

S0
** 2.331 2.331 2.656 93.6 93.6 172.9 

Experimental S0 2.261 2.261 3.224 90.0 90.0 180.0 

[Au(TPA)2]Cl 
T1

* 2.469 2.469 2.495 86.1 86.2 193.1 

T1
** 2.500 2.500 2.504 87.2 87.1 192.5 

[Au(TPA)2]Br S0
* 2.324 2.324 2.809 93.1 93.1 173.8 
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S0
** 2.335 2.335 2.762 94.9 94.9 170.3 

[Au(TPA)2]Br 
T1

* 2.471 2.471 2.650 87.1 87.2 192.6 

T1
** 2.533 2.527 2.628 86.0 89.3 189.5 

[Au(TPA)2]I 
S0

* 2.330 2.330 2.906 97.0 97.0 166.0 

S0
** 2.343 2.343 2.855 100.4 100.4 159.1 

[Au(TPA)2]I 
T1

* 2.475 2.476 2.831 86.9 86.8 191.4 

T1
** 2.494 2.489 2.827 88.6 86.8 191.6 

*LANL2DZ 

**CEP-31G(d) 

 

In order to further assess DFT calculated ground state structures, Table 4.2 

summarizes the differences in bond lengths (d1, d2, d3) and angles (1, 2, 3) 

between computed structure and known crystal structure of each complex.   In general, 

calculated bond lengths tend to be overestimated with the exception of [Au(TPA)2]Cl 

where the Au–Cl distance is shorter in the calculation in regards to both basis sets.  

This anomalous result stems from the calculation treating the molecule as a three-

coordinate complex with the halide being a ligand [Au(TPA)2]Cl while in reality the 

crystal was determined to be a two-coordinate complex with a halide counterion 

[Au(TPA)2]Cl.20  According to Table 4.1, the 3 P-Au-P angle of the [Au(TPA)2]Cl is near 

linear at 175.4 and 172.9 for LANL2DZ and CEP-31G(d) respectively while the crystal 

structure angle is 180.20  Most likely, the computation of this structure has some 

anionic character but the Cl is still modeled covalently. Such a structure makes 

[Au(TPA)2]Cl amenable to form an exciplex that bonds the linear complex with the 
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counterion upon photon absorption. This hypothesis is supported by the results of the 

quantum mechanical calculations provided in Figure 4.3, which show that the 

crystallographic geometry is rearranged in the lowest triplet excited state to form a 

structure with a covalent Au-Cl bond, weakened Au-P bonds, and a rather wide P-Au-P 

c’ angle.  

 

 

 

Figure 4.3.  Calculated structure of the T1 state versus the experimental crystal 
structure of [Au(TPA)2]Cl, suggesting exciplex formation. 

 

From Table 4.2, calculated bond lengths can deviate from experimental values in 

the ranges of 0.005 to 0.058 Å for the augmented LANL2DZ and 0.008 to 0.070 for 

CEP-31G(d) while angles can deviate from -11.8 to 8.2 for augmented LANL2DZ and -

10.0 to 8.2 for CEP-31G(d).  With this analysis it can be considered that there is 

reasonable agreement between DFT calculated geometries and crystal structure. 
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Table 4.2.  The difference in bond length and bond angles between DFT calculated and 
known crystal structures for [AuL2X] complexes in the ground state. 

 

Molecules Basis Set d1/Å d2/Å d3/Å 1 2 3 

[Au(PPh3)2Cl] 
LANL2DZ 0.015 0.042 0.005 -9.1 2.1 7.5 

CEP-31G(d) 0.032 0.046 0.008 -7.8 1.0 7.2 

[Au(PPh3)2Br] 
LANL2DZ 0.021 0.058 0.051 3.5 -11.8 8.2 

CEP-31G(d) 0.035 0.065 0.014 3.6 -10.0 6.3 

[Au(PPh3)2I] 
LANL2DZ 0.026 0.056 0.052 4.7 -9.1 4.5 

CEP-31G(d) 0.039 0.063 0.027 4.8 -7.5 2.8 

[Au(TPA)2]Cl 

LANL2DZ 0.059 0.059 -0.577 2.3 2.3 -4.6 

CEP-31G(d) 0.070 0.070 -0.568 3.6 3.6 -7.1 

 
 

Table 4.3 calculates the difference or distortion in bond lengths (Qd1,d2,d3
)  and 

bond angles (Q1,2,3
) between excited and ground state DFT calculations.  In the 

simulated one-electron excitation the Au–P bond increases in all complexes.  This 

computational result verifies the qualitative result of molecular orbital analysis of three-

coordinate Au(I) phosphine complexes within a review of Au(I) complexes21 where the 

orbital contribution in the ground state of an Au-P bond has a bonding character while 

in the lowest energy excited state there is an antibonding. 
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Table 4.3. Calculated excited state distortions in [AuL2X] from DFT calculated 
geometries between the excited and ground state. 

 
 

Molecules Basis Set Qd1
 Qd2

 Qd3
 Q1

 Q2
 Q3

 

[Au(PPh3)2Cl] 
LANL2DZ 0.152 0.108 -0.057 -10.7 -26.7 48.5 

CEP-31G(d) 0.146 0.114 -0.052 -10.0 -24.6 48.1 

[Au(PPh3)2Br] 
LANL2DZ 0.192 0.145 -0.063 -23.3 -12.0 47.1 

CEP-31G(d) 0.176 0.134 -0.032 -22.5 -13.3 49.9 

[Au(PPh3)2I] 
LANL2DZ 0.106 0.076 0.008 -26.3 -12.6 61.3 

CEP-31G(d) 0.104 0.080 0.031 -25.9 -13.6 62.7 

[Au(TPA)2]Cl 
LANL2DZ 0.149 0.149 -0.152 -6.2 -6.1 17.7 

CEP-31G(d) 0.169 0.169 -0.152 -6.4 -6.5 19.6 

[Au(TPA)2]Br 
LANL2DZ 0.147 0.147 -0.159 -6.0 -5.9 18.8 

CEP-31G(d) 0.198 0.192 -0.134 -8.9 -5.6 19.2 

[Au(TPA)2]I 
LANL2DZ 0.145 0.146 -0.075 -10.1 -10.2 25.4 

CEP-31G(d) 0.151 0.146 -0.028 -11.8 -13.6 32.5 

 

 

Subsequently, upon one electron photoexcitation the bond length increases.  The 

opposite is the case for the Au-halide bond where in a decrease in bond length signifies 

an antibonding character in the ground state but bonding character in the excited state.  

An exception to case seems to be the [Au(PPh3)2I], which exhibits more bonding 

character in the ground state than in the other complexes.  In calculations of both the 
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[Au(PPh3)2X] and [Au(TPA)2]X the magnitude of the Au-X distortion is largest in the 

bromo complex. 

Previous calculations on three-coordinate cationic Au(I)-phosphine complexes 

show “Y” shaped optimized ground states and “T” shaped lowest energy 

phosphorescent excite states.8  Identical distortion was found in the neutral complexes.  

Values for Q3
 in Table 4.3 suggest that distortion to a “T” shape in the lowest energy 

phosphorescent excited state is hindered as the ionic radius of the halide is increased.  

