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Two major topics that involve synthetic strategies to enhance the phosphorescence of 

organic and inorganic luminophores have been investigated. The first topic involves, the 

photophysical and photochemical properties of the gold (I) complexes LAuIX (L = CO, RNC 

where R = alkyl or aryl group; X = halide or pseudohalide), which have been investigated and 

found to exhibit Au-centered phosphorescence and tunable photochemical reactivity. The 

investigations have shown a clear relationship between the luminescence energies and 

association modes. We have also demonstrated for the first time that aurophilic bonding and the 

ligand π-acceptance can sensitize the photoreactivity of Au(I) complexes. 

The second topic involves conventional organic fluorophores (arenes), which are made to 

exhibit room-temperature phosphorescence that originates from spin-orbit coupling owing to 

either an external or internal heavy atom effect in systematically designed systems that contain 

d10 metals. Facial complexation of polycyclic arenes to tris[{μ-(3,4,5,6-

tetrafluorophenylene)}mercury(II)], C18F12Hg3 (1) results in crystalline adducts that exhibit 

bright RGB (red-green-blue) phosphorescence bands at room temperature. This arene-centered 

phosphorescence is always accompanied by a reduction of the triplet excited state lifetime due to 

its sensitization by accelerating the radiative instead of the non-radiative decay. The results of 

both topics are significant for rational design of efficient metal and arene-centered phosphors for 

molecular light emitting diodes in addition to the fundamental novelties in inorganic chemistry 

and molecular spectroscopy. 
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CHAPTER 1 

 

INTRODUCTION 

1.1. Overview of This Dissertation 

 This dissertation represents part of the work performed by the author during his 

graduate study at UNT that is yet to be published.  The candidate has coauthored several 

other manuscripts that have been already published.1- 6 Work in lieu of these manuscripts 

is not represented in the following dissertation chapters. This dissertation is a study of 

two major topics that involve synthetic strategies to enhance the phosphorescence of 

organic and inorganic luminophores. In one approach, the photophysical and 

photochemical properties of gold (I) complexes LAuIX (L = CO, RNC where R = alkyl 

or aryl group; X = halide or pseudohalide), which exhibit Au-centered phosphorescence, 

are studied. In another approach, conventional organic fluorophores (arenes) are made to 

exhibit room-temperature phosphorescence that originates from spin-orbit coupling 

owing to either an external- or internal-heavy atom effect in systematically-designed 

systems that contain d10 metals. This arene-centered phosphorescence is always 

accompanied by a reduction of the triplet excited-state lifetime. The following is an 

overview of the subsequent dissertation chapters.  

Chapter 2 represents a detailed photochemical study of the neutral isonitrile gold(I) 

complexes RNCAuICl (R = t-butyl, methyl, or p-(tosyl)methyl). Chapter 3 discusses the 

photophysical and bonding properties of [RNCAuX]2 dimeric complexes. Chapter 4 

represents a similar study of the photophysics and Au-Au bonding in the ground and 
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emitting excited states of LAuICl complexes (L = CO or RNC) that stack as extended 1-

dimensional zig-zag chains in their crystalline solid state. Chapter 5 discusses an 

expansion of our recently published work3,6 in which we reported a strategy to obtain 

arene-centered sensitized phosphorescence by facial π-complexation with a trimeric 

Hg(II) Lewis acid. This expansion involves replacing the previously studied arenes with a 

series of 1-halonaphthalenes, in which an internal halogen heavy atom effect is combined 

with an external mercury heavy atom effect. Yet further expansion of this project is 

represented in chapter 6 in which we explore new strategies to synthesize first and third-

generation (G! and G3) poly(propyleneimine) dendrimers decorated with aromatic arenes 

and study their luminescence properties alone and with the aforementioned Hg(II) Lewis 

acid. 

The remainder of this Introduction chapter overviews the background of the various 

scientific topics that this dissertation addresses in terms of what has been accomplished 

thus far as well as the outstanding problems that the dissertation attempts to solve.  

1.2. Photochemistry of LAuICl Complexes (L = RNC or CO)  

The photochemistry of transition metal complexes has attracted the interests of 

numerous researchers for several decades owing to its significance in potential 

applications. For example, the photochemical deposition of metallic gold can be utilized 

for the fabrication of electronic devices.7,8 Also, gold compounds can be catalytically 

active.9 The efficiency of a photochemical reaction is defined by its quantum yield of 

product formation, i.e., how much product is produced with respect to how much light is 

absorbed. For a reaction where A→ B via absorption of light, the quantum yield of 
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photo-product formation is related to the rate of disappearance of the reactant A, -d[A]/dt, 

and the amount of light absorbed by the reactant. The photoreactive species in nearly all 

chemical reactions of most transition metal complexes is the metal complex itself while 

some reactions can be solvent initiated. The latter are usually carried out thermally by a 

free radical produced through absorption of light by the solvent.10 Light-sensitive Au(I) 

compounds are classified according to the nature of the reactive excited state: metal-

centered, ligand-to-metal charge transfer, metal-to-ligand charge transfer, 

heterobimetallic metal-to-metal charge transfer, and intraligand charge transfer.11  

Vogler and co-workers have investigated the Au(CO)Cl complex and showed that 

it has a long-wavelength absorption at λmax = 250 nm that was assigned to a metal-

centered “ds” transition while the solid state was emissive at λmax = 660 nm at room 

temperature, presumably also due to a ds excited state.12 They also noted that the large 

Stokes’ shift implied a largely distorted excited state. The photolysis of Au(CO)Cl in 

CH2Cl2 leads to disproportionation with the formation of AuCl3 and metallic gold. The 

compound Au(CO)Cl has presumably a low-energy metal-centered ds excited state, and 

CO is released upon excitation leading to photolysis similar to ligand-field excitation of 

other metal carbonyl complexes that showed the same photo-reactivity upon population 

of σ* orbitals.11 In dichloromethane, the in situ “AuCl” disproportionates further into 

metallic gold and gold(III) chloride while in acetonitrile the reaction is less efficient since 

the solvent stabilizes the “AuCl” by coordination.11 In analogy to the aforementioned 

Au(CO)Cl photochemical study, an investigation was carried out for the compounds 

RNCAuICl (R = t-butyl, methyl, (p-tosyl)methyl) since they have similarly large extent 
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of excited-state distortion whilst the photochemistry of such a class has never been 

reported. The photolysis of the neutral gold(I) isonitriles and carbonyl complexes will be 

evaluated as a function of concentration in dichloromethane. The photoproduct quantum 

yield will be investigated to see whether it is dependent upon the tendency of 

oligomerization in solution. Chapter 2 represents a systematic study of the effect of 

association on the photochemistry for a plethora of LAuICl compounds (L = RNC or 

CO).  

1.3. Metallophilic and Excimeric Bonding of Monovalent Coinage Metals Complexes 

 Gold(I) complexes of the type LAu1X are capable of associating in the solid state 

and in solution.13,14 The intermolecular interactions lead to weak sub van-der-Waals 

contacts, usually in the 2.90-3.50 Å range. This bonding falls into the general category of 

metallophilic bonding, which has been reviewed by Pyykko.15 Such interactions between 

Au(I) centers, specifically, are known as “aurophilic” attraction, a term coined by 

Schmidbaur,13 which has been related to correlation and relativistic effects and whose 

strength is dependent on a number of factors with the main contributions from steric and 

electronic effects of the ligands and their substituents.16,17 The energy of the aurophilic 

association has been found to be on the order of 5-10 kcal/mol, which can be compared in 

strength to hydrogen bonding.18 A large reduction in the metal-metal distances for d10 

transition metal complexes is expected upon photoexcitation because of the formation of 

a bona fide metal-metal bond in the excited state, as opposed to the weak van der Waals 

aurophilic bonding in the ground state. A recent study by Coppens, Omary, and co-

workers verified this anticipation for a trinuclear Cu(I) pyrazolate complex by pump-
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probe, time-resolved single-crystal X-ray diffraction, in which a startling intermolecular 

motion was observed in the crystal structure of the excimeric phosphorescent state 

manifested by compressions of Cu···Cu distances and interplanar separations between 

adjacent trimers by 0.56 Å and 0.65 Å, respectively!19  Bond formation in the excited 

state gives rise to excimers and exciplexes, species that are well-known for polynuclear 

aromatic compounds such as pyrene and naphthalene.20 Similar arguments are valid for 

the analogous argentophilic and cuprophilic ground state attractions, and the 

corresponding excimeric covalent bonding in their lowest excited states.21- 26  

Diverse supramolecular structures are exhibited by the RNCAuIX class of 

compounds studied in this dissertation owing to different modes of aurophilic bonding.27 

By varying the R group and X, one can obtain dimers, larger oligomers, 1-dimensional 

(1-D) extended-chain polymers, and 2-dimensional (2-D) polymeric sheets.28- 34 The 

geometry of aggregation in adjacent RNCAuIX complexes can be either anti-parallel (A) 

or staggered (B), representing the two most common association modes in these 

supramolecular structures as shown in Scheme 1.  
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Despite their relative simplicity, spectroscopic investigations of isonitrile 

compounds of Au(I) are growing due to the aforementioned structural diversity and 

photophysical properties.1,2,35- 37 To our knowledge, the effect of concentration (thus 

aurophilicity) on the photochemistry of  LAuICl complexes (L = CO or RNC) has never 

been studied prior to this dissertation. The possible role of excimer or exciplex formation 

on the photochemical behavior of carbonyl and isonitriles gold(I) complexes will be 

investigated in Chapter 2. The impacts upon the photochemical and photophysical 

properties of LAuICl complexes by the differences in the electronic properties of CO vs. 

RNC, and by the aurophilic excimeric Au-Au bonds will be studied in Chapters 2-4.  

1.4. Structure-Luminescence Relationships in Au(I) Complexes 

 The relationship between the photophysical properties and supramolecular 

structure of Au(I) compounds is not completely understood yet. This relationship will be 

studied in detail for LAuX complexes (L = RNC or CO; X = halide) in this dissertation, 

particularly because of the relative simplicity of these neutral linear complexes. 

Chlorocarbonylgold(I) was first prepared in 1925, as an extremely moisture and air 

sensitive colorless crystalline solid.38 Chlorocarbonylgold(I) was widely used as a 

starting material for gold reactions since the carbonyl species can be readily displaced. 

One interesting IR feature is the high C≡O stretching vibrational frequency (2152-2162 

cm-1, which is slightly solvent dependent) that is indicative of little π-back donation from 

the metal to the carbonyl group.39,40 The crystal structure of Au(CO)Cl shows that the 

molecules are arranged  in head-to-tail anti-parallel infinite chains with a short Au-Au 

contact of 3.38 Å. The synthesis of isonitrile gold(I) complexes was first reported by 
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Sacco and coworkers in 1955.41 The general synthetic route for the preparation of gold(I) 

isonitrile complexes follows a modified procedure using (Me2S)AuCl or (THT)AuCl 

(THT = tetrahydrothiophene, and Me2S = dimethyl sulfide): 

               ( THT)AuCl         +      RNC      →        (RNC)AuCl    +      THT 

In spite of the great attention given to luminescent Au(I) compounds in the past 

few decades, establishing a clear structure-luminescence relationship remains an elusive 

goal in this area. The challenge lies in trying to relate the luminescence energy or color to 

the crystallographic Au-Au ground-state distances.42,43 Once this relationship is well-

understood, it will be possible to design compounds to display specific luminescence 

colors, which can be used in single or multi-color electroluminescent display devices. 

Chapter 3 discusses a study of the photophysical and bonding in the ground- and 

emitting-excited states of [RNCAuX]2 dimeric complexes. The crystal structure and 

luminescence properties of (p-tosyl)methylNCAuICl have been reported earlier by the 

author.1 This chapter represents a structural, spectral, and computational characterization 

of (p-tosyl)methylNCAuIX (X = Cl, Br, and I) to examine the effects of the halide size on 

the self-association and the luminescence properties. The data will be combined to 

compare the molecular and electronic structures of the ground state and lowest-excited 

state for these RNCAuIX species as a function of the R-group, the halide ligand, dihedral 

angle, and association (monomer, dimer, trimer, and polymer). The computational studies 

in Chapters 3 and 4 are in collaboration with the Cundari and Wilson groups, 

respectively. In modeling these systems, it is necessary to optimize the emitting triplet 

excited state independently of the ground state, since recent publications from similar 
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experimental/computational collaborations suggested that the excited state of luminescent 

compounds which possess large Stokes’ shifts may have a completely different structure 

from those in the ground-state molecule.44 Since the previous study has suggested that 

emission takes place from a triplet excited state, which is subject to excimeric of Au-Au 

bonding it may be unrealistic to correlate the emission energy to the crystallographic 

bond distances. The relative role of the crystallographic Au..Au distance versus the 

association mode will, therefore, be investigated in Chapters 3 and 4.  

Chapter 4 compares the photophysical and bonding properties of the isoelectronic 

LAuICl complexes (L = CO or RNC) that stack as long zig-zag chains in their 

supramolecular structure. The infinite-chain compounds LAuICl complexes (L = CO or 

RNC) have long Au-Au distances in the ground state suggesting weak aurophilic 

bonding. However, upon exciting an electron from the filled 5dz2 band into the empty 6pz 

band, a drastic shortening of the Au-Au distance is expected to take place since the 

electron is removed from an antibonding orbital and placed into a bonding orbital. This 

will be investigated by correlating the magnitude of the Stokes’ shift with quantum 

mechanical calculations by our collaborators for the S0 ground state and T1 

phosphorescent state for oligomers species of (RNC)AuCl and Au(CO)Cl. Solutions of 

RNCAuCl and Au(CO)Cl in dichloromethane at cryogenic temperatures will be studies 

spectroscopically to see whether there is a tendency for the formation of luminescent 

oligomers, *(LAuICl)n, with “n” denoting a few complexes as opposed to a larger or 

infinite number of complexes.  
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1.5. Phosphorescence Sensitization of Organic Luminophores 

 Phosphorescence has been observed for a wide variety of compounds and is 

differentiated from fluorescence by the long-lived emission of light. Because of the long 

lifetimes, the molecules are likely to lose their excess energy by radiationless routes such 

as internal conversion or bimolecular collision. As a result, phosphorescence is not 

routinely observed in solutions at room temperature. Nonetheless, phosphorescence can 

be observed by cooling solutions to a rigid glass state at the temperature of liquid 

nitrogen (77 K) or inserting the compound into a rigid polymer matrix, as molecular 

collisions are greatly reduced and strong phosphorescence signals are observed.20   

Heavy-atom induced phosphorescence of organic chromophores that originates 

from spin-orbit coupling is always accompanied by a reduction of the triplet excited-state 

lifetime. Both internal and external heavy-atom effects can trigger this enhancement and 

thus may lead to a drastic shortening of the phosphorescence radiative lifetime and the 

observation of room temperature phosphorescence. In the former case, a reduction of the 

triplet excited state lifetime by 1-3 orders of magnitude has been observed.3,6 The 

advantage of phosphorescent light-emitting materials is that they harness emission from 

both the singlet and triplet excitons generated in electroluminescence so it is possible to 

attain OLEDs (Organic Light Emitting diodes) with 100% internal quantum efficiency 

where is the 25% upper limit in fluorescent only material amounts to a substantial loss in 

the efficiency.45 In principle, this major drawback can be surmounted by significant spin-

orbit coupling due to a heavy atom with little disturbance of the emitting triplet state of 

the organic chromophore.  
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The ultimate goal of this research is to employ arene-sensitized phosphors into 

OLEDs fabrication. With this in mind, an investigation of the potential of perfluoro-

ortho-phenylene mercury (1) as a heavy-atom inducer was carried out. This trinuclear 

polydendate Lewis-acidic mercury complex interacts with various electron-rich substrates 

including anions and Lewis-basic organic derivatives. Gabbbai et al. have discovered that 

this molecule also has an affinity for various arenes46,47 including biphenyl, pyrene and 

naphthalene, all of which form adducts with 1.3 The solid-state structure of these adducts 

consists of extended stacks in which molecules of 1 alternate with the aromatic substrate. 