The more dramatic increase in Q3 is within the [Au(TPA)2]X system where 

substituting Cl  Br  I changes Q3 from 17.7 to 18.8 to 25.4 for the augmented 

LANL2DZ and 19.6  19.2  32.5 for the CEP-31G(d) basis set.  Steric hindrance is 

the leading factor to tuning emission wavelengths of neutral 3-coordinate Au(I) 

complexes.  The trend is not so closely followed in the triphenylphosphine analogue 

where the amount of distortion in the chloro complex is greater than that in the bromo 

complex.  This is not a complete deviation from the analyzed hypothesis because 

scrutiny of the optimized excited state geometry of [Au(PPh3)2Cl] suggests some H–

bonding interaction between the phenyl hydrogen and the chloro ligand.  This 

interaction pulls the distortion further than one would expect and may not occur in the 

solid phase.  It is noted that max of the emission between [Au(PPh3)2Cl] and 

[Au(PPh3)2Br] differ by only 1300 cm-1 where the chloro complex is lower in energy. 
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4.5.2 Photoluminescence of [AuL2X] Solids 

We have used the theoretical predictions as a guide to examine experimentally 

whether the luminescence energy can be tuned by varying the steric bulk of the halide 

and phosphine. The compounds examined here are [Au(PPh3)2Cl], [Au(PPh3)2Br], 

[Au(PPh3)2I], and [Au(TPA)2]Cl.  Figure 4.4 shows the photoluminescence spectra of the 

four compounds in the solid state at 77 K. The complexes are also brightly luminescent 

at room temperature with the emission bands exhibiting thermal broadening.  
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Figure 4.4.   Photoluminescence spectrum of AuL2X at 77K   (    [Au(PPh3)2I],                                                      
------[Au(PPh3)2Br],         [Au(PPh3)2Cl], …... [AuTPA2]Cl.  Spectra on the left 
are excitation and right is emission.  Peaks have been normalized for 
comparison. 

 

All emission bands have microsecond lifetimes, suggesting phosphorescence, 

with values increasing upon cooling ( increased between 19  27, 12  19, 6.7  11, 

250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)
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and 9.1  18 s upon cooling [Au(PPh3)2Cl], [Au(PPh3)2Br], [Au(PPh3)2I], and 

[Au(TPA)2]Cl, respectively, between 290  77 K).  Table 4.4 summarizes various 

spectral parameters for the mentioned solids (where SS – Stokes’ shift,  - lifetime, PL 

– photoluminescence quantum yield). 

 
Table 4.4.    Photoluminescence spectral data for solid [AuL2X] solid at 77 K. 
 

Complex 
exc 

(nm) 

max,em 

(nm) 
SS (cm-1)  (s) PL

a 

[Au(PPh3)2I] 335 450 7629 11.07 ± 0.09 46.1 

[Au(PPh3)2Br] 300 538 14746 18.69 ± 0.6 22.5 

[Au(PPh3)2Cl] 300 550 15152 27.23 ± 2.9 6.3 

[Au(TPA)2]Cl 290 650 19098 18.33 ± 0.8 ------ 

 a Quantum yield studies were done at room temperature. 
 

 

The data in Figure 4.4 demonstrate that a visible luminescence emission change 

from yellow  green  blue as the halide is varied from Cl  Br  I in the 

[Au(PPh3)2X] series. The absorption spectra (Figure 4.5) are red-shifted from the major 

excitation bands in Figure 4.4, suggesting direct S0  T1 excitation, and the energy 

change is not significant when the ligand is varied. As increasing the steric bulk of the 

halogen is expected to impede such a large molecular motion, this tendency is constant 

when compared to the distortion to beyond a T-shape of the lowest emissive 

phosphorescent state predicted computationally. The departure from the ground-state 

geometry becomes less significant in the luminescent triplet, and consequently, the 

phosphorescence energy shifts to the blue. Contrasting the decrease in the phosphine 
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cone angle on proceeding from the bulky PPh3 to the unencumbered TPA while keeping 

the halide constant (Cl) facilitates the distortion and thus leads to a red shift in the 

phosphorescence energy. 
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Figure 4.5.  Absorption spectra of Au(I) neutral complexes. 
  

The combinations of the experimental and computational data here imply that 

the steric bulk in the ground state affect the degree of excited state distortion and in 

turn determines the luminescence emission energy. The [Au(TPA)2]Cl complex was 

previously reported to be nonluminescent.6b,c The orange phosphorescence is bright as 
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a solid [Au(TPA)2]Cl at both 77 K and room temperature.  Here is now an example of a 

two-coordinate Au(I) complex that is luminescent with the absence of both Au…Au 

interactions and an aromatic moiety, the presence of which can yield Au-centered and 

ligand centered emissions,  respectively.4 However, only two coordinate in the ground 

state, the observed luminescent affiliated with the computational data suggests that the 

chloride forms an exciplex, and thus three-coordinate when excited to the lowest 

energy phosphorescent state. The huge Stokes’ shift (~18 000 cm-1) and the broad 

unstructured emission profile are consistent with the dramatic distortion in the excited 

state suggested in Figure 4.3. Che et al. gave a similar explanation of exciplex 

formation with a counterion in dinuclear Au(I) complexes in which the counterions are 

often even further from the Au center than the situation here.13 Likewise, Gafney et al. 

gave precedence of startling basicity or nucleophilicity upon photoexcitation leading to 

excited-state ligation are also known in d6 imine complexes.22 

As the halide is exchanged from the large I to Cl with a smaller ionic radius, a 

red-shift from blue to greenish-yellow takes place.  These results are consistent with 

wavelength shifts from 450 for the iodo complex to 538 for the bromo complex to 550 

for the chloro species.  Here also it is noted that a 2797 cm-1 shift from green to red 

when the PPh3 is substituted with the TPA ligand that has a smaller cone angle.  With 

less steric hindrance the Stokes’ shift increases from 7600 to 15000 cm-1 in the halo 

complexes and an additional 4000 cm-1 when the phosphine is substituted.  Lifetimes 

increase with smaller ionic radii of the halide which corresponds to larger quantum yield 

efficiencies as the mass of the ionic ligand is increased.  A heavy atom effect reduces 

the non-radiative transition rate and increases the phosphorescence quantum yield of 
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the solids from 6.3 in the chloro complex to 22.5 in the bromo to an impressive 

efficiency of 46.1 in the iodo molecule. 

At cryogenic temperatures, [Au(PPh3)2Cl] was found to have a ligand based 

emission.  At 4 K the blue structured peak at 390 nm in Figure 4.6, which results from 

phenyl π  π* transition, dominates the luminescence spectrum of the complex.  The 

structured profile of the triphenylphosphine phosphorescent emission was characterized 

to have five emission bands in a 12:1 EPA-CH2Cl2 frozen glass solution at 77 K23 where 

the most intense band centers at 380 nm.  The phosphine emission within the Au(I) 

complex that resulted in Figure 4.6 has the identical profile as the free phosphine 

emission. However due to complexation, the coordinated phosphine is red-shifted by 20 

nm.  
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Figure 4.6.  Temperature dependent photoluminescence study of solid [Au(PPh3)2Cl] (___ 4K,                  70K,          180K,            240K).   
         45 K       , 70 K       , 180 K         , 240 K             ) 

Physically at this temperature the color of the emission is blue and as the 

temperature is warmed, the intensity of the ligand emission is diminished.  At 70 K the 

ligand emission is not present and the greenish yellow emission at 550 nm is dominant.  

Interestingly, this phenomenon is not present in the temperature dependent study of 

[Au(PPh3)2I].  The temperature dependent spectral data for [Au(PPh3)2I] displayed in 

Figure 4.7 and Table 4.5 show no ligand based emission as that in [Au(PPh3)2Cl].   
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Figure 4.7.  Temperature dependent photoluminescence study of solid [Au(PPh3)2I].  
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Table 4.5. Temperature dependent photoluminescence spectral data for solid 
[Au(PPh3)2I] solid. 