Short Hg-Carene contacts ranging from 3.2 to 3.5 Å reflect the presence of secondary 

polyhapto-π interactions occurring between the electron-rich aromatic molecules and the 

acidic mercury centers. As a result of the mercury heavy-atom effect, such adducts 

display intense room-temperature phosphorescence of the arene in the solid state. Upon 

combination of both external and internal heavy atom effects, the lifetimes would 

predictably shorten even further. In a recent publication, we have described a strategy 

that yielded bright room temperature N-heterocyclic (N-methylindole and N-

methylcarbazole) phosphors whose excited state lifetimes are below 100 μs owing to the 

synergy of the external- and internal-heavy-atom effect.6 The 1-halonaphthalene series 

has often been used to demonstrate the internal heavy-atom effect provided by the halide. 

Chapter 5 describes an expansion of our recently published work3,6 for a series of 1-

halonaphthalene:1 adducts in which an internal halogen heavy-atom effect is combined 

with an external mercury atom effect provided by 1. 
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The chemistry of dendrimers has received a great attention during the last decade 

and is rapidly expanding in many applications (e.g., OLEDs, sensors, and lasers).48- 51 A 

common method of incorporating a chromophore into a dendrimer system is by binding it 

at the end of dendrimer arms. By placing the chromophores at the end of the dendrimer 

arms, a better control over the density and concentration of the luminophores along with 

the manipulation of the spatial and molecular interaction of the chromophores is 

achieved.49 The nth- generation dendrimer can be easily functionalized via an amide 

linkage with the fluorescent active units at the periphery. In an effort to extend the scope 

of Chapter 5 to larger molecules, we will synthesize first- and third-generation (G1 and 

G3) poly(propyleneimine) dendrimers decorated with aromatic arenes like naphthalene, 

biphenyl and pyrene and explore their luminescence properties alone and with the Hg(II) 

Lewis acid; Chapter 6 tackles this subject. In order to make these materials more 

attractive for OLEDs, we are currently investigating various strategies that would allow 

us to shorten the emission lifetimes and obtain room temperature RGB phosphorescence. 

The dendrimers alone can exhibit intramolecular excimer fluorescence bands even at sub-

micromolar concentrations and the effect of the dendrimer concentration and generation 

will be evaluated. The interaction of the tethered arene with tertiary amines in the 

backbone of the poly(propylene imine) dendrimers was found to quench the fluorescence 

for the arene,52,53 as such implication might open up the possibility for using our 

dendrimers in sensor applications for metal cations. 
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1.6. Organic Light-Emitting Diodes (OLEDs) 

 Applying transition metal complexes and organic luminophores into solid-state 

OLED devices has become an exciting field in recent years.42,54- 61  Forrest and 

Thompson were the first to suggest that incorporating phosphorescent materials with 

short lifetimes can provide the very highest efficiencies in comparison to other active 

display medium.62- 65 Recent advances in achieving very high efficiency OLEDs for 

displays and white light generation has been achieved by employing phosphors in both 

small-molecular-weight and polymeric organic systems.66- 68  

A general schematic of an OLED device is shown in Scheme 2. A simple organic 

LED  

                             

V 
 ITO anode               

HTL
Light emitting material

ETL
Reflecting electrode

Scheme 2 

consists of a thin organic or metal-organic film sandwiched between an indium-tin-oxide 

(ITO) anode and a metal cathode as shown in Scheme 2. When potential is applied, the 

material will be oxidized at the anode and reduced at the cathode, as injection of holes 

and electrons into the thin film occurs. Electrons and holes drift in the presence of applied 

field via the hopping mechanism until they are removed at the opposite electrode or 

encounter an oppositely-charged carrier within the film.42 The HTL (hole-transport 

layer), typically composed of a tertiary amine (e.g., N,N`-biphenyl-N,N`-bis(3-
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methylphenyl)1-1biphenyl-4,4`diamine, abbreviated as TPD), is used to confine the holes 

efficiently within the emitting material while the ETL (electron-transport layer) layer 

(often an oxidiazole derivative like 8-hydroxyquinoline aluminum salts or 2,9-dimethyl-

4,7-diphenyl-1,10-phenanthroline, abbreviated as BCP) is used to inject electrons with a 

low drive voltage. In an OLED, light is emitted upon radiative relaxation of an electron-

hole recombination event, which occurs in the organic emitting layer of the diode. The 

advantage of phosphorescent materials is that they harness emission from both the singlet 

and triplet excited state so it is possible to attain OLEDs with 100% internal quantum 

efficiency. Our main objective is to synthesize compounds that have arene-centered or 

metal-centered phosphorescence and incorporate them into OLEDs as our work 

elucidates that these compounds are promising for display applications.   

OLED displays are believed to be the wave of the future because of their potential 

as thinner, lighter, brighter, very efficient, and environmentally-friendly room 

illumination applications and more durable screens. Unlike liquid crystal displays 

(LCDs), which pass white back light through their filter layers, OLED displays use 

organic compounds or metal complexes to generate their own light. Accordingly, no 

power-draining backlighting is necessary. Despite the fact that glass-based OLEDs have 

great potential for improved visibility and battery life on portable devices such as PDAs 

and cell phones, the genuine revolution will occur when OLEDs use plastic polymer 

substrates that are cheaper to manufacture than current displays. Although applied 

device-fabrication aspects are beyond the scope of this dissertation,69 the work here 

offers a backdrop for the design of efficient emitters for such technologies.   
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CHAPTER 2 

 

PHOTOCHEMISTRY OF NEUTRAL ISONITRILE GOLD(I) COMPLEXES: 

MODULATION OF PHOTOREACTIVITY BY AUROPHILICITY AND π-

ACCEPTANCE ABILITY 

2.1. Introduction 

Metal isonitriles have been strongly overshadowed by metal carbonyls, probably 

because of the repulsive smell of isonitriles and not necessarily due to scientific reasons. 

The electronic structure of RNC is believed to be rather similar to that of CO; thus, the 

reactivity should be similar for complexes of both ligand types.1 Exploring the chemistry 

of metal isonitriles has led to new advances in both science and technology. For example, 

Cardiolite™, which has been approved for use in cardiac imaging, is an isonitrile 

complex.2 Gold(I) isonitrile complexes are used for the deposition of gold films3,4 and for 

the preparation of new types of liquid crystalline phases. 5 - 7  Fascinatingly diverse 

supramolecular structures are exhibited by the Au(RNC)X class of compounds, as 

influenced by the aurophilic attraction in the solid state.8 By varying the R group and X, 

one can obtain dimers, larger oligomers, 1-dimensional (1-D) extended-chain polymers, 

and 2-dimensional (2-D) polymeric sheets.9-20 Spectroscopic investigations of isonitrile 

compounds of Au(I) are increasingly growing due to the aforementioned structural 

diversity and its potential influence on the photophysical properties.14-20  

The photochemistry of most transition metal complexes involves the absorption of 

UV light, then undergoing internal conversion or intersystem crossing, and finally 

19
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reaching an excited state that can undergo a chemical reaction. The photoreactive species 

in nearly all chemical reactions of most transition metal complexes is the metal complex 

itself although some reactions can be solvent initiated, which are usually carried out 

thermally via a free radical produced through absorption of light by the solvent.21 Light 

sensitive Au(I) compounds are classified according to the nature of the reactive excited 

state: metal-centered (MC), ligand-to-metal charge transfer (LMCT), metal-to-ligand 

charge transfer (MLCT), heterobimetallic metal-to-metal charge transfer (MM’CT), and 

intraligand charge transfer (LL’CT).22 Upon studying the exited state properties of metal 

complexes, an important distinction between the d1-9 and d10 configuration arises from the 

fact that electronic transitions in the partially filled d sub-shells creates ligand field 

excited states while such d-d transitions are absent in d10 complexes. Based on this 

concept, the spectroscopy and photochemistry in such d10 systems are dependent upon the 

properties of other types of electronic excited states.23  

The photochemical deposition of metallic gold can be utilized for the fabrication 

of electronic devices.24,25 Gold(I) compounds can be active in homogeneous catalysis, 

overcoming previous problems associated with using Au(III) in catalysis due to its quick 

reduction to metallic gold.26 The Vogler group investigated the Au(CO)Cl complex and 

showed that it exhibits a long-wavelength absorption at λmax = 250 nm that was assigned 

to a metal-centered ds transition.27  The photolysis of Au(CO)Cl in CH2Cl2 leads to 

formation of AuCl and CO, the release of the latter is similar to photoreactions known for 

other metal carbonyl complexes in which ligand-field excitation leads to the population 

of M-L σ* orbitals.27 The initial photoproduct AuCl disproportionates into metallic gold 
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and gold(III) chloride.22,27 In analogy to the aforementioned Au(CO)Cl photochemical 

study, we decided to investigate the compounds RNCAuCl (R = t-Bu, Me, (p-tosyl)CH2) 

since the photochemistry of such a class has never been reported, to our knowledge. 

The photolysis of neutral gold(I) isonitrile and carbonyl chlorides is herein 

evaluated as a function of concentration in dichloromethane in order to probe whether the 

photoproduct quantum yield is dependent on the tendency of oligomerization in solution. 

Yersin and Gliemann concluded in previous studies that the low-temperature emissions 

of various Pt(CN)4
2- salts occur as a result of Pt···Pt stacking interactions in the crystals;28 

it was concluded that association might also occur in solution, 29  thus affecting the 

photophysical behavior of such compounds. Related studies by Adamson and co-workers 

indeed demonstrated a non-Beer’s law behavior of the electronic absorption spectral 

bands for aqueous solutions of K2Pt(CN)4 and BaPt(CN)4 due to oligomerization in 

solution, which consequently affected the photophysical 30 a and photochemical30b 

behavior. Another study Pfab and Gerhardt demonstrated that even single crystals of the 

tetracyanoplatinates(II) exhibit photochemical activity (photo-oxidation).31  Inspired by 

these studies on the tetracyanoplatinates(II), we have decided to investigate whether 

Au···Au interactions take place in solution and whether they influence the photochemistry 

of the Au(I) complexes studied herein. Dilute solutions of Au(CO)Cl and RNCAuCl are 

dominated by monomers; therefore, the Au···Au interactions are expected to have no role 

in their photochemical behavior. Yet, interactions between Au(I) centers might take place 

in solution at higher concentrations owing to the aforementioned aurophilic attraction or 

bonding (which falls under the general category of metallophilic bonding that has been 
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reviewed by Pyykko).32,33 The extent of this ground-state bonding, which may potentially 

lead to the formation of aurophillically-bonded oligomers in solution, could affect the 

efficiency of the photoproduct quantum yield. The investigation herein examines the 

effect of both solution association and the electronic factor (extent of π acceptance 

ability) on the photochemical behavior of RNCAuCl (R = (p-tosyl)CH2, Me, and t-Bu) 

and Au(CO)Cl complexes 

2.2. Experimental Section 

2.2.1. Materials 

 The isonitriles (p-tosyl)CH2NC and t-BuNC were purchased from ACROS 

Organics while Au(CO)Cl was purchased from Strem Chemicals. 

Au(tetrahydrothiophene)Cl and MeNC were synthesized by slight modifications of 

published procedures.34,35 HPLC grade solvents (acetonitrile and dichloromethane) were 

distilled from conventional drying agents, degassed by the freeze-pump-thaw method 

three times prior to use, and kept under argon. All electronic absorption measurements 

were carried out under argon. Au(CO)Cl is light and moisture sensitive so the solution 

preparation was carried out in a glove box and the samples were stored in the dark under 

argon. 

2.2.2. Syntheses 

 The preparations of RNCAuCl (R = (p-tosyl)CH2, Me, and t-Bu) followed 

procedures reported previously.13,17 Standard Schlenk line techniques under argon 

atmosphere were followed in this method, in which equimolar amounts of 

Au(tetrahydrothiophene)Cl and the isonitrile were dissolved in 10 mL of deaerated 
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dichloromethane followed by stirring the solutions for 4 hours. The solvent was then 

evaporated under reduced pressure and the white solid formed was extracted with 

pentane, filtered, and dried under vacuum.  

2.2.3. Photolysis Reactions 

 Typically, a 5-mL solution of the compound desired was placed in a 1-cm quartz 

spectrophotometer cell or a 25-mL solution of the compound desired was placed in a 10-

cm quartz spectrophotometer cell and irradiated with UV light by using a Hanovia 450 W 

medium-pressure Hg lamp at ambient temperature with no heat detected by touching the 

flask when the solution was removed after irradiation. Fresh solutions were prepared 

from dried CH2Cl2 and kept under argon. The photoproducts were characterized by 

monitoring their electronic absorption spectra, which were acquired with a Perkin-Elmer 

Lambda-900 double-beam UV/Vis/NIR spectrophotometer.  