 

Temperature 

(K) 
exc (nm) 

max,em 

(nm) 
FWHM (cm-1) SS (cm-1)  (s) 

4 335 450 1979 7629 37.59 ± 1.36 

20 335 450 2267 7629 13.61 ± 0.51 

50 335 450 2597 7629 9.13 ± 0.42 

77 335 450 2881 7629 11.07 ± 0.09 

150 335 450 3623 7629 7.87 ± 0.49 

298 335 450 4530 7629 6.69 ± 0.69 

 

The reason for the difference in property in the 4 K spectrum is due to 1) the 

broader excitation spectrum in [Au(PPh3)2I] versus [Au(PPh3)2Cl] overlaps the region of 

the phenyl transition 2) the luminescence efficiency of the of the iodo complex is 

extremely high at 46.1% most likely will dominate all other allowed transitions.  In 

Table 4.5 there shows no shift in emission max at variable temperature but common 

band broadening is seen at higher temperature according to Full Width at Half 

Maximum (FWHM) values. 

 

4.5.3 Photoluminescence Rigidochromism of [AuL2X] Solids 

In Chapter 2, [Au(PPh3)3][PF6] experienced a significant luminescence 

rigidochromic shift24 when the solution in MTHF is cooled, and frozen.  Surprisingly, it 

was discovered that there is also a large shift in emission color when the bulk powder 

of [Au(PPh3)2X] (where X = Br and I) is spin-coated and deposited into a thin-film.  
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Figures 4.8 is the photoluminescence spectra of neutral Au(I) complexes in the bulk 

powder and compares them to the spin-coated thin-film. 

 

 

 

 

 

 

 

 

 

Figure 4.8. Photoluminescence emission spectra of [Au(PPh3)2Br] (left) and [Au(PPh3)2I] 
(right) for the bulk solid (solid line) and the spin-coated thin film (dashed 
line). 

 
  

From the data in Figure 4.8, there is a luminescent red-shift of 950 cm-1 in the 

bromo complex and 1328 cm-1 in the iodo complex when the material is spin-cast on 

quartz.  As it was seen in solutions of cationic three coordinate Au(I) complexes, the 

neutral complexes exhibit a larger excited state distortion in the thin-film when 

compared to the powder.  In terms of rigidochromic behavior, the solid will have much 

more intermolecular interactions and larger packing forces that will impede the 

distortion occurring upon one-electron excitations.  With smaller packing forces in the 

thin film, the molecule is allowed to distort further and thereby a) a larger Stokes’ shift 

and b) red-shift in the emission is noted. 
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4.6 Conclusions 

Calculations predicted large, tunable excited state distortion in the 

phosphorescent excited state where in Figure 4.1, Tables 4.1, 4.2 and 4.3 found that it 

is steric hindrance of the coordinating ligands impede the amount of distortion within 

each complex.  Here photoluminescence spectroscopy verifies the results of DFT 

calculations in Figure 4.4 and Table 4.4 where Stokes’ shift and therefore excited state 

distortion decreases as the ionic radius of the coordinating halide increases and as the 

cone angle of the phosphine increases.  The work here illustrates the feasibility of 

systematic tuning of the emission color by controlling the steric bulk in three-coordinate 

excited states of Au(I) complexes. Luminescence rigidochromism is noted in the bulk 

powder versus the thin-film where lack of packing forces allows for more distortion in 

the excited state within the thin-film. OLED applications are being pursued based on 

these findings because of desired emission properties that include brightness, stability, 

and phosphorescence with short triplet lifetimes, especially for the [Au(PPh3)2I] complex 

which was found to have PL = 0.46 with the absence of doping. 
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CHAPTER 5 

 

EXTREMELY BRIGHT PHOSPHORESCENT NEUTRAL DINUCLEAR COINAGE-METAL 

LUMINOPHORES 

 

5.1 Introduction 

 Widespread innovations in recent years have been achieved on organic 

electroluminescence and have improved both the reliability and efficiencies of organic 

light emitting devices (OLED). New devices based in triplet emission are in the realm of 

technology know as phosphorescent organic light emitting diodes (PHOLED) which have 

the potential to convert 100% of electrical energy into light.1  The study of transition 

metal complexes has been extensively utilized and has shown an increase in efficiency 

in OLED technologies because heavy-metal complexes allow for transition from spin-

forbidden triplet states to ground state due to spin orbit coupling,2  and heavy atom 

effects.3 In order to achieve high luminance efficiency, choosing a suitable 

phosphorescent emitter in the emissive layer is critical.1  Already, many efficient 

electroluminescent devices have been fabricated and utilize metal-to-ligand charge 

transfer (MLCT) excited states with short phosphorescent lifetimes.4 The most 

celebrated transition metal based electroluminescent devices are based on d6 metal 

complexes.  For example, Ir(III),5-8  
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Ru(II),9,10 Re(I),11 Os(II)12,13 and d8 Pt(II)14,15 all display bright electroluminescence. 

While devices based on Ir(ppy)3 have shown the highest external efficiencies at 19%, 

these complexes are limited by their respective natural abundances and high cost.  Due 

to cost limitations it is worthwhile exploring the efficiency of cheaper and more 

abundant metal complexes.  An interesting class of metals is d10 coinage metal 

complexes.  Au(I) and Cu(I) complexes are found to be bright and efficient 

phosphorescent emitters and the added bonus is that Cu(I) above most metals is very 

abundant. 

The astounding properties of Au(I) dimers have been characterized by 

crystallography and it has been found that they exhibit a short Au(I)...Au(I) distance.16  

Hence Au(I)...Au(I) interactions are attractive because they display auriophilic 

interactions between d10 monomeric subunits and upon photoexcitation to the lowest 

phosphorescent state, there is a compression or an increase in bond strength (excimer 

bond) of the Au(I) dimer unit.17  This excited state distortion has been characterized by 

photoluminescence17 and the nature of the excited state distortion of the lowest 

phosphorescent excited state in a dinuclear cationic Au(I)-phosphine complexes was 

studied computational18 and it was determined that Au(I)...Au(I) compression is present 

as well as the Jahn-Teller based beyond a T-shape distortion determined 

computationally.19   

Multinuclear Cu(I) diphosphine complexes demonstrate similar properties as their 

analog dinuclear Au(I) complexes where the molecules have weak Cu(I)...Cu(I) 

interactions in the ground state and bright phosphorescent emissions.20-22  Common 

among the multinuclear Cu(I) complexes is the 3-coordinate, near trigonal planar 
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effective symmetry of the monomeric sub-units within the complexes.22  However, 

studies of the excited state distortions of 3-coordinate Cu(I) complexes have not been 

studied as explicitly as they have been performed for Au(I) complexes. Within the 

dinuclear complexes here, there are three primary types of distortions that can occur: 

1) M-M excimer formation 2) T-shape distortion in one metal center and 3) T-shape 

distortion in 2 metal centers.  Each of these distortions can occur and do not have to be 

mutually exclusive.  For example, Cu(I)-Cu(I) excimer formation20-22 and towards a T- 

shape distortion may be common to both metal-centers upon photoexcitation.  For 

these listed reasons, the study of Cu(I) complexes becomes lucrative not just for the 

large difference in expense between Au and Cu chemistry  but also the difference in 

abundance of Cu versus Au.  In this study, dinuclear coinage metal complexes in the 

ground and lowest phosphorescent excited states geometries are determined 

computationally and the photophysical properties are determined experimentally. 