2.3. Results 

2.3.1. Spectroscopic Studies 

 Dilute solutions of (p-tosyl)CH2NCAuCl exhibit electronic absorption spectra 

with a major band at 225-227 nm (εmax = 3.3 × 104 M-1 cm-1 in acetonitrile), assignable to 

metal-to-ligand charge transfer (MLCT) in monomeric molecules, based on a previous 

study of the related complex (MeNC)AuCN, for which the absorptions in the 200-260 nm 

region were assigned to metal-to-ligand charge transfer (MLCT) transitions.36 Similarly, 

dilute solutions of t-BuNCAuCl and MeNCAuCl exhibit electronic absorption spectra 

with major bands around 230-240 nm (εmax = 8.4 × 104 and 3.2 × 104 M-1cm-1 in 



 24

acetonitrile, respectively). It is not surprising that monomers of the three compounds 

absorb similarly, because the effective chromophore is the C-N�C-AuICl unit in all and 

slight absorption changes are expected upon varying the R group on the ligand since 

excitation is assigned36 to occur from the occupied gold 5dz2 to the π* orbital of the RNC 

ligand. On the other hand, dilute solutions of Au(CO)Cl in acetonitrile exhibit electronic 

absorption spectra with major bands in the 208-222 nm range (εmax = 1.9 × 104 M-1 cm-1), 

similar to the absorption data reported by Kunkely and Vogler for this compound.27  

 A linear relationship between the absorbance and the chromophore concentration 

is assumed per Beer’s law. A plot of molar absorptivity vs. wavelength, therefore, should 

be identical for solutions with different concentrations within the linear range of Beer’s 

law. Yet, if intermolecular interactions occur, Beer’s law may not be followed and 

positive or negative deviations will then be observed. The εmax values for the RNCAuCl 

complexes decrease by 1-2 orders of magnitude as the concentration is incrementally 

increased. Table 2.1 shows some representative data for the neutral isonitrile complexes, 

studied herein to illustrate this phenomenon. The results obtained here illustrate a clear 

negative deviation from Beer’s law for the monomer bands. Real limitations to Beer’s 

law are normally encountered when the analyte concentration is 0.01 M or higher.37 

Nonetheless, in this study the negative deviation occurs at concentrations much lower 

than 0.01 M. We attribute the deviation observed in our investigation to oligomerization  
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Table 2.1. Deviation form Beer’s Law in Dilute Solutions of (p-tosyl)CH2NCAuCl and t-
BuNCAuCl 

(p-tosyl)CH2NCAuCl t-BuNCAuCl 

ε227, M
-1 cm-1 co, M ε230, M

-1 cm-1  co, M  

3.5 × 104 3.2 × 10-6 8.4 × 104 2.3 × 10-6 

7.2 × 103 5.2 × 10-6 5.4 × 104 3.8 × 10-6 

4.4 × 103 5.2 × 10-5 1.2 × 104 3.8 × 10-5 

1.3 × 103 5.2 × 10-4 4.7 × 103 3.8 × 10-4 

 

of monomeric RNCAuCl complexes, for which aurophilic bonding in solution is at least 

one contributing factor in addition to other possible intermolecular forces such as 

multipolar interactions.38,18 

The oligomerization process for LAuICl complexes can be represented by 

Equation 1, with a monomer-“n-mer” equilibrium constant given by Equation 2, wherein 

c1 and cn represent the concentration of the monomer and the n-mer, respectively. 

 

                                           n [LAuICl ]         [LAuICl ]n                          (1) 

                                                        K1n = cn/c1
n                                                        (2) 

At lower concentration, the major electronic absorption bands appear at higher 

energies due to charge transfer transitions in monomeric molecules. As the concetration 
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increases, the tendency for the formation of  oligomers increases, which is evident by 

newer absorption bands that start to grow at lower energies (e.g., 275, 320 and 335 nm 

for (p-tosyl)CH2NCAuCl). Figure 2.1 illustrates that these features become more 

pronounced as the concentration is increased. In order to quantify the appearance of the 

feature at 275 nm as a function of the (p-tosyl)CH2NCAuCl concentration, we performed 

a quantitative analysis for the electronic absorption data. Assuming that the peak at 275 

nm is due to an oligomer, a general quantitative formula that describes the equilibrium 

shown in Equation 2 can be derived as Equation 3, 39  wherein co is the initial 

concentration of (p-tosyl)CH2NCAuCl, A is the maximum absorbance, εn is the molar 

absortiviy of the n-mer, and b is the light path.  

 

                        coA
-1/n  =  (n/{εnb})A(n-1)/n   +  (K1nεnb)-1/n                                        (3) 

A reasonable fit (R2 = 0.999) is obtained by plotting coA
-1/2 vs A1/2 (Figure 2.2a), therefore 

suggesting that the peak at 275 nm is due to a [(p-tosyl)CH2NCAuCl]2 dimer. A value of 

(1.61 ± 0.34) × 103  M-1 is obtained for the formation constant of the dimer, K12. The free 

energy of dimerization {�G12 (298K)} is, therefore, -18.3 ± 0.5 kJ/mol. The analysis also 

gives rise to a molar extinction coefficient for the dimer, ε2, of 176 ± 5 M-1 cm-1. The 

bands at 320 and 335 nm grow along with the band at 275 nm but with a different 

concentration dependence of their absorbance, suggesting that dimers possibly exist 

along with other oligomers at higher concentrations. The oligomer that is responsible for 

the 320 and 335 nm bands is determined to correspond to a trimer according to our 

quantitative analysis. In the determination of K13, we have subtracted the concentration of 
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the dimer (using the derived value of K12) from the initial concentration of (p-

tosyl)CH2NCAuCl, following the approach in ref 39 in which similar spectral 

observations were reported for dicyano complexes. Using the corrected co, plotting coA
-1/3 

vs A2/3 (Figure 2.2b) gives a linear equation with a reasonable fit (R2 = 0.997). A value of 

(6.61 ±  0.40) × 103  M-1 for the formation constant of the trimer, K13, is obtained with a 

corresponding free energy of trimerization {�G13 (298K)} of -21.8 ±  0.2 kJ/mol, and a 

trimer molar extinction coefficient, ε3, of 56.1 ±  2.0 M-1 cm-1 for the 320 nm band. We 

also have desired to obtain �H1n and �S1n for the dimer and trimer formation. The 

electronic absorption peaks at 275 and 320 nm have been monitored at different 

temperatures (285 and 308 K in addition to 298 K) and similar analytical approaches 

have been applied to obtain the free energy of activation, �G1n. Linear fitting of �G12 vs. 

T (K) gives rise to �H12 of -28.6 ±  2.0 kJ/mol and �S12 of -34.9 ±  0.7 J/K-mol for the 

dimer. Similar treatments for the trimer band at 320 nm gives rise to �H13 of -36.5 ± 0.8 

kJ/mol and �S13 of -49.5 ±  0.3 J/K-mol. Table 2.2 summarizes the results for the 

determination of formation constants, molar absorptivities, free energies, enthalpies, and 

entropies for the formation of [(p-tosyl)CH2NCAuCl]2 and [(p-tosyl)CH2NCAuCl]3 

oligomers in solution.  

 



 28

250 300 350 400 450
0.0

0.3

0.6

0.9

1.2

1.5

h

g

f

e

d
c

b

a

A
bs

or
ba

nc
e

Wavelength, nm

 

Figure 2.1. Electronic absorption spectra vs. concentration of (p-tosyl)CH2NCAuCl in 
dichloromethane at room temperature using a 1-cm cuvette. The total (p-

tosyl)CH2NCAuCl concentration is (a) 0.0468 M, (b) 0.0234 M, (c) 0.0156 M, (d) 
0.00936 M, (e) 0.00668 M, (f) 0.00585 M, (g) 0.00521 M, and (h) 5.21 × 10-4 M. 
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Figure 2.2. (a) A plot of coA
-1/2 vs A1/2 with absorbance values taken at 275 nm, 

characteristics of a [(p-tosyl)CH2NCAuCl]2 dimer. (b) A plot of coA
-1/3 vs A2/3 with 

absorbance values taken at 320 nm, characteristics of a [(p-tosyl)CH2NCAuCl]3 trimer. 
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Table 2.2 A Summary of the Formation Constants, Molar Absorptivities, Free Energies, 
Enthalpies, and Entropies for the Formation of a [(p-tosyl)CH2NCAuCl]2 Dimer and a 

[(p-tosyl)CH2NCAuCl]3 Trimer in Solution. 
 

 

εn, M
-1cm-1 K1n, M

-1 

�G1n (298 K), 

kJ/mol 

�H1n (298 K), 

kJ/mol 

�S1n (298 K), 

J/K-mol 

Dimer 176 ± 5 (1.61± 0.34) × 

103  

-18.3 ± 0.5 -28.6 ± 2.0 -34.9 ± 0.7 

Trimer 56.1 ± 2.0 (6.61± 0.40) × 

103  

-21.8 ± 0.2 -36.5 ± 0.8 -49.5 ± 0.3 

 
2.3.2. Photochemistry of (p-tosyl)CH2NCAuCl 

 At the beginning of the irradiation of dichloromethane solutions, photolysis takes 

place slowly as spectral changes clearly indicate (Figure 2.3). After several exposure 

periods of the 4.0 × 10-3 M solution, photo- oxidation takes place for the Au(I) complex, 

as evidenced by the formation of a new band at λmax = 325 nm that is attributed to 

AuCl3.
27 This band overlaps with bands for the free ligand, making it hard to estimate the 

quantum yield. At longer exposure times, a red shift takes place with a new shoulder 

beginning to grow at ~ 340 nm, which we attribute to absorptions characteristic of the 

free (p-tosyl)CH2NC ligand. Analysis of these photolysis data gives rise to Φ = 0.056 for 

this ligand photo-dissociation. An independent measurement of the absorption spectrum 

for the free ligand supports this assignment as shown 
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F
igure 2.3. Absorption spectral changes during the photolysis of a 4.0 × 10-3 M solution of 
(p-tosyl)CH2NCAuCl in dichloromethane under argon at room temperature using a 1-cm 
cuvette after (a) 0, (b) 3, (c) 10, (d) 16, and (e) 30 minutes of irradiation with a 450 W Hg 

lamp. 
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in Figure 2.4 (see the peak at ~ 340 nm; ε = 8.70 M-1cm-1). Upon continued irradiation of 

the (p-tosyl)CH2NCAuCl solution, decomposition takes place as the solution color 

becomes darker giving rise to a peak at λmax = 585 nm indicating the formation of 

metallic gold, which forms with Φ = 0.032 according to the photolysis data in Figure 2.3. 

The increase in the baseline absorbance can be attributed to the production of some 

colloidal particles due to metallic gold nanoparticles.40,22 The disproportionation of AuCl 

proceeds according to the following equation: 3AuCl → AuCl3 + 2Auo. This secondary 

reaction is governed by the thermodynamic instability of AuCl.27  
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Figure 2.4. Electronic absorption spectrum of a 1.0 × 10-2 M solution of (p-tosyl)CH2NC 
in dichloromethane using a 1-cm cuvette. 
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 A similar photochemical behavior is observed for the 4.0 × 10-5 M solution. This 

solution also exhibits disprpoportionation of Au(I) to AuCl3 and metallic gold with a very 

low efficiency (Φ = 0.0065) for the metallic gold photoproduct. The overall photolysis 

results herein for the (p-tosyl)CH2NCAuCl in dichloromethane at different concentrations 

clearly show that the photoproduct quantum yield is dependent on the photo-reactant 

concentration in solution.  

2.3.3. Photochemistry of RNCAuCl (R = t-Bu and Me) 

 In analogy to the Au(CO)Cl photochemical study by the Vogler group, we 

decided to investigate the compounds t-BuNCAuCl and MeNCAuCl since they have 

similar orange to red emissions with huge Stokes’ shifts, presumably due to a large extent 

of excited-state distortion,17 and because they also exhibit a similar extended-chain 

structure with antiparallel stacking of their molecules.13,17 For solutions of t-BuNCAuCl 

in deaerated dichloromethane, photolysis takes place slowly at the beginning of the 

irradiation as clearly indicated by the spectral changes shown in Figure 2.5 for a 5.0 × 10-

3 M solution in a 10-cm cuvette. A highly-structured absorption band with three distinct 

peaks (307.0, 320.5 and 336.0 nm) is observed before irradiation of the solution at high 

concentration. The low extinction coefficient (20.8 M-1cm-1 for the 336.0 nm peak) 

suggests that this bands is due to either an oligomer or a spin-forbidden monomer 

transition (S0→T1). The latter assignment is more likely because a negative deviation 

from Beer’s law is observed upon further increase in concentration, as deduced by 
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comparison of the aforementioned extinction coefficient with that from an independent 

measurement for 
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Figure 2.5. Absorption spectral changes during the photolysis of a 5.0 × 10-3 M solution 
of t-BuNCAuCl in dichloromethane under argon at room temperature using a 10-cm 

cuvette after (a) 0, (b) 11, (c) 35, (d) 80, and (e) 125 minutes of irradiation with a 450 W 
Hg lamp. 

 

a 9.0 × 10-3 M solution (ε = 7.3 M-1cm-1 for the 336 nm peak). The 5.0 × 10-3 M solution 

exhibits photo-oxidation after several light exposure periods, as clearly indicated by the 
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formation of a new band at λmax = 325 nm attributed to AuCl3 with Φ = 0.013. This 

AuCl3 band is both strong and broad enough so as to mask the weak S0→T1 structured 

monomer absorption (Figure 2.5). With continued irradiation, decomposition takes place 

as the solution color becomes darker, indicating the formation of colloidal gold particles 

with λmax = 602 nm and a calculated Φ = 0.0087. At a lower concentration (5.0 × 10-5 M), 

decomposition proceeds with a lower efficiency for AuCl3 and metallic gold. Metallic 

gold forms with Φ = 0.0021 for the 5.0 × 10-5 M solution of t-BuNCAuCl while the 

formation of AuCl3 has a production efficiency of Φ = 0.0045. The results suggest a 

smaller size for the gold nanoparticles formed from this solution based on the value of 

λmax (565 nm compared to 602 nm for the 5.0 × 10-3 M solution) since gold nanoparticles 

are known to exhibit size-dependent absorption maxima.41 In acetonitrile, t-BuNCAuCl is 

less photoactive, as AuCl is known to coordinate with the solvent and become 

stabilized.27  

 The efficiency of the photolysis of MeNCAuCl in dichloromethane to give 

metallic gold is very low (the lowest among all compounds studied here) with AuCl3 

forming as the dominant photo-product. At the beginning of the irradiation, photolysis 

takes place slowly, as shown in Figure 2.6 for a 5.0 × 10-3 M solution. After several 

exposures of this solution, photo-oxidation takes place for the Au(I) complex as 

suggested by the appearance of the band at λmax = 322 nm due to AuCl3, which remains 

the dominant feature even at longer exposure periods but the efficiency is rather low, Φ = 

0.0013. Slow evaporation of the solvent has resulted in the formation of orange-red 



 36

crystals, which have not attained discernible IR or 1H-NMR signals, suggesting that these 

are crystals of AuCl3. The formation of metallic gold has much lower production 

efficiency and this photoproduct can be obtained only after long exposure periods (8 

hours or longer).  
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Figure 2.6. Absorption spectral changes during the photolysis of a 5.0 × 10-3 M solution 
of MeNCAuCl in dichloromethane under argon at room temperature using a 1-cm cuvette 
after (a) 0, (b) 2, (c) 5, (d) 10, (e) 15, (f) 25, and (g) 40 minutes of irradiation with a 450 

W Hg lamp. 
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2.3.4. Photochemistry of Au(CO)Cl vs. Concentration 

 Kunkely and Vogler showed that Au(CO)Cl exhibits a low-energy band that was 

attributed to a metal-centered ds excited state, and that CO is released upon UV 

irradiation leading to photolysis.27 In dichloromethane, AuCl disproportionated further 

into metallic gold and gold (III) chloride with Φ = 0.02 for the AuCl3 production in a 

1.08 × 10-3 M solution of Au(CO)Cl while in acetonitrile the reaction was less efficient 

since the solvent stabilizes the AuCl transient species by coordination.27 We have decided 

to carry out a complementary study to investigate the photochemical behavior of 

Au(CO)Cl in dichloromethane at two different concentrations and compare its 

photochemical behavior to that of t-BuNCAuCl in order to understand the effect of 

concentration and aurophilic bonding on the photoproduct quantum yield for these 

materials that stack rather loosely in the solid state as extended chains with long Au-Au 

separations (in contrast to the (p-tosyl)NCAuCl which forms dimers with a much shorter 

aurophilic distance).13,17,18,27  

 Photolysis takes place slowly at the beginning of the irradiation of a 8.0 × 10-3 M 

dichloromethane solution of Au(CO)Cl in a 1-cm cell (Figure 2.7). After several light 

exposures, this solution undergoes photo-oxidation of the Au(I) complex as indicated by 

the formation of a new band at λmax = 318 nm attributed to AuCl3 with Φ = 0.041. At the 

same time, decomposition takes place as the solution color becomes darker, indicating the 

formation of colloidal metallic gold (λmax = 565 nm), which is formed with Φ = 0.065 

according to the photolysis data in Figure 2.7. At a lower concentration (8.0 × 10-5 M), 

the dominant feature is metallic gold (λmax = 552 nm), which forms with Φ = 0.013 while 
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the band at λmax = 316 nm arises from AuCl3, which forms with Φ = 0.0088. The 

formation of AuCl3 is low such that we have not been unable to compute its photoproduct 

quantum yield. At a higher concentration of Au(CO)Cl, the photo-oxidation is more 

efficient, as indicated by the higher photo-product quantum yield. It is worth mentioning 

that we have been able to reproduce the photochemical results of Kunkely and Vogler for 

a 1.0 × 10-3 M solution of the Au(CO)Cl complex in dichloromethane since we obtained 

Φ(AuCl3) = 0.019 for this solution. This value is intermediate between those for the two 
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Figure 2.7. Absorption spectral changes during the photolysis of a 8.0 × 10-3 M solution 
of Au(CO)Cl in dichloromethane under argon at room temperature using a 1-cm cuvette 

after (a) 0 (b) 1 (c) 2.5 (d) 4 (e) 5.5 (f) 7 and (g) 9 minutes of irradiation with a 450 W Hg 
lamp. 
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 solutions above so it serves to verify the trend of the concentration dependence of the 

quantum yield of AuCl3 production from Au(CO)Cl, in addition to showing that the 

above values are not due to variation in experimental conditions between two 

laboratories. The efficiency of the photochemical process for Au(CO)Cl is higher than 

that for analogues RNCAuCl. Table 2.3 compares the photochemical quantum yields for 

the RNCAuCl compounds with those for Au(CO)Cl at different concentrations. 

2.4. Discussion 

2.4.1. Aurophilic Bonding in Solution 

 Deviations from Beer’s law have been studied for other d10 and d8 closed-shell 

systems. Schindler and co-workers observed a negative deviation for a monomer MLCT 

band in aqueous solutions of [Pt(CN)4]
2-, which was attributed to the formation of 

oligomers (trimers) of this square planar d8 complex.30 A similar behavior was observed 

for solutions of [Au(CN)2]
-
 and [Ag(CN)2]

-
 in which the negative deviations from Beer’s 

law were attributed to the formation of dimers and trimers of these linear d10 

complexes.39 The �G12 value of -18.29 kJ/mol for the [(p- tosyl)CH2NCAuCl]2 dimer at 

ambient temperature is higher than the values obtained by Patterson and co-workers for 

[Au(CN)2
-]2 (�G12 = -7.08 kJ/mole)39 and those reported by Lin and co-workers for the 

association of dinuclear Au(I) compounds in acetonitrile solutions (�G12 varied between 

-8.9 kJ/mol to -12 kJ/mol depending on the diphosphine and dithiolate bridging 

ligands).42 The higher value of the dimer formation constant and the corresponding more 

negative �G12 value for the [(p-tosyl)CH2NCAuCl]2 than these literature precedents  
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Table 2.3. A Summary of the Photoproduct Quantum Yields Φ(Au0) and Φ(AuCl3) vs. 
Concentrations of (p-tosyl)CH2NCAuCl, t-BuNCAuCl, MeNCAuCl and Au(CO)Cl. 

 c0, M Φ(Au0) Φ(AuCl3) 

4.0 × 10-3   0.032 N/A (p-tosyl)CH2NCAuCl 

4.0 × 10-5 0.0065 N/A 

5.0 × 10-3 0.0087 0.013 t-BuNCAuCl 

5.0 × 10-5 0.0021 0.0045 

5.0 × 10-3 N/A 0.0013 MeNCAuCl 

 5.0 × 10-5 N/A N/A 

8.0 × 10-3 0.065 0.060 Au(CO)Cl 

8.0 × 10-5 0.013 0.0088 

 

suggest thermodynamically stronger association in solutions of this neutral isonitrile 

compound (and perhaps stronger Au-Au aurophilic bonds; vide infra). The negative �S 

values for the dimer and the trimer for the (p-tosyl)CH2NCAuCl are consistent with an 

association process and are comparable to those reported earlier by Lin and co-workers.42 

The extent of aurophilic bonding and other intermolecular interactions that contribute to 

the association of LAuCl complexes (L = CO or RNC) in solution will affect the 
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photochemical behavior and the photoproduct quantum yield to produce metallic gold 

and AuCl3. 

It is interesting that the absorption spectral data suggest that the association of (p-

tosyl)CH2NCAuCl in dichloromethane is not limited to dimer formation but also to 

trimers at high enough concentrations. This is particularly intriguing because crystals of 

(p-tosyl)CH2NCAuCl have the molecules stacking as crossed dimers in the solid state.17 

This result adds to rare literature precedents of greater association in solution than in the 

solid state for other d10 complexes. For example, Eisenberg and co-workers reported that 

solvent-free colorless crystals of a dimeric gold(I) dithiocarbamate complex are not 

emissive and do not exhibit Au···Au intermolecular interactions; yet, dissolving these 

crystals leads to fluid or glassy solutions that exhibit visible color and bright 

luminescence indicative of association of the molecules in solution.43 Patterson and co-

workers reported that increasing the concentration of dicyano Au(I) and Ag(I) complexes 

in aqueous solution progressively red-shifts their excitation band energies from those for 

dilute solutions, ultimately leading to excitation energies that are even lower than values 

for the corresponding solids.39 Balch and co-workers reported a remarkable variation in 

the emission color of the Au(I) diaminocarbene complex [Au{C(NHMe)2}2](PF6) in 

frozen solutions of different solvents, several of which exhibited significantly red-shifted 

emissions from those for crystals.44   

The association of (p-tosyl)CH2NCAuCl is most likely driven by aurophilic 

bonding because crystals of this compound form crossed dimers. Assuming that the same 
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staggered configuration is also valid for the dimer and trimer in dichloromethane 

solutions, this arrangement gives rise to aurophilic bonding as the major stabilizing force 

for the association. Clearly, aurophilic bonding is only one component among other 

delicate forces that govern the association of closed-shell Au(I) complexes both in 

solution and the solid state, including multipolar attractive- (e.g., in polar neutral 

molecules like the LAuX complexes here or the Au(diphosphine)(dithiolate) complexes 

in ref 42, and solvation of such complexes in polar solvents) or repulsive- (e.g., 

association of non-polar complexes, particularly with bulky groups) forces, electrostatic 

interactions (e.g., attraction with counterions and repulsion between adjacent complexes 

in ionic molecules), configuration (e.g., a staggered configuration usually gives rise to 

shorter AuI···AuI distances than in anti-parallel or parallel isomers), and extent of 

association (e.g., dimers vs. larger oligomers, one-dimensional chains, or two-

dimensional sheets). For further discussion of this issue, we refer the reader to an elegant 

study by Schmidbaur, Runeberg, and co-workers in which they discussed some of these 

factors from both experimental and theoretical perspectives for RNCAuX and R3PAuX 

complexes,38 as well as our recent structural/luminescence correlation studies in 

collaboration with the Balch group for RNCAuX complexes.17,18 

2.4.2. Photolysis of RNCAuCl vs. Au(CO)Cl 

 The electronic structure of gold(I) complexes with π-donor/π-acceptor ligands 

(e.g., CO, CN-) is strongly influenced by π back-bonding. Thus, the major absorption 

bands in such systems likely entail transitions from M-C bonding orbitals to M-C anti-

bonding orbitals. Thus, the photoexcitation process should lead to the photo-dissociation 
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of the L ligand. Isocyanides are believed to be better π-donors and poorer π-acceptors 

than carbonyl.45,46 The nature of the R group might affect the degree of π acceptance 

capability in the RNC family. An electron withdrawing moiety (such as aryl-SO2 in (p-

tosyl)CH2NC) renders the isonitrile a better π-acceptor. On the other hand, electron 

donating groups make the isonitriles better σ donors and weaker π acceptors, which is the 

situation in MeNC and t-BuNC in comparison with (p-tosyl)CH2NC. Chemical intuition 

suggests that the stronger the π acceptance ability in organometallic LAuX complexes, 

the higher the absorption energy of the aforementioned transition type for the monomer, 

the greater the M-C bonding character of the originating filled orbital depopulated, and 

the greater the M-C anti-bonding character in the destination virtual orbital populated. 

This suggested model is shown in Figure 2.8. The spectral and photochemical data herein 

suggest that this model is borne out. The spectral absorption band energies for solutions 

before irradiation are consistent with the model in Figure 2.8. Thus, while dilute solutions 

of Au(CO)Cl in acetonitrile exhibit absorption bands at λmax = 207 and 220 nm, blue 

shifted from the major absorption band at λmax = 227 nm for dilute solutions of (p-

tosyl)CH2NCAuCl, which in turn is blue shifted from the 230-240 nm bands exhibited by 

dilute solutions of t-BuNCAuCl and MeNCAuCl. Consequently, the observed 

experimental λmax values for the LAuX complexes examined herein support our intuitive 

premise that stronger π-acceptor ligands will have higher absorption energy due to the 

increasing Δ parameter shown in the model suggested in Figure 2.8. 
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The effective absorption that leads to photolysis entails removing an electron 

from 5dπ orbitals, which are non-bonding in the σ-bonding scheme according to simple 

crystal-field theory concepts. However, when π bonding is considered, these 5dπ orbitals 

become more and more M-C bonding while the neutral ligand’s π* orbitals become more 

and more M-C anti-bonding upon increase of the π-acceptance ability of the L ligand in 

LAuX. Hence, depopulation  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. A model for the frontier orbitals showing the effective transition that leads to 
photolysis upon modulation of the π-acceptance ability of the L ligand in LAuX 

complexes. The Δ parameter represents the extent of π acceptance since it shows the 
deviation from the non-bonding character of the 5dπ orbitals of Au(I) predicted by the σ-

only bonding scheme of the crystal-field theory. 
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of the bonding 5dπ orbitals and population of the ligand π* orbitals on exposure of the 

linear LAuCl complex to a broad-band UV light leads to dissociation of L ligands with 

efficiency that should increase on going from L = (alkyl)NC → (p-tosyl)CH2NC → CO 

since the π-acceptance ability increases in the same direction. This is exactly the trend of 

the quantum yield values we observe for these complexes, as summarized in Table 2.3. 

The remaining intermediate, AuCl, will disproportionate into gold(III) chloride and 

metallic gold, which forms gold nanoparticles. The model suggested in Figure 2.8 is 

different from the one proposed by Kunkely and Vogler for the Au(CO)Cl complex, in 

which it was suggested that the photolysis is caused by the weak “ds” absorption 

transition that populates the Au(I) 6s orbital, arguing that the latter orbital is destabilized 

by σ-interaction with the ligands in a similar manner to the destabilization of the eg* 

ligand-field orbitals in octahedral metal carbonyls.27 These authors suggested that, albeit 

weak, the “ds” transition has a larger effect on the Au-CO bonding than the much 

stronger higher-energy major absorption bands that were assigned as “dp” or “MLCT” in 

ref 27. Adopting the model in ref 27 would lead to an opposite trend of the relative 

quantum yields in this study since the RNC ligands are stronger �-donors and weaker π-

acceptors than CO. Nevertheless, we are undergoing rigorous computational studies that 

will assess both models and compare the electronic structure of both RNCAuCl and 

Au(CO)Cl complexes. 