Three coordinate Au(I) complexes are bright at room temperature and have 

luminescence quantum efficiencies up to 75%23, but three coordinate dimeric Cu(I) 

complexes tested here also show significantly bright phosphorescent  emission that 

have displayed  90% quantum efficiency at room temperature.  While Au(I) complexes 

emission is heavily dependent on spin-orbit coupling, the extent of this phenomenon is 

much less in Cu(I) complexes.24 The Cu(I) and Au(I) diphosphine pyrazolate complexes 

studied here have the additional benefit of rigidity versus their monomeric anologues23 

so there is an increase of luminescence efficiency.  The incorporation of Cu(I) 

complexes in applications such as PHOLEDs may become rather important due to the 

abundance of Cu and its low cost if sufficiently bright and short-lived phosphorescence 
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can be produced that complexes of heavier metals such as Ir, Pt or Au.  Some tradeoff 

may be necessary in the end between material cost and phosphorescence properties.  

However, the scientific knowledge at the photoluminescence level is still lacking 

practical phosphors amenable for OLEDs based on brighter versus heavier metal 

centers.  The worth herein represents a step in that direction.  

 Photoluminescence, lifetime and quantum yield measurements have been carried 

out for M = Cu(I), Ag(I) and Au(I) complexes of [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2 (3,5 

(CF3)2-Pz – fluoroalkylated pyrazolate, µ2-dppm – bridging diphenylphosphinomethane).  

Figure 5.1 is the structure of the aforementioned complexes.   Density functional theory 

(DFT)26 calculations were performed on the ground and lowest energy phosphorescent 

excited states of the Cu(I) and Au(I) complexes to determine the nature of the excited 

state distortion.  In all, these complexes are assessed as stable blue emitters suitable 

for testing in PHOLEDs. 
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Figure 5.1.  Molecular geometry of [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2. Complexes provided 

by Dr. Chammi Palehepitiya-Gamage (UT-Arlington). 

 

5.2 Physical Measurements 

Samples of all three crystalline materials were provided by the Dias group from 

the University of Texas at Arlington.  The structure was determined to be that in Figure 

5.1 based on single crystal XRD for each complex.  The luminescence measurements 

were carried out for purified recrystallized material. Steady-state luminescence spectra 

were acquired with a PTI QuantaMaster Model QM-4 scanning spectrofluorometer. The 

excitation and emission spectra were corrected for the wavelength-dependent lamp 

intensity and detector response, respectively.  Lifetime data were obtained using a 

xenon arc flash lamp and phosphorescence detector. Quantum yield measurements 

were obtained using a 6 inch integrating sphere by LabSphere.  Cooling in temperature-

MN

N

P

P

P

M N

N

P

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

CF3

F3C
F3C

CF3

M= Cu, Ag, Au



115 
 

dependent measurements for were achieved using an Oxford optical cryostat, model 

Optistat CF ST, interfaced with a liquid nitrogen and liquid He tank.  

 

5.3 Quantum Mechanical Computations 

5.3.1 Methods 

All calculations were performed using the Gaussian 03 suite of programs.25 

Calculations were performed using density functional theory26 (DFT) employing the 

B3PW91 functional.27 The geometries were optimized for the singlet ground state and 

the triplet excited state without any restrictions to obtain global minima. The triplet 

states were treated with spin-unrestricted DFT (UDFT). The absorption and emission 

energies were computed for the vertical transitions based upon the Franck-Condon 

principle. 

5.3.2 Basis Sets 

The LANL2DZ28 basis set augmented with two f-type polarization functions29 and 

a p-type functions30 for copper and gold, one d-type polarization function31 (d = 0.55) 

for phosphorus, and one d-type polarization function (d = 0.75) for chloride, and one 

d-type polarization function (d = 0.45) for bromide, and one d-type polarization 

function (d = 0.302) for iodide and 2) CEP-31G(d)32 where the d signifies the addition 

of diffuse d-type identical to that in 1).   The geometries were optimized for the singlet 

ground state and the triplet excited state without any restrictions to obtain global 

minima which are verified by frequency calculations. The triplet states were treated 
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with spin-unrestricted DFT (UDFT). The absorption energies were computed for the 

vertical transitions based upon the Franck-Condon principle by time dependent-DFT 

(TD-DFT) where highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) were extrapolated. 

 

5.4 Results 

5.4.1 DFT Computations 

Full optimization calculations were performed on the singlet ground and triplet 

excited state on [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2 (M = Cu(I) and Au(I)) with the methods 

and basis sets described in the computational details.  Figure 5.2 are the results of the 

DFT calculations and displays the bond lengths and angles of the coordinating sphere.  

The bond lengths are designated as a, b, c, d, e, f and g while the angles are 

designated as a’, b’, c’, d’, e’, and f’.  Shown in the figure are fully optimized structures 

of the ground and phosphorescent excited state.  The numerical results are tabulated in 

Tables 5.1 and 5.2. Frequency calculations determined that each calculation optimized 

to a minimum with the absence of negative frequencies. 
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Figure 5.2   DFT calculations of the ground state (left) and lowest energy excited state 
(right) of [(3,5 CF3-Pz)2]M2[µ2-dppm]2 (Cu–top and Au–bottom).  Bond 
lengths are identified as a, b, c, d, e, f and g while the angles are 
designated as a’, b’, c’, d’, e’ and f’. 
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Table 5.1.  Geometric parameters of [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2 complexes: Bond 
lengths. 

 

Molecule State a/Å b/Å c/Å d/Å e/Å f/Å g/Å 

Cu 

S0
* 2.294 2.312 2.298 2.317 1.994 1.994 3.968 

S0
** 2.276 2.274 2.268 2.306 1.980 1.982 4.003 

Cu 

T1
* 2.391 2.363 2.380 2.408 2.025 2.005 2.506 

T1
** 2.351 2.335 2.350 2.380 2.018 1.992 2.499 

Au 

S0
* 2.347 2.365 2.349 2.381 2.357 2.318 3.669 

S0
** 2.357 2.371 2.362 2.387 2.356 2.324 3.615 

Au 

T1
* 2.456 2.470 2.464 2.478 2.229 2.251 2.229 

T1
** 2.431 2.418 2.465 2.474 2.282 2.241 2.695 

*LANL2DZ 

**CEP-31G(d) 
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Table 5.2.  Geometric parameters of [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2 complexes: Bond 
angles 

 

Molecule State a'/º b'/º c'/º d'/º e'/º f'/º 

Cu 

S0
* 116.3 113.0 127.2 113.2 123.2 119.0 

S0
** 117.2 113.8 130.8 109.0 120.2 119.2 

Cu 

T1
* 108.8 100.4 95.9 95.0 125.3 131.2 

T1
** 110.7 101.0 96.4 96.5 124.2 128.2 

Au 

S0
* 107.5 102.4 115.6 104.0 139.1 145.5 

S0
** 108.2 103.1 115.4 105.4 137.9 144.0 

Au 

T1
* 93.4 87.8 89.5 87.3 190.3 194.0 

T1
** 93.1 102.7 90.1 92.9 150.0 149.3 

*LANL2DZ 

**CEP-31G(d) 

  

In terms of bond distances both the LANL2DZ and CEP-31G(d) basis sets are 

comparable where the majority of the distances are within 10% of each other.  Notable 

is the ground state distance of both the Cu…Cu and the Au…Au.  DFT is known to be 

poor in accounting for van der Waals interactions33; therefore the values in Table 5.1 

labeled as g/Å are longer than the auriophilic interactions34 discussed in the review by 