We now turn our attention to explaining the increased photoreactivity upon 

increasing the concentration of the neutral complexes. As dimers and higher oligomers 
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form in more concentrated solutions, aurophilic bonding red-shifts the absorption 

energies of the effective photolysis transitions and thus lower-energy photons will also 

contribute to the photolysis reactions along with the higher-energy photons that excite 

both the monomers and oligomers. Consequently, higher photoproduct quantum 

efficiency will be obtained at higher concentrations versus dilute solutions. Balzani and 

coworkers have reported that dilute (10-2-10-4 M) aqueous solutions of [Pt(CN)4]
2- show 

no photochemistry to 254-nm irradiation.47 However, subsequent studies by Adamson 

and co-workers showed that the triplet excited states of the oligomers present at high 

concentrations of [Pt(CN)4]
2- are photoreactive by a two-electron oxidation pathway in 

the presence of a good two-electron oxidant.30b Later on, Pfab and Gerhardt demonstrated 

that PtII chains in solid tetracyanoplatinates(II) exhibit photochemical activity as a result 

of removing an electron from the one-dimensional valence band and placing it into a 

lattice site between chains, which are octahedrally coordinated by water molecules that 

act as the acceptors.31 We are unaware of literature precedents for concentration-

dependent photolysis studies of d10 complexes, but there is precedence for concentration-

dependent studies of reagents added to such complexes to sensitize their photoreactivity. 

For example, Kunkely and Vogler observed higher photolysis quantum yields for AuCl2
- 

and AuBr2
- in the presence of higher concentrations of electron acceptors such as CH2Cl2 

or O2 but not the Au(I) complex itself.48  

Despite the fact that all complexes of LAuX herein (L = RNC or CO) exhibit an 

increase in their photolysis quantum yield with increasing their concentrations, the 

electronic factor (π-acceptance ability of L) distinguishes them better from one another in 
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regard to photoreactivity. The difference among the compounds in the supramolecular 

structure and stacking mode in their crystal structures does not seem to have any bearing 

on the trends of the quantum yields although this is the major factor that governs their 

solid-state luminescence behavior.17 The solid state stacking mode for the most 

photoreactive Au(CO)Cl and least photoreactive (alkyl)NCAuCl compounds is the same 

(antiparallel chains) while the photoreactivity was intermediate for the (p-

tosyl)CH2NCAuCl compound whose crystals exhibit a crossed-dimer structure. 

We propose that the photolysis of LAuICl (L = CO and RNC) in solution will lead 

to the following photochemical reaction scheme upon absorbing UV irradiation, with the 

efficiency of each step and the “n” value depending on the concentration and extent of 

oligomerization: 

  [LAuICl]n  + hv  →   *[LAuICl]n    (Excitation)   (i) 

*[LAuICl]n →    n L + *[AuICl]n     (Dissociation)  (ii)       

3 *[AuICl]n  →    2n Au0     +   n AuIIICl3                (Disproportionation) (iii) 

   2n Au0   →  (Au0)2n              (Nanoparticle formation)  (iv) 

              _______________________________________________________ 

         3 [LAuICl]n + hv  →  (Au0)2n + n AuIIICl3  + n L  (Overall reaction)  (v)    

 

One major advantage of this mechanism is that it provides an explanation for the 

sensitivity of the photochemical reactivity to concentration (hence aurophilicity) of the 

metal complexes because the proposed reactive species is an oligomer. Nevertheless, 

additional processes likely compete with or complement the proposed mechanism. For 
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example, we observe some variation in the quantum yield for the three different 

photoproducts such that different gold(I) isonitrile complexes yield different distributions 

of the major photoproducts. This may be attributed to other competing processes, such as 

direct oxidation or reduction without necessarily going through the intermediate AuCl. It 

is well known that solvent-initiated photoreactions, which are more relevant with 

halogenated solvents, can mimic metal-centered reactions, as the two can be difficult to 

distinguish. 49  One possible mechanism that incorporates both the solvent-initiated 

mechanism with our proposed mechanism is the oxidation of RNCAuICl to form 

RNCAuIIICl3 by addition of chlorine, while RNCAuIIICl3 can readily photo-dissociate 

into RNC and AuCl3. The photochemical reactions of RNCAuCl (R = Me or t-Bu) would 

be expected to have similar or slightly higher quantum yields in CHCl3 compared to 

CH2Cl2. This is due to the fact that the reactive excited state will extract a chlorine atom 

easier from CHCl3 compared to CH2Cl2 that has a higher C-Cl bond energy, which 

presents a greater barrier to the reaction.49 The low solubility of the gold(I) isonitriles 

here in CHCl3, unfortunately, precluded us from assessing this possible pathway. 

Nonetheless, the observed photoproduct quantum yields seem to be in good agreement 

with this additional pathway, as AuCl3 is predominately formed over metallic gold in 

RNCAuCl complexes.  

2.5. Conclusions 

Finally, it is interesting to note that the relative long-term stability of the solids 

and solutions of the compounds examined here is commensurate with their 

photochemical reactivity. For example, solutions of Au(CO)Cl readily form metallic gold 
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even under room light within an hour and even the solid compound must be shipped and 

stored in the dark carefully to prevent photodecomposition. On the other hand, solutions 

of (p-tosyl)CH2NCAuCl are not extremely light sensitive and remain clear and colorless 

for several days before they decompose, while the solid compound can be stored in room 

light only for several weeks before it starts decomposing. In contrast, t-BuNCAuCl and 

MeNCAuCl are extremely stable to light, as we have not observed any decomposition for 

solids and solutions of both compounds on extended storage at room light. These 

observations clearly correlate with the quantum yield (Φ) values shown in Table 2.3 for 

the formation of the metallic gold and AuCl3 photoproducts. Indeed, the trend of the 

relative long-term light stability based on the π-acceptor ability of L extrapolates to many 

other LAuX compounds that we have synthesized but we are yet to subject them to 

photolysis studies. Thus, we are encouraged to expand the photochemical study herein to 

investigate the photolysis of multiple other classes of Au(I) complexes which, despite the 

strong attention given to their photophysical properties, have not been subject to 

photochemical studies.50 
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CHAPTER 3 
 
 

BLUE LUMINESCENCE, STRUCTURAL, AND BONDING PROPERTIES FOR 

THREE ISOSTRUCTURAL HALO(p-TOSYL)METHYLISONITRILE Au(I) 

COMPLEXES 

3.1. Introduction 
 

 Attractive interactions between two-coordinate Au(I) centers are essential for 

understanding the nature of the supramolecular structure of their complexes. There has 

been much attention given to luminescent Au(I) compounds in the last few years.1,2,3 The 

degree of association in these complexes is dependent on several factors among which 

the steric and electronic effects of the ligands are the most apparent. Despite the recent 

great attention given to luminescent Au(I) compounds, establishing a clear structure-

luminescence relationship remains an elusive goal in this area. A primary challenge lies 

in trying to relate the luminescence energy and hence color of these materials to the 

crystallographic Au-Au ground-state distances.4,5 Once this relationship is established, it 

would be possible to design novel Au(I) compounds that display specific luminescence 

colors, which can be used in single- or multi-color electroluminescent display devices. 

The presence of room-temperature phosphorescence in Au(I) compounds in the solid 

state (due to large spin-orbit coupling) is an added advantage for their potential 

application in OLEDs (Organic Light Emitting Diodes) fabrication since 

phosphorescence enhancement leads to higher theoretical quantum efficiencies. The 

current status of Au(I) photophysics is in contrast to the situation in luminescent systems 

of other closed-shell transition metals that were studied earlier and found to exhibit metal 
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association-based emission, such as the tetracyanoplatinates(II) in which a clear 

correlation has long been established between the luminescence energy and the Pt-Pt 

distance.6  

Attractive aurophilic interactions between closed-shell Au(I) centers are generally 

acknowledged to exist in solids whenever adjacent Au-Au contacts are less than ca. 3.6 

Å. 7 , 8  Such interactions represent a significant factor in determining the solid-state 

organization and electronic structure of many Au(I) complexes.9,10 Electron correlation 

effects strengthened by relativistic effects11,12 and hybridization of the 6s and 6p orbitals 

with the 5d orbitals, 13 have been proposed as being responsible for aurophilic bonding. 

The neutral isonitrile compounds, (RNC)AuIX, present a diverse array of supramolecular 

structures. Variation of the R and X groups produces aggregates that include dimers, 1-

dimensional extended-chain polymers, and 2-dimensional polymeric sheets. 14 - 19  The 

photophysical/photochemical behavior of the closely-related (OC)AuICl showed an 

intriguing luminescence with emission at 663 nm in the solid state, while the absorption 

in solution occurs at ca. 250 nm.20  

The crystal structure and luminescence properties of the (p-tosyl)methylNCAuICl, 

have been reported earlier, wherein molecules of this compound have been found to  

associate via a staggered dimer mode.21  Theoretical calculations by Pyykkö and co-

workers predicted an increase in the strength of the aurophilic bonding for analogous 

staggered dimers of   H3PAuIX systems in the series of anionic ligands (X) with F < CH3 

< H < Cl < CN < Br < I < SCH3.
11 The crystal structures for the series of (Me2PhP)AuX 

(X = Cl, Br, I) complexes have been determined and all are found to form crossed dimers, 
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thus, 22  allowing a direct comparison with theory. The Au-Au contacts are 3.230(2), 

3.119(2) and 3.104(2) Å, respectively, supporting the calculations of Pyykkö. A similar 

study by Schmidbaur and Runeberg predicted a decrease in the aurophilic distances for 

[MeNCAuX]2 (X = Cl, I) in the staggered geometry.23 Yet, upon loosening the restraint 

of an Au-Au-X 90o torsion angle, the Au-Au distance became 3.442 Å for the chloride 

complex and 3.792 Å for the iodide complex in the anti-parallel dimeric modes.23 In our 

work, we report the structural, spectral, and computational characterization of the (p-

tosyl)methylNCAuIX (X = Cl, Br, I). Recently, we have reported the spectral and 

structural characterization for another class of isonitrile complexes of CyNCAuICl, 

CyNCAuIBr, and CyNCAuII in collaboration with Balch group.24 X-ray crystal structures 

revealed that these compounds all crystallized in the same space group, P21/n, and have 

closely-related structures that involved all pleated chains of linear, two-coordinate 

monomers that are arranged in a head-to-tail fashion with varying Au-Au distances. The 

colorless crystals of each solid displayed an orange luminescence band with a very large 

Stokes’ shift (~21,000 cm-1; 2.6 eV), with the dependence on the halide or Au-Au 

distances. The (p-tosyl)methylNCAuICl compound that exhibits the shortest 

intermolecular Au-Au distance ever reported for neutral RNCAuX complexes is found to 

exhibit a counterintuitive high-energy Au-centered phosphorescence in the blue-green 

region. In contrast, the analogous one-dimensional long chain polymers compound with a 

much longer Au-Au distance exhibit lower-energy emission, presumably due to a 

different extent of excited-state distortion in dimers versus extended chains.21   
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In an effort to deduce and generalize the structure-luminescence relations for 

neutral complexes of type LAuX that associate via aurophilic bonding and Au-centered 

emissions, here we report a combined synthetic, structural, luminescence and 

computational study for three closely related complexes, (p-tosyl)CH2NCAuIX (X = Cl, 

Br, and I), which are found to exhibit dimeric structure and blue green emissions. The 

ground and the emitting lowest-excited-states of [RNCAuX]n complexes in parallel, anti-

parallel, or staggered conformations are studied in which the energies and structures for 

[MeNCAuX]n or [HNCAuX]n species are evaluated as a function of the halide ligand, 

dihedral angle, and association (monomer or dimer). In modeling these systems, it was 

necessary to optimize the emitting triplet excited state independently of the ground state, 

since a recent publication by our group suggested that the excited state of luminescent 

compounds which possess a large Stokes’ shift have a completely different metal 

coordination geometries from those in the ground-state molecule.25  

3.2. Experimental Section 
 

3.2.1.Materials 
  
 (p-tosyl)methyl isonitrile, (Me2S)AuCl, sodium bromide, sodium iodide, and 

HPLC grade dichloromethane were purchased from Aldrich. (THT)AuCl (THT = 

tetrahydrothiophene) was synthesized by a slight modification of a published procedure.26 

All reactions were carried out under atmospheric conditions unless otherwise indicated. 

3.2.2. Physical Measurements 

 The luminescence measurements were carried out for crystalline materials 

carefully examined for optical purity and homogeneity by optical microscopy. Steady-
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state luminescence spectra were acquired with a PTI QuantaMaster Model QM-4 

scanning spectrofluorometer equipped with a 75-watt xenon lamp, emission and 

excitation monochromators, excitation correction unit, and a PMT detector. The emission 

spectra were corrected for the detector wavelength-dependent response while the 

excitation spectra are presented uncorrected due to the unreliability of correction methods 

at short wavelengths below 245 nm, at which these samples absorb and for which the 

xenon lamp output is rather low. Temperature-dependent studies were acquired with an 

Oxford optical cryostat using liquid helium as the coolant. Lifetime data were acquired 

using a nitrogen laser interfaced with a tunable dye laser and a frequency doubler, as part 

of fluorescence and phosphorescence sub-system add-ons to the PTI instrument. The 

337.1 nm line of the N2 laser was used to pump a freshly-prepared 1 × 10-2 M solution of 

the organic continuum laser dye Coumarin-540A in ethanol, the output of which was 

tuned and frequency doubled to attain the 285 nm excitation used to generate the time-

resolved data. Absorption spectra were acquired with a Perkin-Elmer Lambda 900 double 

beam UV/VIS/NIR spectrophotometer. Solutions of crystalline samples were prepared in 

HPLC grade acetonitrile that was degassed and kept under argon using 1-cm quartz 

cuvette. 

3.2.3. Syntheses 

 Standard Schlenk line techniques under nitrogen atmosphere were employed. The 

preparation method for (p-tosyl)methylNCAuICl was reported previously.21  

 (p-tosyl)methylNCAuIBr. (p-tosyl)methylNCAuICl (45.0 mg, 0.105 mmol) was 

dissolved in 8 mL of dichloromethane and placed in a 25-mL round-bottom flask. Finely- 
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ground sodium bromide (107 mg, 1.03 mmol) was added to the solution to form a 

suspension. This suspension was stirred for 90 minutes to allow the metathesis reaction to 

take place. The suspension was filtered and the volume of the filtrate was reduced to 3 

mL under vacuum. Pentane was added to the solution to aid crystallization and the 

solution was allowed to evaporate for two hours. Colorless needles formed during this 

process. Anal. Calcd. for C9H9NO2SAuBr (M.W. = 472.1098 g/mole): C, 22.90%; H, 

1.92%; N, 2.97%. Found: C, 22.34%; H, 1.42%; N, 2.87%. 