Schmidbaur in 1995.  In the review of auriophilic interactions, intermolecular Au…Au 

bonds are in the range of 3.05 Å34 while these complexes display intramolecular 

auriophilic interactions due to the bridged phosphine moiety so bonding in the ground 
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state should be much shorter.  However, calculations determined that the Au…Au 

interaction in the ground state is 3.669 and 3.615 Å for the LANL2DZ and CEP-31G(d) 

basis sets respectively.  When compared to MP2 calculated bond lengths performed on 

sulfide bridged Au(I) complexes, the grounds state Au…Au is found to be 2.970 Å.35  

While MP2 has the tendency to overestimate van der Waals bonding,33 the fact still 

remains that the Au…Au bond energy calculated here is underestimated and therefore 

the bond lengths are overestimated. The Cu complex calculations are also show similar 

result as the Au where experimentally it is found that Cu…Cu interactions in the ground 

state can be ~2.96 Å36 while calculated here with DFT are 3.968 and 4.003 Å.  In both 

cases, DFT was poor in calculating the ground state metallophilic bonding.  

Upon a one photon excitation, there is a compression of the M…M bond distance 

in both metal complexes with both basis sets described above.  Calculation of the 

lowest triplet excited state accounts for M-M bonding when the molecule is excited 

where bond distances for the Au-Au bond are 2.229 and 2.695 Å and for the Cu-Cu 

bond, 2.506 and 2.499 Å for LANL2DZ and CEP-31G(d) respectively.  Where DFT lacks 

the capability to model weak interactions, it has the full capability to model bonded 

systems.33  

Table 5.3 calculates the difference or distortion in bond lengths (Qa,b,c,d,e,f,g)  

and Table 5.4 compares the difference or distortion in bond angles (Qa’,b’,c’,d’,e’,f’) 

between excited and ground state DFT calculations.  In the simulated one-electron 

excitation the Au-P, and Cu-P bond increases in all complexes.  This computational 

result verifies the qualitative result of molecular orbital analysis of three-coordinate 

Au(I) phosphine complexes within a review of Au(I) complexes37 where the orbital 
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contribution in the ground state of an Au-P bond has a bonding character while in the 

lowest energy excited state there is antibonding character lowest energy excited state.  

Since Cu–P bonds are isolobal to Au–P bonding this also suggests that the Cu–P bonds 

are bonding in the ground state and antibonding in the excited state. 

 
 
Table 5.3.  Calculated excited state distortions in [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2 from 

DFT calculated bond lengths between the excited and ground state. 
 

Molecule Basis Set Qa Qb Qc Qd Qe Qf Qg 

Cu 

LANL2DZ 0.097 0.051 0.082 0.091 0.031 0.011 -1.462 

CEP-31G(d) 
0.075 0.061 0.082 0.074 0.038 0.010 -1.504 

Au 

LANL2DZ 
0.109 0.105 0.115 0.097 -0.128 -0.067 -1.440 

CEP-31G(d) 
0.074 0.047 0.103 0.087 -0.074 -0.083 -0.920 
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Table 5.4.  Calculated excited state distortions in [(3,5 CF3-Pz)2]M2[µ2-dppm]2 from DFT 
calculated bond angles between the excited and ground state. 

 

Molecule Basis Set Qa’ Qb’ Qc’ Qd’ Qe’ Qf’ 

Cu 

LANL2DZ 
-7.5 -12.6 -31.3 -18.2 2.1 12.2 

CEP-31G(d) 
-6.5 -12.8 -34.4 -12.5 4.0 9.0 

Au 

LANL2DZ 
-14.1 -14.6 -26.1 -16.7 51.2 48.5 

CEP-31G(d) 
-15.1 -0.4 -25.3 -12.5 12.1 5.3 

 

Subsequently, upon photoexcitation all bond length in both metal complexes 

increase with the exception of the metal–metal compression (Qg) upon one electron 

excitation and the Au – N bonds (Qe, Qf) which also contract in the excited state.  

This result is opposite from the Cu–N bond which expands in the excited state signifying 

that the Au–N ground state has antibonding character while the Cu–N bond in the 

ground state has a bonding character. 

According to Tables 5.2 and 5.4, a T-shape distortion occurs in both metal 

complexes with both basis set treatments.  The most profound T–shape distortion is 

found when the calculation is performed on the Au(I) with the LANL2DZ basis set with 

Qe’ and Qf’ values equaling 51.2 and 48.5.  Each monomeric subunit within the 

calculated complex resembles the calculated monomeric calculation in reference 10a.  

While both basis set treatments display a excimer formation in both complexes, the 

Cu(I) complex shows a very minimal T-shape distortion and the Au(I) complex displays 

T-shape distortion within both metal centers.  What is interesting to note is that in the 
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excited state, the pyrazolate ligand tends to move to a planar geometry in all 

treatments.  The major distortion in the dimeric calculations stems from metal–metal 

compression. 

 

5.4.2 Photoluminescence of [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2 Solids (M = Cu(I), Ag(I) and 

Au(I) 

Photoluminescence measurements were taken for the diphosphine bridged dimer 

analogues of monomeric three-coordinate Au(I) complexes23a as well as Cu(I) and Ag(I) 

complexes.  These complexes are seen to be three–coordinate coinage metal complexes 

and should display similar luminescence properties as there monomeric analogues.  It is 

confirmed that while the Cu and Au complexes are luminescent at low and room 

temperature, the Ag complex is only luminescent at low temperature.  Figures 5.3, () 

data for the [(3,5(CF3)2-Pz)2]M2[µ2-dppm]2 complexes where M = Cu(I), Ag(I) and 

Au(I). 
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Figure 5.3.     Temperature dependent photoluminescence spectra of [(3,5 CF3-

Pz)2]Cu2[µ2-dppm]2. 
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Table 5.5.      Temperature dependent lifetime measurements of [(3,5 (CF3)2-

Pz)2]Cu2[µ2-dppm]2. 

 

Excitation (nm) 352 

Temperature (K)  (µs) 

70 27.88 ± 0.06 

90 27.74 ± 0.06 

120 27.47 ± 0.08 

150 28.64 ± 0.07 

180 29.14 ± 0.09 

210 30.40 ± 0.08 

250 29.58 ± 0.10 

298 27.72 ± 0.10 
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Figure 5.4.     Temperature dependent photoluminescence spectra of [(3,5 (CF3)2-
Pz)2]Ag2[µ2-dppm]2. 
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Table 5.6.      Temperature dependent lifetime measurements of [(3,5 (CF3)2-

Pz)2]Ag2[µ2-dppm]2. 

 

Excitation (nm) 360 

Temperature (K)  (µs) 

70 7.35 ± 0.13 

90 8.22 ± 0.47 

120 6.71 ± 0.02 

150 6.93 ± 0.07 
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 Figure 5.5.     Temperature dependent photoluminescence spectra of [(3,5 (CF3)2-

Pz)2]Au2[µ2-dppm]2. 
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Table 5.7.      Temperature dependent lifetime measurements of [(3,5 (CF3)2-

Pz)2]Au2[µ2-dppm]2. 