 (p-tosyl)methylNCAuII. (p-tosyl)methylNCAuICl (45.0 mg, 0.105 mmol) was 

dissolved in 8 mL of dichloromethane and placed in a 25-mL round-bottom flask. Finely 

ground sodium iodide (107 mg, 0.714 mmol) was added to the solution to form a 

suspension. This suspension was stirred for 90 minutes to allow the metathesis reaction to 

take place. The suspension was filtered and the volume of the filtrate was reduced to 3 

mL under vacuum. Pentane was added to the solution, which produced a small quantity 

of a white solid. This mixture was allowed to evaporate for two hours. Colorless needles 

formed during this process. Anal. Calcd. for C9H9NO2SAuI (M.W. = 519.1103 g/mole): 

C, 20.82%; H, 1.75%; N, 2.70%. Found: C, 21.35%; H, 1.39%; N, 2.64%. 

3.2.4. Computational Methods 
 
 The computations in this work were performed by Mr. M. W. Alexander Gonser 

in collaboration with Prof. Thomas R. Cundari from the University of North Texas. The 

computational methods included the ab initio method MP2 27  and the DFT method 

B3PW91.28 The basis set was an augmented LANL2DZ.29,30,31  All calculations were 
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performed with the Gaussian software package. 32  Further computational details are 

available elsewhere.33 

3.2.5. X-Ray Crystallography and Data Collection 
 

 Crystals of (p-tosyl)methylNCAuIBr and (p-tosyl)methylN)AuII suitable for X-

ray diffraction analysis were grown from CH2Cl2/n-pentane to give colorless needles. X-

ray crystallographic data were collected by Prof. Alice E. Bruce from the University of 

Maine, who also provided the following description of the crystallographic details as well 

as the crystallographic data in Figures 3.1 and 3.2, and Tables 3.1 and 3.2. X-ray 

crystallographic analyses on (p-tosyl)methylNCAuIBr and (p-tosyl)methylN)AuII were 

performed on a Bruker SMART APEX CCD single crystal diffractometer. The crystals 

were mounted with epoxy resin on a glass fiber. Data were collected using SMART and 

were corrected for decay and polarization effects. Both structures were obtained at room 

temperature. Cell refinement was conducted using SAINT-Plus (Bruker) with SHELXS-

97 (Sheldrick, 1990) used to solve, refine the structure, and prepare the structure for 

publication. Heavy-atom positions were determined by using direct methods as the initial 

phasing model for difference Fourier synthesis. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were fixed to the carbon atoms in idealized positions at 

a distance of 0.96 Å. Empirical absorption corrections were applied using SADABS 

(Sheldrick, 1996), via the method described by Blessing.34 The crystallographic data are 

given in Tables 3.1 and 3.2.  
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3.3. Results 
 

3.3.1. Infrared Data and Crystallographic Studies 
 

The IR spectra collected for the three halide complexes are similar with small 

differences in the ν(CN): 2258 cm-1 for (p-tosyl)methylNCAuICl, 2248 cm-1 for (p-

tosyl)methylNCAuIBr, and 2237 cm-1 for (p-tosyl)methylNCAuII. Since these ν(CN) 

values are all larger than that of the free ligand (ν(CN) = 2152 cm-1), the isonitrile acts as 

a strong σ-donor and a weak π-acceptor in this family of complexes. The stretching 

frequencies of the three isocyanide halide complexes decrease in energy in the order Cl > 

Br > I in accord with expectations from backbonding and halide softness. Balch and 

coworkers have shown that the isocyanide stretching frequencies decrease in energy in 

the order Cl > Br > I  for (o-xylylNC)AuX series, similar to the trend obtained in our 

study.35 

 The crystal data for the three complexes are given in Table 3.1. Selected 

interatomic distances and angles for each of the three neutral complexes are reported in 

Table 3.2. Figures 3.1 and 3.2 present ORTEP diagrams showing the intermolecular 

interaction between individual molecules for the bromo and iodo complexes, 

respectively. Crystals of (p-tosyl)CH2NCAuICl, (p-tosyl)CH2NCAuIBr, and (p-

tosyl)CH2NCAuII are iso-structural. One molecule is present in each asymmetric unit. 

The unit cell volume and the lengths of the a axis expand in the order: Cl < Br < I, as 

expected from the increasing size of the halide ligand. Individual molecules in the three 

compounds differ primarily in the Au-X distances as can be seen from the data in Table 

3.2. The Au-X distance increases as the halide covalent radius increases (Au-X = 2.2579, 
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2.367, and 2.522 Å for three halides, respectively). Each gold atom is nearly linearly 

coordinated by the two ligands as indicated by the X-Au-C angles as shown in Table 3.2. 

The crystal structure for the (p- tosyl)CH2NCAuICl has been reported previously by our 

group.21 In this complex, the C-Au distance is 1.933(5) Å and the Au-Cl distance is  

Table 3.1.  Crystallographic Data for (p-tosylCH2NC)AuIX. 
 

 (p-tosylCH2NC)AuICl21     (p-tosylCH2NC)AuIBr     (p-tosylCH2NC)AuII    
    
Empirical 
formula C9H9AuClNO2S C9H9AuBrNO2S C9H9AuINO2S 
    
fw 427.6585 472.1098 519.1103 
    
Color, habit Colorless, needle Colorless, needle Colorless, needle 
    
Crystal system Monoclinic Monoclinic Monoclinic 
    
Space Group C2/c C2/c C2/c 
    
a/Å 27.4784(9) 28.554(4) 29.476(2) 
    
b/Å 5.2120(2) 5.2623(6) 5.2471(4) 
    
c/Å 20.9709(7) 21.234(3) 21.1923(17) 
    

β/˚ 129.4280(10) 129.315(2) 128.417(2) 

    
V/Å3 2319.89(14) 2468.5 2568.09 
    
Z 8 8 8 
    
T/K 90(2) 298(2) 298(2) 
    
d/g cm-1 2.449 2.541 2.685 
    

�μ /mm-1 13.071 15.305 14.004 

    
R1a (obsd data) 0.0231 0.0323 0.0261 
    
a R1 = �   �Fo  - � Fc  � /� � Fo ; wR2 = [�[w(Fo

2 – Fc
2)2]/�[w(Fo

2)2]]1/2 
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Table 3.2. Selected Bond Lengths and Angles. 

 
 (p-tosylCH2NC)AuICl     (p-tosylCH2NC)AuIBr     (p-tosylCH2NC)AuII    
    
Distances, Å    
    
Au-C 1.933(5) 1.931(7) 1.954(6) 
Au-X 2.2579(1) 2.3675(7) 2.5218(5) 
Au-Au  3.0634(4) 3.1044(7) 3.1083(5) 
C-N 1.131(6) 1.136(7) 1.136(7) 
    
Angles, deg    
    
X-Au-C     178.50(15) 177.31(17) 174.34(16) 
C-Au-Au                  90.67(14) 93.07(17) 96.82(16) 
C-Au-Au-X      91.16 84.27(4) 80.38(5) 
 

 

2.2579(1)Å. For comparison, the C-Au and Au-Cl distances in CyNCAuICl are 1.961(14) 

and 2.258(4) Å, respectively.24 Individual molecules of (p-tosyl)CH2NCAuICl aggregate 

through aurophilic bonding to form staggered dimers with an Au-Au distance of 3.0634(4) 

Å; the dihedral angles defined by C–Au–Au–C and Cl–Au–Au–Cl are 96.64° and 93.73°, 

respectively, while CyNCAuICl have two alternating Au-Au distances of 3.3894(7) Å and 

3.5816(7) Å. In (p-tosyl)CH2NCAuIBr, the C-Au and Au-Br distances are 1.931(7) and 

2.3675(7) Å, respectively, while the C-Au-Br angle is 177.31(17)˚. These distances are 

consistent with those in CyNCAuIBr, where the C-Au and Au-Br distances are 1.972(7) 

and 2.3728(8) Å, and the C-Au-Br angle is 178.05(17)˚. The slight decrease in the Au-C 

in the p-tosyl complex compared to the Cy is an indication of a stronger Au-C bonding as 

a result of more metal to ligand back-bonding. The presence of π-acceptor ligands 



 65

stabilizes the d� orbitals of Au(I), leading to stronger Au-C bonds. The increase in the Au-

C bond might be  

 

Figure 3.1. ORTEP diagram showing the intermolecular interaction between two 
molecules of (p-tosyl)CH2NCAuIBr. Displacement ellipsoids are shown at the 50% 

probability level and H atoms have been omitted for clarity. 
 

equally due to the increase in the electrostatic effects of the ligand. Molecules of (p-

tosyl)CH2NCAuIBr associate to form dimers with an Au-Au distance of 3.1044(7) Å, 

however the alternation of Au-Au distances in CyNCAuIBr is more pronounced, that 

there are dimers, with Au-Au distances of 3.4864(9) Å and 3.7036(9) Å,. The dihedral 
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angles of C–Au–Au–C and Br–Au–Au–Br are 96.64° and 98.82°, respectively, consistent 

with the increase in the halide size and volume of each asymmetric unit. 

 

 

Figure 3.2. ORTEP diagram showing the intermolecular interaction between two 
molecules of (p-tosyl)CH2NCAuIBr. Displacement ellipsoids are shown at the 50% 

probability level and H atoms have been omitted for clarity. 
 

In the iodo complex, the C-Au distance is 1.954(6) Å and the Au-I distance is 

2.5218(5) Å, while the C-Au-I angle is 174.34(16)˚. For comparison, the C-Au and Au-I 
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distances in CyNCAuII are 1.953(14) and 2.5319(10) Å, and the C-Au-I angle is 178(5)˚. 

Molecules of (p-tosyl)CH2NCAuII contain gold-gold contacts of 3.1083(5) Å. The three 

halide complexes are isostructural, with significant aurophilic bonding existing in the 

ground state. The Au-Au distances increases slightly (3.064 Å, 3.104 Å, 3.108 Å, for the 

Cl, Br, and I complexes, respectively) as the halide size gets larger, suggesting that steric 

repulsion between the R group on the isonitrile and the halide plays a major role in 

determining the extent aurophilic interactions, compared to the less dominating dipole-

dipole attractions.  

3.3.2. Spectroscopic Studies 

 Temperature-dependent luminescence studies are conducted for crystalline 

samples of (p-tosyl)methylNCAuICl, (p-tosyl)methylNCAuIBr, and (p-

tosyl)methylNCAuII. None of these compounds show any luminescence at room 

temperature or 77K. The three complexes display blue luminescence below 30 K, the 

intensity of which is enhanced by lowering the temperature down to 4 K. Figure 3.3 

shows the luminescence emission and the uncorrected excitation spectra of 

homogeneously emitting crystals of the three complexes at 4 K. The three halide 

complexes have similar emission profile that is broad and structureless (λmax ~ 470 nm 

for (p-tosyl)methylNCAuICl, 490 nm for (p-tosyl)methylNCAuIBr, and 495 nm for (p-

tosyl)methylNC)AuII). Short-wavelength UV excitation (λ � 290 nm) is required to 

generate the blue emission in all three complexes. Lifetime measurements using 285 nm 

laser excitation yield τ = 76.1, 50.2, and 37.1 μs for the three halide complexes, 

respectively. Temperature-dependent lifetime studies in the very low temperature range 
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(3-15 K) show a linear relationship, giving rise to a radiative decay rate constant, kr, of 

9.1 × 103 s-1, 1.9 × 104 s-1, and 2.4×104 s-1 at 0 K for the three complexes, respectively. 

Dilute solutions of (p-tosyl)methylNCAuIX exhibit electronic absorption spectra at peaks 

of 225-227 nm (ε = 3.3 × 104, 1.97 × 104, and 2.95 × 104 M-1 cm-1 in acetonitrile for the 

chloride, bromide, and iodide, respectively), assignable to metal-to-ligand charge transfer 

(MLCT) in monomeric molecules as shown in Figure 3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Luminescence emission and excitation spectra for single crystals of (a) (p-
tosyl)methylNCAuICl (b) (p-tosyl)methylNCAuIBr, and (c) (p-tosyl)methylNCAuII.  
Excitation at 285nm was used to generate the emission spectra while the excitation 

spectra were acquired monitoring the emission maxima. 
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Figure 3.4. The absorption spectra in acetonitrile of dilute solutions of (a) 1.21 × 10-5 M 
(p-tosyl)methylNCAuICl (b) 1.10 × 10-5 M (p-tosyl)methylNCAuIBr, and (c) 1.0 × 10-5 

M  (p-tosyl)methylNCAuII using 1-cm cell. 

 
Diffuse reflectance spectra acquired for crystals of all three compounds are shown 

in Figure 3.5. The spectra are similar, with each complex showing a three band pattern in 

the 200-300 nm region. It is not surprising that monomers of (p-tosyl)methylNCAuIX  
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Figure 3.5. Diffuse reflectance spectra for crystalline samples of (p-
tosyl)methylNCAuICl, (p-tosyl)methylNCAuIBr, and (p-tosyl)methylNCAuII. 

 

absorb similarly, because the chromophore is the N�C-Au(I) unit for all complexes. Very 

slight absorption changes are expected upon varying the anionic ligand since excitation 

occurs from the occupied gold 5dz2  to the π* orbital of the RNC ligand. A previous study 

of the related complex, (MeNC)AuICN, assigned absorptions in the 200-260 nm region to 

metal-to-ligand charge transfer (MLCT) transitions.36 Weak absorptions in the energy 

range of the shoulders in the luminescence excitation spectra of the solids appear in 
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solution, especially at high concentration. The Stokes’ shift of (p-tosyl)methylNCAuIX is 

~15,000 cm-1, which is very large and indicates a significant excited state distortion. 