 

Excitation (nm) 370 

Temperature (K)  (µs) 

70 7.92 ± 0.04 

90 8.14 ± 0.07 

120 8.14 ± 0.04 

150 8.46 ± 0.05 

180 7.93 ± 0.06 

210 8.23 ± 0.05 

250 8.24 ± 0.04 

298 8.18 ± 0.07 

 

Physically all compounds emit blue and lifetimes are all in the microsecond range 

making them phosphorescent with wavelengths of 465 nm for Cu, 462 nm for Ag and 

455 nm for Au. From calculation data, distortion is limited by the bridging diphosphine 

ligand and the size of the pyrazolate.  These factors put all coinage metal complexes in 

the Stokes’ shift range of [Au(PPh3)2I].
23a 
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 The excitation energies for the coinage metal complexes are 352 nm for Cu(I), 

360 nm for Ag(I) and 370 nm for Au(I) (refer to Tables 5.5, 5.6 and 5.7).  Time-

dependent density functional theory (TD-DFT) calculation were performed on the 

optimized state of the Cu(I) and Au(I) complex with the basis sets described and it was 

found that the calculation underestimates the excitation energy.  Table 5.8 summarizes 

the result of TD-DFT calculations and compares them to the experimental excitation 

maximum. 

Table 5.8.  TD-DFT calculated excitation energies and the comparison to experimentally 

derived excitation maximum. 

 

Molecule Basis Set Calc. excitation (nm) Exp. Excitation (nm) 

Cu 

LANL2DZ 364.5 

352 

CEP-31G(d) 396.2 

Au 

LANL2DZ 367.0 

370 

CEP-31G(d) 394.9 

 

 To compare the LANL2DZ and CEP-31G(d) basis set in the TD-DFT calculations it 

is the LANL2DZ basis set that has the closest approximation of the excitation energy 

where the CEP-31G(d) basis set underestimates the excitation energy by of the Cu(I) 

complex by 3169 cm-1 and the Au(I) complex by 1704 cm-1. 
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 The Cu(I) and Au(I) samples were found to have extremely bright 

photoluminescence emission not only at low temperatures but at room temperature as 

well.  Photoluminescence quantum yield (PL) experiments were performed for the Cu(I) 

and Au(I) complex.  Table 5.9 is the quantum yield values determined for the Au(I) and 

Cu(I) complex.  It is noted that there is a 10% error within the experiment.38  

Table 5.9 Photoluminescence quantum yield of the Cu(I) and Au(I) complexes 

Molecule PL 

Cu (77 K) 0.850 

Cu (298 K) 0.906 

Au (77 K) 0.954 

Au (298 K) 0.812 

 

 The result of the photoluminescence efficiency experiment uncovers the 

remarkable emission properties of these complexes.  At room temperature 80% 

efficiency for the Au(I) complex and 91% for the Cu(I) complex, these phosphorescent 

molecules are excellent candidates for OLED structures.  The rigidity of these molecules 

assists in the efficiency of the luminescence properties and therefore shows bright 

emissions. 
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5.5 Conclusion 

 Calculations and photoluminescence experiments were carried out on [(3,5 

(CF3)2-Pz)2]M2[µ2-dppm]2 (M = Cu(I), Ag(I) and Au(I)) and the nature of the distortion 

was modeled from the optimized structure of the lowest energy phosphorescent state 

while the luminescence was determined to be extremely bright blue.  DFT determined 

that the bulk of the excited state distortions in these complexes were determined to be 

from metal–metal compression and a T–shape distortions in both metal centers in the 

Au(I) complex but minimal T-shape distortion in the Cu(I) complex. It is hypothesized 

that the shorter Cu-P bond versus the Au-P bond hinders the T-shape distortion. The 

rigidity of these molecules reduces the amount of excited state distortion subsequently 

placing the Stokes’ shift in the blue emissive range and also makes the luminescence 

more efficient than molecules that have free movement.  Quantum yield analysis was 

found to be 80–90% at room temperature and therefore make these complexes 

excellent candidates for OLEDs. 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 Multiple phenomenon of coinage metal phosphine complexes have been 

discussed in this dissertation.   Density functional theory (DFT) calculations of the 

ground and excited of D3h Au(I)–phosphine complexes1 determined that upon excitation 

to the lowest energy phosphorescent state the D3h complex (Y–shape) distorts to a C2v 

geometry (T–shape).  This result inspired the continued study of Au(I) monomeric 

complexes as well as Cu(I), Ag(I) and Au(I) dinuclear complexes utilizing both 

photoluminescence experiments and DFT calculations.  The following is a summary of 

the major results and conclusions of this dissertation (Sections 6.1–6.3) as well as the 

future direction pertaining to this research that is being pursued (Section 6.4). 

 

6.1 Conclusions 

6.1.1 Luminescent Rigidochromism in Solutions of [Au(PPh3)3][PF6]  

 A huge rigidochromic shift2 was discovered when 1  10-5 M solutions of 

[Au(PPh3)3][PF6] in 2-methyl tetrahydrofuran (MTHF) and 1  10-4 M solutions in CH2Cl2 

were frozen at liquid nitrogen temperatures.  Specifically, in MTHF the frozen solution 

emitted blue with a 472 nm emission and when heated the solution red-shifted to 548 
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nm. To our knowledge, this is the largest rigidochromic shift from a single energy 

transition known to date.  Significance of the results is evidence that the excited state 

geometric distortion is limited by the rigidity of the medium.  At low temperature the 

frozen solution does not allow for large geometric distortion but when the solution melts 

the amount of allowable distortion greatly increases and a huge Stokes’ shift change 

was recorded.  The rigidochromic shift found in solutions of MTHF, which equal 2890 

cm-1 is the largest reported shift from a single transition is the largest in the literature to 

date. 

 What is astounding as well is the high luminescence efficiency of the solution at 

low temperatures.  The photoluminescence quantum yield experiments of the solution 

of [Au(PPh3)3][PF6] in MTHF showed that at 115 K, when the frozen solution has melted 

to a liquid, luminescence efficiency is at 93%.  Lifetime data is evidence that this is 

indeed a phosphorescent state making this solution sample comparable to standard 

laser dyes at room temperature. 

 As well as the visible color change, depending on the temperature and phase of 

the solution, [Au(PPh3)3][PF6] solid was found to have a large luminescence quantum 

efficiency at low and room temperature.  In the study of quantum yield, two methods 

have been employed and correlated to determine the luminescence efficiency at varying 

temperatures.  The first is the direct measurement of the of quantum yield via the use 

of an integrating sphere and the second is calculating the emission efficiency from the 

experimentally determined lifetime decay measurements.   From both methods, it was 

discovered that the quantum yield at low temperature of solid equals 75% and as 

temperature is lowered, the efficiency raises to 95%.   
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6.1.2 Resolution of Spin-orbit Microstates of Au(I)–Phosphine Complexes 

 In the literature, the solid and solution luminescence of [Au(TPA)3]Cl was 

reported but only the green emission band at 533 nm for the solid was reported.3  The 

DFT calculations of the optimized phosphorescent state of the cation of this complex 

suggested that due to the nature of the T-shape distortion the emission should be in 

the red region of the emission spectrum.1 Synthesizing the compound according to the 

literature method3 and repeating the luminescence study yielded four emission bands 