3.3.3. Computational Studies 
 
 We have examined both the ground and the emitting lowest-excited-states of 

[RNCAuX]n, “n” being the number of complexes in parallel, anti-parallel, or staggered 

conformations. We have calculated and compared the energies and structures of the 

ground state and lowest-excited state for these RNCAuX species as an effect of the R-

group, the halide ligand, dihedral angle, and association (monomer, dimer, trimer, 

polymer). For monomer calculations of HNCAuX and MeNCAuX, (X = Cl, Br, or I), the 

optimized ground state geometry proves to be linear, while we observe a large distortion 

in the geometry for the excited triplet state (Tables 3.3 and 3.4). There is very little 

change in geometry upon changing halide or from replacing the isonitrile  

Table 3.3. Electronic Spectral Energies for Monomeric [X-Au-CNH] Models. 
Computational data are courtesy of Mr. Alexander Gonser.33 

Model Abs, cm-1 Em, cm-1 Abs, nm Em, nm SS, cm-1 

[Cl-Au-CNH] 42,779 12,004 234 833 30,775 

[Br-Au-CNH] 38,731 13,117 258 762 25,614 

[I-Au-CNH] 36,097 12,551 277 797 23,545 

 

substituents from H to Me for the monomer. Data also suggest that the monomer 

emissions should be in the red/NIR region with huge Stokes’ shifts (Figure 3.6). It has 

been established in previous research that two-coordinate Au(I) complexes do not emit as 

monomers, only in the presence of aurophilic bonding.3,7,8  Optimizing the emitting triplet 
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excited state independently of the ground state was necessary, since the excited state of 

luminescent compounds that possess a large Stokes’ shift are expected to have a radically  

Table 3.4. Electronic Spectral Energies for Monomeric [X-Au-CNMe] Models. 
Computational data are courtesy of Mr. Alexander Gonser.33  

Model Abs, cm-1 Em, cm-1 Abs, nm Em, nm SS, cm-1 

[Cl-Au-CNMe] 41,090 9,970 243 1003 31,120 

[Br-Au-CNMe] 39,137 9,568 256 1045 29,569 

[I-Au-CNMe] 37,653 8,468 266 1181 29,185 

 

different structure from that in the ground-state molecule.25 Therefore, the excited states 

were modeled directly, rather than relying on predictions of the excited state structure 

based on the frontier orbitals of the ground states. 

 

Figure 3.6. Ground and lowest excited states of monomeric RNCAuX, R = H or Me, X = 
Cl, Br, or I. Computational data are courtesy of Mr. Alexander Gonser. 
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A visual demonstration of the difference in the frontier orbitals for the singlet and triplet 

state monomer of HNCAuCl and MeNCAuCl can be seen in Figure 3.7. Dimer 

calculations show less distortion in the triplet state than in the monomer (Figure 3.8).  

 

 

Figure 3.7. Frontier orbitals of RNCAuCl, R = H or Me. Computational data are courtesy 
of Mr. Alexander Gonser.33  

 

 

Figure 3.8. Optimized structures of HNCAuCl dimer excited state. Computational data 
are courtesy of Mr. Alexander Gonser.33  
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Phosphorescence energies for [MeNCAuX]2 dimers (470, 519, and 555 nm for X 

= Cl, Br, and I, respectively) calculated for the vertical transitions showed trends 

supporting the observed experimental increase in Au-centered emission for the three (p-

tosyl)methylNCAuIX (470, 490, and 495 nm for X = Cl, Br, and I, respectively) 

complexes (Table 3.5). The large excited state distortion is illustrated by the dramatic 

reduction in the Au-Au distance when compared to the experimental ground state 

staggered conformation, as shown in Table 3.5.   

Table 3.5. Electronic Spectral Wavelengths and Au-Au Distances for Lowest Excited 
State Dimeric [X-Au-CNMe]2 Model. Computational data are courtesy of Mr. Alexander 

Gonser.33  

X Y Au-Au Dist 
Å 

X-Au-Au-X 
Dihedral º 

Experimental 
Wavelength 

(nm 

Calculated 
Wavelength 

(nm) 
Cl Me 2.69 155 475 470 
Br Me 2.70 143 490 519 
I Me 2.72 138 495 555 
 

 

 It is worth noting that the degree of distortion is less in the iodo complex as 

compared to the chloro complex suggesting that repulsive forces between the ligand and 

halide might have a major contribution for the observed equilibrium geometry. The 90° 

model for [HNCAuC]2 dimers is a good model supporting the large experimental Stokes’ 

shifts observed since such compounds associate as dimers. As such, the moderately large 

Stokes’ shift observed for this model is consistent with the experimental data for (p-

tosyl)MeNCAuX (Table 3.6). On the other hand, the 180° dimer gave higher emission 

energy than the 90° model, since compounds that associate as infinite chains have a  
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Table 3.6. Electronic Spectral Energies for Dimeric [HNCAuCl]n Models. Computational 
data are courtesy of Mr. Alexander Gonser.33  

 
Dihedral, deg n DAu-Au, Å Em, cm-1 Em, nm SS, cm-1 

0  2 (dimer) 3.00 27,750 360 15,029 

90 2 (dimer) 2.70 27,502 364 15,277 

180 2 (dimer) 3.00 35,914 278 6,865 

180 3 (trimer) 3.00 31,785 315 10,994 

 * Stokes’ shifts (SS) are based on monomer absorption 234 nm. 
 ** Scan calculations in which only Au-Au distances were varied.  

 

preference for anti-parallel association mode. Upon applying the same calculation 

methods to a trimer model instead of dimers, a significant red shift resulted. 

3.4. Discussion 
 

3.4.1. Structural Properties and Aurophilic Interactions 
 

 The structural data reported here show that the neutral molecules, (p-

tosyl)methylNCAuICl, (p-tosyl)methylNCAuIBr, and (p-tosyl)methylNCAuII crystallize 

in an isomorphous fashion into dimers, through slight variation in the degree of 

aurophilic interactions. The molecules are organized in staggered orientations where 

steric effects between the ligands are minimized. This arrangement is favored suggesting 

that ligand repulsion is important in determining the association mode of the complexes 

along with the extent of aurophilic interactions. It is important to note that among 51 

neutral RNCAuX structures reported so far, only the (p-tosyl)methylNCAuIX series and 

three other Au(I) complexes have crossed-dimeric structures.15,21 The shortest 

intermolecular Au-Au distances among all RNCAuX complexes are found in (p-

tosyl)methylNCAuIX (i.e., 3.0634(4) Å for Cl) and another crossed dimer, 
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MeOOCCH2NCAuI (3.191 Å).15 The Au-Au separation in (p-tosyl)methylNCAuIBr is 

3.1044(7) Å while in (p-tosyl)methylNCAuII, the Au-Au separations are slightly larger, 

3.1083(5) Å, as both Au-Au distances are considered in the range of significant 

aurophilic interactions with torsion angles slightly higher than 90 o coinciding with the 

increase in the halide softness.  

 Self-association of two-coordinate Au(I) complexes can involve an interaction 

through the anti-parallel orientation or via the staggered orientation. A database analysis 

for the structure of 148 AuXY entries has shown that shorter contacts are found with the 

staggered orientation.37 Such analyses have shown that compounds with torsion angles 

close to 90o, will have a preference for shorter Au-Au contacts (3.25 to 3.35 Å), while 

compounds with torsion angles close to 180o have a distinct preference for longer Au-Au 

contacts (3.65 to 3.85 Å). In our series of (p-tosyl)methylNCAuIX complexes, all Au-Au 

interactions are of the staggered orientation with a slight variation in the ground state C-

Au-Au-C dihedral angle deviating from the perfect staggered (90o) orientation (91.16o, 

96.64o, and 100.73o for chloro, bromo, and iodo complexes, respectively). This in 

contrast for the series of (Me2PhP)AuX (X = Cl, Br or I), which have dimeric staggered 

orientation, in which the Au-Au contacts decreased with increasing the softness of the 

halide.22 The study by Schmidbaur and Runeberg predicted a decrease in the aurophilic 

distances for [MeNCAuX]2 (X = Cl or I) in the staggered geometry (Cl > I), which was in 

contrast to the observed experimental Au-Au contacts for t-BuNCAuX (Cl < I). Upon 

refining their model by loosening the restraint of 90o torsion angle, the Au-Au distance 

increased on going from  chloride to iodide with an angle of 180o.23 They attributed the 
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interactions at a relatively large Au-Au contact for dimers with anti-parallel orientation to 

long range dipole-dipole attractions and short range steric repulsion. In a previous study 

by our group for another class of isonitrile complexes of CyNCAuICl, CyNCAuIBr, and 

CyNCAuII, we observed an increase in Au-Au contacts as the softness of the halide 

increased, as the C-Au-Au-C torsion angles approached 180o.24 The geometrical 

configuration (180o ≥ dihedral angle ≥ 90o) and steric factors play a major role in 

determining the extent of aurophillic interactions, with a minor contribution from the 

electronic attraction between ligands. The slight deviation from staggered geometry, as 

C-Au-Au-C torsional angle become larger than 90o, for neutral RNCAuX complexes with 

bulky ligands might explain the increase in the equilibrium Au-Au distances as the 

softness of the halide increases. Also, the twisting of the p-tosyl groups to be out of plane 

might minimize the steric repulsion introduced by the bulkiness of such groups. 

Therefore, the extent of aurophilic interactions is not significantly influenced by the type 

of ligands (RNC or phosphines). The small variations seen in the diffuse reflectance 

spectra shown in Figure 3.5 for (p-tosyl)methylNCAuIX complexes (X = Cl, Br, or I) are 

consistent with the relatively small differences in the molecular structure introduced by 

differing the halide ligand.  

3.4.2. Optical and Photophysical Properties 

 The similarity in the absorption, emission, and excitation spectra seen for this 

series of complexes (Figures 3.3, 3.4, and 3.5) suggests that slight variation in the ground 

state aurophilic interactions doesn’t significantly influence the emission energy. All of 

the complexes examined here showed large Stokes’ shift (~15,000 cm-1 or ~1.85 eV). A 
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Stokes’ shift with such a large magnitude indicates that the excited state is rather 

distorted with different bonding properties from those in the ground state.38 Theoretical 

calculations for [HNCAuCl]2 dimers supported the huge experimental Stokes’ shift for 

(p-tosyl)methylNCAuIX series as shown in Table 3.6. The lifetime data, which fall in the 

range 37-80 μs, suggested that the blue emission occurs from a triplet excited state, as is 

common in luminescent Au(I) compounds.14,24 The computational data provided answers 

to experimental trends obtained for dimers of this class of luminescent Au(I) complexes, 

which showed counterintuitive higher emission energy compared to Au(I) complexes 

with longer Au-Au distances and yet lower emission energies. Figure 3.9 suggests that 

radiative transitions involve an anti-bonding lower level and a bonding upper level. 

Therefore, upon photoexcitation, a gold-gold bond forms. This accounts for the optimized 

excited state having a structure in which the Au-Au distance is much shorter (ΔAu-Au = 0.3 

Å) than the corresponding ground-state crystallographic distance. In some cases, 

molecules rearrange dramatically from their ground-state symmetries, such as by changes 

in X-Au-Au-X dihedral angles. Since emission took place from the triplet excited state, 

this supported our initial hypothesis that it is unrealistic to correlate the emission energy 

to the crystallographic bond distances and geometries. On the other hand, a correlation 

between members of a particular class of Au(I) compounds (dimers, tertamers, or 1-D 

polymers) can be established. Based on this correlation, the emission energy in the 

neutral isonitrile RNCAuX complexes is more sensitive to the mode of self-association 

than to the Au-Au distances. 
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Figure 3.9. Frontier orbitals and optimized structure of [HNCAuCl]2 dimer. 
Computational data are courtesy of Mr. Alexander Gonser.33 

3.5. Conclusions 

 
Diverse supramolecular structures are formed by the Au(RNC)X class of 

compounds, owing to different modes of aurophilic bonding depending on the self 

association modes. Photophysical data suggested that, contrary to expectations, some 

RNC-Au-X compounds exhibit either: (a) lower emission energies than analogous 

compounds with longer Au-Au distances, or (b) similar emission energies to those in 
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analogous compounds with widely disparate Au-Au distances. The computational 

findings provided insights to experimental trends obtained for dimers of (p-

tosyl)methylNCAuIX complexes and larger oligomers depending on the geometry of 

association. Molecules that associate via the anti-parallel mode show similar 

luminescence properties, with orange-red phosphorescent emission, and extremely large 

Stokes’ shifts.  These infinite-linear-chain compounds have very long Au-Au distances in 

the ground state, yet upon photo-excitation, these distances will shrink in the luminescent 

triplet excited states, possibly leading to compressed chains. On the other hand, 

molecules associating via the crossed-dimer mode show blue-green emissions and 

slightly smaller Stokes’ shifts, despite having much shorter Au-Au distances. 

Understanding the structure-luminescence relationship in neutral isonitrile Au(I) 

compounds will open up the possibility of synthesizing compounds, with a specific 

luminescence color, prior to their incorporation into single- or multi-color 

electroluminescent display devices. 
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CHAPTER 4 

 
PHOTOPHYSICS AND BONDING IN NEUTRAL GOLD(I) ORGANOMETALLIC 

COMPLEXES WITH AN EXTENDED-CHAIN SUPRAMOLECULAR STRUCTURE 

4.1. Introduction 

Chlorocarbonylgold(I) was first prepared in 1925, as an extremely moisture and 

air sensitive colorless crystalline solid.1 This compound has been used as a common 

starting material for AuI complexes, as the carbonyl species can be readily displaced by 

other ligands. Calderazzo and coworkers have conducted a survey of Au(CO)X 

compounds.2 There have been several copper carbonyl species of the from CuI(CO)X (X 

= Cl, Br, CF3COO) isolated or at least identified, while structurally characterized 

carbonyl complexes of silver(I) are rare and harder to isolate.3-10 It is clear from 

experimental evidence that the gold carbonyl species are the most stable 

thermodynamically, compared to other coinage metals,  with an Au-CO bonding energy 

of ~ 200 kJ/mol, as estimated by Calderazzo.2 One interesting IR characteristic is the high 

�C≡O stretching vibrational frequency (2152-2162 cm-1 with some solvent dependence), 

which has been attributed to only modest π-back donation from the metal to the carbonyl 

group.11,12 The crystal structure of Au(CO)Cl reveals that the molecules are arranged in 

head-to-tail anti-parallel infinite chains with Au···Au contacts of 3.38 Å.12 The stability of 

the halogen carbonyl complexes decreases along the sequence Cl > Br > I for 

palladium(II) and platinum(II). These findings are supported by spectroscopic solution 

studies of PtII and the decrease in the tendency of PdII halides to bind with carbonyl 

species on going from PdCl2 to PdBr2.
13,14 These results have been confirmed with 
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carbonyl halogen gold species in which the same trend of stability, Cl > Br > I, was 

observed.14  

Metal isonitriles have been strongly overshadowed by metal carbonyls, most 

likely because of the repulsive smell of isonitriles and not entirely due to scientific 

reasons.  The electronic structure of RNC is believed to be rather similar to that of CO;15 

thus, similar reactivity is expected for analogous complexes of both ligands. Exploring 

the chemistry of metal isonitriles may lead to new advances in both science and 

technology. Gold(I) isonitrile complexes have attracted a great attention because of their 

new and fascinating applications, as they are used for the deposition of gold films16,17 and 

for the preparation of new types of liquid crystalline phases.18,19 Transition metal 

carbonyl halides have received considerable attention in recent years as the 

photochemical and photophysical studies of CuI, AgI, and AuI.20 Despite this attention, 

detailed studies of the excited state properties of the carbonyl complexes of d10 metal ions 

are scarce.21 Upon studying the exited state properties of the metal complexes, an 

important distinction exists between d1-9 vs. d10 configuration due to the fact that 

electronic transitions in the partially filled d-sub-shells create ligand-field excited states 

for the former while these d-d transitions are absent in the closed-shell complexes. Based 

on this concept, the spectroscopy and photochemistry in such systems are reliant on the 

properties of other types of electronic excited states.21  

The Vogler group reported a photochemical study of the Au(CO)Cl complex in 

which they also presented some preliminary photophysical results, which showed that the 

compound exhibits a longest-wavelength weak absorption feature at ~ 250 nm that was 
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assigned to a metal-centered ds transition, which was suggested to be responsible for the 

solid-state emission band at λmax = 660 nm at room temperature.22 We report here a more 

detailed spectral and bonding characterization along with some theoretical work on the 

photophysical properties of Au(CO)Cl and compare these properties to those of the  

closely related RNCAuCl (R= t-butyl, methyl, cyclohexyl, and (1,1,3,3-

tetramethyl)butyl). We believe that this study contributes to a better understanding of 

structure-luminescence relationships in mononuclear two-coordinate AuI complexes. 