(275, 490, 624 and 661 nm).  The emission energies determined experimentally were 

compared with the spin-orbit splitting scheme of the Au(I) atom and it is hypothesized 

that 3D1, 
3D2, and 3D3 levels of the atom4 are stabilized when coordinated to a  - 

donating ligand such as TPA.  The opposite is the case of the 1D2 state where it was 

experimentally determined that the singlet emission of [Au(TPA)3]Cl at 275 nm is 

destabilized relative to the atomic state.  It is surprising to see that the complexes spin-

orbit splitting is similar to that of the atom.  Calculations were performed along the 

same lines that Koseki did to model the spin-orbit states of Pt, Pd and Ir complexes5,6 to 

model the multiple emissions of [Au(TPA)3]Cl. Four emission bands were modeled and 

matched the experimental findings.  The relative emission energies within the 

calculated spectrum however do not match in wavelengths or in splitting energy 

between the molecular spin states due to the lack of the account of j-j splitting in which 

the Au(I) atom is heavily dependent on because the 1D2 and 3D2 states are similar in 

energy.  In total, the phosphorescent emission splitting follows a j-j coupling scheme 

rather than a Russell-Saunders splitting. 
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 The results discussed in Chapter 3 hallmark the remarkable luminescence 

properties of Au(I) complexes where the ~5000 cm-1 spin-orbit splitting of [Au(TPA)3]Cl 

phosphorescent state and is larger in energy than any other in the literature.  For 

reference, the classical spin-orbit splitting experiments on the ligand based emissions 

[Ru(bpy)3]
2+ and [Os(bpy)3]

2+ showed splitting of the of 60 and 220 cm-1 but there can 

be no comparison to metal based emissions of Au(I)–phosphine complexes.7-11 

  

6.1.3 Luminescence Tunability of Neutral 3-Coordinate Au(I)-Phosphine Complexes  

An extension of the analysis of the D3h calculation1 results on [AuL3]
+ was 

performed on the neutral C2v Au(I)–phosphine halo complexes as well as 

photoluminescence experiments.12  Full optimization calculations on the 3-coordinate 

Au(I) complexes reveal a toward a T-shape phosphorescent excited state structure and 

a detailed study on the photoluminescence properties correlate well to the hypothesis.  

Structurally, the phosphines were varied between the bulky triphenylphosphine (PPh3) 

and the lesser bulky tris(1,3,5-triaza-7-phosphaadamantane)gold(I) (TPA) along with 

the variation of the halide ligand (Cl, Br, and I) and all showed a systematic variation of 

the luminescence emission based on the size of the complexing ligand.  Experimental 

photoluminescence emission of [Au(TPA)2]Cl (where TPA has the smallest cone angle 

and Cl has the smallest ionic radii) displayed the largest Stokes’ shift where the 

emission was red while the [Au(PPh3)2I] (where PPh3 has a large cone angle and I has 

the largest ionic radii) had the smallest energy Stokes’ shift with blue emission.  

[Au(PPh3)2Cl] and [Au(PPh3)2Br] are intermediary complexes between the PPh3 - iodo 
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complex and [Au(TPA)2]Cl and emitted yellow and green respectively.  DFT optimization 

calculations of the ground and lowest energy phosphorescent state also verify the 

experimental tunability where the [Au(TPA)2]Cl had the largest excited state (T–shape) 

distortion between the ground and triplet excited state while [Au(PPh3)2I] had the least 

amount of excited state distortion. 

Rigidochromic behavior was discovered in the solid phase as an emission red-

shift occurs when the powder is spin coated into a thin-film.  The lack of packing forces 

and intermolecular interactions present in a powder allows the molecule to distort to 

larger degree in a thin film than it would in a bulk powder.  With a reduction of packing 

forces between a bulk powder and a thin-film, [Au(PPh3)2Br] experienced a 

luminescence energy shift 950 cm-1 while the iodo complex shifted by 1328 cm-1.   

 In total, the junction of experiment and theory explained the photophysical 

nature of 3–coordinate Au(I) phosphine complexes and  allowed for further hypothesis 

in applications such as organic light emitting diodes (OLED). 

 

6.1.4 Extremely Bright Phosphorescence of Coinage-Metal Dinuclear Complexes 

Experimental photoluminescence as well as DFT calculations were performed on 

the M = Cu(I), Ag(I) and Au(I) complexes of [(3,5 (CF3)2-Pz)2]M2[µ2-dppm]2  complex 

and the blue emission of the solid is brighter than most phosphorescent complexes 

known.  Full optimization calculations determined that there is a T–shape distortion 

within each of the monomeric subunits of the dimer as well as a metal–metal 

compression upon photoexcitation of the Cu(I) and Au(I) complexes.  The rigidity of the 
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complex (due to the bridging of the dppm ligand) a) restrains the excited state 

distortion so the Stokes’ shift places the emission in blue region of the visible spectrum 

and b) increases the luminescence efficiency because the geometric distortion is limited 

to the vibrations responsible for the emission.  While Cu(I) and Au(I) complexes were 

bright room temperature emissive Ag(I) displayed emission only at low temperatures. 

In terms of brightness of these samples, quantum yield measurements13 

determined that the Cu(I) sample had a 91% luminescence efficiency while the Au(I) 

complex was at 80%.  Lifetime measurements placed the decay to be in the 

microsecond region leaving no doubt that these complexes are indeed phosphorescent 

emitters.  Bright phosphorescent materials are needed in the application of OLEDs and 

the fluorination of the methyl groups bonded to the pyrazolate should make these 

materials sublimable within thermal evaporation and should assist in the processing of 

OLEDs. 

 

6.2 Future Direction 

6.2.1 Applications of the Rigidochromic Behavior of Au(I)-Phosphine Complexes  

 Epoxy resins have shown to have many useful mechanical and electrical 

properties and have found to be resistant to corrosion, adhesive and above all, they 

come at a low cost.14 As well as hardened epoxy, sol-gel15 is a method developed to 

prepare gels, glasses and ceramic powders with metal alkoxides. However, fundamental 

to the manufacturing process of thermosetting polymers or sol-gel is the importance of 

monitoring the physical and chemical changes that occur during the hardening and 
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setting process.  Luminescent transition metal complexes have been proven as a visible 

probe for the curing process of epoxies16 and the dehydration and drying reaction of 

sol-gel.17 In both applications, utilization of the classical rigidochromic Re complexes2 or 

variations thereof have been used to monitoring the drying process of gels, glasses and 

ceramics.  From a survey of the known literature, the visible color change is limited 

from green to yellow, while in Chapter 2 it was discovered that medium rigidity directly 

hinders the toward a T-shape distortion of [Au(PPh3)3][PF6] and a visible color change 

from blue to yellow is noted.  Shift in emission color is critical in sensing probes, where 

sensitivity is increased as the color range increases.   The [Au(PPh3)3][PF6] complex is 

now known to not only be rigidochromic in solution but also have a high luminescence 

quantum efficiency.  In order to increase the rigidochromic shift even further, it is 

hypothesized that the longer bond distance within Au-triphenylarsine complexes may 

allow a larger distortion.18  In addition to the triphenylarsine ligand, mixed ligands such 

as both TPA and PPh3 Au(I) complexes maybe used top decrease the steric hinderance 

of the excited state and thereby increase the Stokes’ shift of the luminescence.  The 

hypothesis here is that this three-coordinate Au(I) complex can be tested as an 

alternative to the classical Re complexes not only in probing the hardening of epoxy 

resin or sol-gel processing but also as probes for the drying of gypsum,19 and biological 

photosensors.20
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6.2.2 Organic Light Emitting Diodes (OLED) 

 The burden of the future of lighting applications have been well placed in the 

study of OLEDs because the operation cost in terms of energy uses is much lower than 

other applications such as flat panel liquid crystal displays (LCD) which rely on 

backlighting for brightness.21,22 The research of flat panel lighting founds its benefits 

from the use of bright, internally efficient phosphorescent transition metal complexes.23 

While singlet emitters are common within scope of OLEDs, the maximum internally 

efficiency is only 25% while phosphorescent transition metal emitters can display up to 

100% internal efficiency can be reached.  Figure 6.1 is the standard structure of a 

multi-layered OLED. 

 

Figure 6.1.  Standard OLED structure (HTL = Hole transport layer, EML = Emitting 
layer, Electron transport layer. 
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 OLED fabrication begins by thermally evaporating, under a vacuum environment, 

each layer onto the anode with varying thicknesses.  The final layer or cathode is 

placed last and a voltage is then applied and emission is seen through the transparent 

cathode.23 

The general structure of an OLED displayed in Figure 6.1 contains multiple 

organic layers sandwiched between the anode and cathode.  When voltage is applied 

across the device, the cathode becomes negatively charged and reduces organic 

materials to which it is interfaced.  On the opposite side where the anode fits, when a 

bias voltage is applied across the device, the anode becomes positively charged and 

oxidizes organic materials to which it is interfaced.  Recombination of the reduced and 

oxidized complexes form the excited state complex or exciton here within the emitting 

layer which is sandwiched between the cathode and anode and electroluminescent 

radiation is emitted.23  

 

6.2.2.1 Au(I) complexes as OLED Material 

Initial studies were conducted on the blue emitting [Au(PPh3)2I] solid where it 

was thermally evaporated on a substrate and the photoluminescence was recorded for 

the thin-film.  Figure 6.2 is the photoluminescence emission spectra of the thin-film of 

[Au(PPh3)2I] and compares it to the bulk solid.  The emission of the thin-film of 

[Au(PPh3)2I] displays a red shift in emission energy relative to the solid sample (450 nm 

– solid and 485 nm for the thin-film) which is most likely due to the rigidochromic 

behavior of 3–coordinate Au(I) complexes2,3 where the thin-film environment allows for 
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a larger excited state distortion than the powder.  Lifetime values were similar between 

the two samples where solid = 8.00 µs and film = 7.65 µs.  To verify that the emission 

determined from the thermally evaporated film did not undergo any decomposition 

during the sublimation and deposition process, vibration spectra of the bulk powder and 

film was recorded. According to Figure 6.3, IR absorptions in the powder and film 

match. As an more precise test of purity of the film versus the powder, 31P{1H} NMR 

spectroscopy (Figure 6.4)  concluded that the material present in the powder does not 

decompose when thermally evaporated into a 35 nm film (powder – 31.37 ppm, film – 

29.17 ppm).  The incorporation of Au(I) complexes in OLEDs is a new area of research 

and will be pursued thoroughly. 



146 
 

350 375 400 425 450 475 500 525 550 575 600 625 650 675 700

Wavelength (nm)

 

 Figure 6.2.  Photoluminescence emission spectra of [Au(PPh3)2I] 35 nm thin-film     

(dashed line and the bulk solid (solid line). 
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Figure 6.3.  Vibrational spectra of a) Si wafer background b) 35 nm film of [Au(PPh3)2I] 
and c) the bulk powder of [Au(PPh3)2I]. 

a 

b 

c 
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Figure 6.4.  31P{1H} NMR spectra of a) [Au(PPh3)2I] powder and b) 35 nm thick film 

[Au(PPh3)2I]. 

a 

b 
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From total compilation of computational and experimental data, the next stage in 

OLED application (fabrication) has come into reach.  Powder quantum yield of our blue 

emitter is five to twenty times larger than the standard OLED emitter in the literature. 

However, further cyclic voltammetry, absorption, photoluminescence experiments and 

computational calculations reveal that although this complex has a bright emission, the 

electronic energy levels may not be conducive for the use in conventional OLED 

structure.  Figure 6.3 is the results of cyclic voltammetry of [Au(PPh3)2I] in CH3CN. 

 From the oxidation wave in Figure 6.5, the value extrapolated for E1/2 = 1.08 V.  

The peak found is irreversible and transposes to a HOMO level of 5.78 eV versus 

vacuum. Coupled with the results absorption spectroscopy and photoluminescence 

excitation, the band gaps are 4.96 eV and 2.08 eV respectively and therefore give 

LUMO values for the singlet to be 0.82 eV and triplet to be 2.08 eV.  It is because of 

this large band gap that we are proposing this material as an electron blocker and as a 

exciton blocker.  Figure 6.6 compares the band gap of [Au(PPh3)2I] with the band gap 

of standard OLED electron transport layer (TPBi) and a hole transport layer (NPB). 
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 Figure 6.5.  Cyclic voltammetry of [Au(PPh3)2I] in CH3CN vs Ag/AgCl. 
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Figure 6.6.  Proposed energy level diagram for [Au(PPh3)2I] as an electron blocking 
layer.  EML placed as a reference to display HOMO/LUMO levels of standard 

OLED emitters. 

 

 In the proposed structure (Figure 6.6) in a standard OLED, it is clear that the 

Au(I) complex will block electrons and serve to confine electrons with the recombination 

site of the EML.  As well, due to the triplet energy level, triplet excitons can be confined 

to the EML making [Au(PPh3)2I] also a proposed exciton blocking layer.   
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6.2.2.2 Cu(I) complexes as OLED Material 

 Within Chapter 5 it was discussed that dinuclear Cu(I) complexes studied 

experimentally were extremely bright and had up to 90% photoluminescence efficiency 

at room temperature.  The complexes are neutral and thermally stable so they are 

candidates for initial testing in OLEDs.  Figure 6.7 is a proposed device structure for the 

dinuclear Cu complex that was studied photophysically in Chapter 5. The HTL, and ETL 

are standard OLED materials and the HOMO and LUMO energies of the dinuclear Cu 

complexes were extrapolated from the DFT optimized geometry calculation and the 

experimental excitation energy respectively.  To our knowledge, this is the first 

proposed structure for a dinuclear Cu complex that is to be attempted in an 

electroluminescent device. 
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Figure 6.7.  Proposed OLED structure utilizing the dinuclear complex from Chapter 5. 

 

However, much exploration is still needed in the study of mononuclear Cu 

complexes which examples are known to achieve bright phosphorescent emission.24 

Recently, there has been examples of 4-coordiante Cu(I) electroluminescent devices 

that have displayed efficient electrical properties.25  The Cu complex listed has the 

general structure displayed in Figure 6.8. 



154 
 

Cu

N N

PP

 

Figure 6.8.  General structure of monomeric Cu(I) emitting layers in recent 

electroluminescent devices. 

 

These devices are good examples of polymer based LEDs (PLED) because the 

materials are cationic and soluble in spin-casting solvents.  However, here we propose 

neutral 4-coordinate Cu(I) complexes that have the same general structure in Figure 

6.8 but the bidentate nitrogen containing ligand is negative and the overall charge of 

the molecule will be net zero.  The bidentate nitrogen coordinating ligands here are 

proposed to be based on pyrazolates (as in Chapter 5), triazolates bonded to pyridine.  

Figure 6.9 is the are the proposed ligands to be tested in the 4-coordinate class of Cu(I) 

OLEDs. 
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Figure 6.9.  Proposed pyrazolate-pyridine and triazolate-pyridine ligands for 4 

coordinate Cu(I) OLED materials. 

  

With the combination of the general structures of a 4-coordinate Cu(I) complex 

in Figure 6.8 and the proposed ligand in Figure 6.9,  a different class of emitting layer 

based on inexpensive and abundant Cu complexes may be ready for future study in the 

field of electroluminescent devices. 
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