Despite the strong attention given to such complexes, a major challenge lies in trying to 

relate the luminescence energy or color to the crystallographic Au-Au ground-state 

distances.23,24 Once this relationship is well-understood, it will be possible to design 

compounds to display specific luminescence colors, which can be used in single or multi-

color electroluminescent display devices in which triplet emitters are significant.25 We 

have recently communicated that the distinction for the Au-centered solid-state 

phosphorescence energy in such complexes is perhaps better based on the differences in 

the supramolecular structure instead of the shortest Au···Au distances, a hypothesis made 

after contrasting the photophysical properties of one compound in each category.26 In an 

effort to assess the generality of this hypothesis, the present study examines the 

photophysical behavior of five LAuCl organometallic complexes (L = CO or RNC) that 

pack in infinite zigzag chains through aurophilic bonding. 
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4.2. Experimental and Computational Methodologies 

4.2.1. Materials 

Au(CO)Cl was purchased from Strem Chemicals while cyclohexyl isonitrile, and 

t-butyl isonitrile were purchased from ACROSS Organics. (THT)AuCl (THT = 

tetrahydrothiophene) and methyl isonitrile were synthesized by slight modifications of 

published procedures.27,28 The solvents acetonitrile and dichloromethane were HPLC 

grade and were distilled with conventional drying agents and degassed by the freeze-

pump-thaw method three times prior to use and kept under argon at all time. All 

absorption measurements were carried out under argon and luminescence spectra were 

collected while the sample is kept under helium and in the dark unless otherwise 

indicated. 

4.2.2. Syntheses 

The preparation methods for (RNC)AuCl (R = cyclohexyl, methyl, and t-butyl) 

were reported previously29-31 and are generally followed here for these compounds. 

Standard Schlenk line techniques under argon atmosphere were followed in which 

equimolar amounts of (THT)AuCl and cyclohexyl isonitrile, methyl isonitrile or t-butyl 

isonitrile were dissolved in 10 mL of deaerated dichloromethane followed by stirring the 

solutions for 4 hours. The solvent was then evaporated under reduced pressure and a 

white solid formed that was extracted with pentane, filtered, and dried under vacuum. 

Crystals were grown for each compound from CH2Cl2/pentane solutions of recrystallized 

solids. 
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Me4BuNCAuCl: (THT)AuCl (200 mg, 0.62 mmol) was dissolved in 10 mL of 

deaerated dichloromethane. 1,1,3,3-tetramethylbutyl isonitrile (122 μL, 0.70 mmol) was 

then added and the solution was stirred for 4 hours, after which the solvent was 

evaporated under reduced pressure and a white solid formed. The solid was washed 

several times with pentane, collected by filtration, and vacuum dried (90 % yield). 

Crystals were grown from CH2Cl2/pentane solution of the recrystallized solid. 

4.2.3. Physical Measurements 

The luminescence measurements were carried out for crystalline materials. 

Steady-state luminescence spectra were acquired with a PTI QuantaMaster Model QM-4 

scanning spectrofluorometer equipped with a 75-watt xenon lamp, emission and 

excitation monochromators, excitation correction unit, and a PMT detector. The emission 

spectra were corrected for the detector wavelength-dependent response. The excitation 

spectra were also corrected above 250 nm due to the unreliability of the correction 

methods at short wavelengths below 245 nm, at which the samples here absorb and the 

xenon lamp output is rather low. Temperature dependent studies were acquired with an 

Oxford optical cryostat using liquid helium or liquid nitrogen as coolant. Lifetime data 

were acquired using a nitrogen laser interfaced with a tunable dye laser and a frequency 

doubler, as part of fluorescence and phosphorescence sub-system add-ons to the PTI 

instrument. The 337.1 nm line of the N2 laser was used to pump a freshly-prepared 1×10-2 

M solution of the organic continuum laser dye Coumarin-540A in ethanol, the output of 

which was tuned and frequency doubled to attain the suitable excitation wavelength 

(based on the steady-state luminescence excitation spectra) used to generate the time-
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resolved data. Absorption spectra were acquired with a Perkin-Elmer Lambda 900 

double-beam UV/VIS/NIR spectrophotometer. Luminescence and lifetime studies for 

frozen solutions were conducted for selected samples by placing a 5 mm Suprasil quartz 

cylindrical tube containing the appropriate degassed solution in a liquid nitrogen filled 

dewar flask with a Suprasil quartz cold finger and then inserting this setup in the sample 

compartment of the PTI instrument. Electronic absorption spectra were collected using 1-

cm quartz cuvettes for solutions of crystalline samples prepared in HPLC grade 

acetonitrile that was degassed and kept under argon. Due to the sensitivity of the 

Au(CO)Cl compound, all manipulations and experiments for this compound were carried 

out in the dark and in an inert atmosphere. 

4.2.4. Crystallographic Details 

Crystallographic data were collected by Dr. Charles F. Campana from Bruker 

AXS, Inc., who also provided and helped with the following description of the 

crystallographic details as well as the crystallographic data in Figure 4.8 and Tables 4.5 

and 4.6.  A clear, colorless plate-like specimen of [(CH3)3CC(CH3)2NC]AuCl, 

C9H17NClAu, approximate dimensions 0.10 mm x 0.36 mm x 0.44 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 II CCD area detector system equipped with a graphite 

monochromator and a Mo K� fine-focus sealed tube (λ = 0.71073 Å) operated at 1.5 kW 

power (50 kV, 30 mA). The detector was placed at a distance of 4.980 cm. from the 

crystal. A total of 1435 frames were collected with a scan width of 0.5º in ω or φ and an 

exposure time of 30.0 sec/frame.  The total data collection time was 12.76 hours. The 
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frames were integrated with the Bruker SAINT software package using a narrow-frame 

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

total of 20025 reflections to a maximum θ angle of 30.60° (0.70Å resolution), of which 

3620 were independent (average redundancy 5.53, completeness = 99.2%, Rint = 3.14%, 

Rsig = 2.07%) and 3177 (87.76 %) were greater than 2σ(I).  The final cell constants of a = 

19.9362(9)Å, b = 8.0691(4)Å, c = 14.8652(7) Å, β = 98.263(2)°, volume = 2366.50(19) 

Å3, are based upon the refinement of the XYZ-centroids of 6915 reflections above 20 

σ(I) with 5.292° < 2θ < 60.993°.  Analysis of the data showed negligible decay during 

data collection.  Data were corrected for absorption effects using the multiscan technique 

(SADABS). The ratio of minimum to maximum apparent transmission was 0.6655.  The 

calculated minimum and maximum transmission coefficients (based on crystal size) are 

0.0721 and 0.3652. The structure was solved and refined using the Bruker SHELXTL 

(Version 6.1) Software Package, using the space group C2/c, with Z = 8 for the formula 

unit, C9H17NClAu. The final anisotropic full-matrix least-squares refinement on F2 with 

130 variables converged at R1 = 1.62%, for the observed data and wR2 = 4.33% for all 

data. The goodness-of-fit was 1.053.  The largest peak on the final difference electron 

density synthesis was 1.928 e-/Å3 and the largest hole was -1.072 e-/Å3 with an RMS 

deviation of 0.114 e-/Å3. On the basis of the final model, the calculated density was 2.086 

g/cm3 and F(000), 1392 e-. 

4.2.5. Computational Details 

Calculations were carried out by Mr. Scott Yockel in collaboration with Prof. 

Angela Wilson from the University of North Texas. The computational methods included 
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the ab initio method MP232 and the DFT method B3PW91.33,34 The basis sets were cc-

pVxZ for C and O (x = D or T)35 and cc-pV(x+d)Z for Cl,36 while for Au two basis sets 

were examined: LANL2DZ37 augmented with one outer p function38 and two f 

functions,39 and also cc-pVyZ-PP (x = D or T).40,41 The calculations were applied to 

[(CO)AuCl]n (where n = 1-3) with an antiparallel geometry for n = 2 or 3. All 

calculations were performed with the Gaussian42 software package. Further 

computational details are available elsewhere.43 

4.3. Results and Discussion 

4.3.1. Photophysics and Bonding in Au(CO)Cl 

4.3.1.1. Temperature-Dependent Luminescence Data of the Solid  

Figure 4.1 shows the luminescence spectra for a crystalline solid of Au(CO)Cl 

versus temperature. The room temperature spectrum gives rise to a broad unstructured 

emission with a peak in the red region and an unresolved shoulder in the orange region. 

The latter can be resolved from the red emission at low temperatures. The emission 

maxima at 295 K and 77 K occur at 670 nm and 630 nm, respectively. The changes are 

quite progressive with temperature and the two peaks become nearly identical in intensity 

around 100 K. The emission color change from red at room temperature to orange at 

cryogenic temperatures amounts to a modest case of “luminescence thermochromism” 

resulting from changes in the relative intensities of two emission bands, reminiscent of 

prior occurrences of this phenomenon in other monovalent coinge metal complexes, as 

most well-known for tetranuclear [Cu(halide)(arylamine)]4 clusters.44 The two emission 
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bands of the Au(CO)Cl solid exhibit essentially indistinguishable excitation profile 

(Figure 4.1). Lifetimes of 28.7 ± 2.0 μs and 9.80 ± 0.16 μs are obtained for the peak 

maxima at 295 K and 77 K, respectively. The decrease in the lifetime upon cooling from 

room temperature to 77 K is that the peak maximum at each temperature represents a 

different emitting state from the one at the other temperature. Biexponential fits to extract 

the lifetime of minor component at a few temperatures in the 77-295 K range did reveal 

that the lifetime of each component follows the expected trend with temperature with 

longer lifetimes upon cooling due to annihilation of the nonradiative decay rate. These 

results indicate that the luminescence thermochromism in Au(CO)Cl occurs as a result of 

relaxation (internal conversion) between two phosphorescent states, as opposed to being 

due to thermal compression of M-M distances as known for other closed-shell 

coordination compounds that show M-M packing in the solid state.45,46 Analysis of the 

changes in the relative intensities of the two peaks in the 77-180 K temperature range 

(relative peak areas from a two-Gaussian fit at each temperature) gives rise to an 

activation energy of 167.5 cm-1 (± 0.5 kcal/mol) for the internal conversion from the 

orange-emitting state to the red-emitting state. Due to the small energy difference 

between the two emission peaks (< 1000 cm-1) and the microsecond lifetimes for each, 

we hypothesize that the red and orange emissions represent spin-orbit states correlating to 

the same T1 triplet state although two closely-spaced triplets (T1 and T2) could not be 

ruled out. The large energy difference between the 3DJ levels (15040, 17640, and 27760 

cm-1 for J = 3, 2, and 1, respectively)47 of free Au(I) due to large spin-orbit coupling (ξ5d 
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~ 5100 cm-1)48 makes it reasonable to make the aforementioned hypothesis that two spin-

orbit states may be responsible for the red and orange emission peaks of Au(CO)Cl solid.  
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Figure 4.1. Photoluminescence excitation and emission spectra of crystals of Au(CO)Cl 
at (a) 295 K, (b) 235 K, (c) 180 K, (d) 135 K, (e) 100 K, and (f) 77 K. 
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4.3.1.2. Solution Absorption Data 

The absorption spectrum of Au(CO)Cl in acetonitrile displays bands at λmax = 

207, 222, and 280 nm, as shown in Figure 4.2. The extinction coefficients for all these 

bands are concentration dependent, in deviation of Beer’s law. The strong absorption 

bands at 207 and 222 nm exhibit a negative deviation from Beer’s law (Table 4.1) while 

the weak 280 nm band appears only at high concentrations and exhibits a positive 

deviation from Beer’s law. These data suggest the oligomerization of Au(CO)Cl 

complexes in solution. Precedents of oligomerization of AuI complexes in solution 

include work by Lin and co- workers for diphosphinedithiolate dinuclear 
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Figure 4. 2. Absorption spectra in solutions of Au(CO)Cl in acetonitrile with 
concentrations of (a) 4.61×10-5 M, (b) 4.61×10-4 M and (c) 4.61×10-3 M. The bars show 

the spectra calculated by TD-DFT for the Au(CO)Cl monomer (solid bars) and the 
[Au(CO)Cl]2 anti-parallel dimer (dashed bars). Computational data are courtesy of Mr. 

Scott Yockel.43 
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complexes49 and Patterson and co-workers for dicyano complexes.50  The high extinction 

coefficient and negative deviation from Beer’s law for the major absorption bands of 

Au(CO)Cl at 207 and 222 nm in acetonitrile are consistent with charge transfer 

transitions characteristic of monomeric complexes. In contrast, the low extinction 

coefficient, the position at lower energy to the red of the two aforementioned monomer 

bands, and the positive deviation from Beer’s law for the weak 280 nm band suggest its 

assignment to an oligomeric species such as a [Au(CO)Cl]2 dimer.  

Table 4.1. Concentration-Dependent Absorption Data for Au(CO)Cl in Acetonitrile 
Solutions at Ambient Temperature. 

 

co, M ε196, M
-1 cm-1 ε207, M

-1 cm-1 ε218, M
-1 cm-1 ε275, M

-1 cm-1 

6.3×10-6 7.52 × 104 3.17 × 104 1.84 × 104 undetectable 

1.27×10-5 4.68 × 104 2.15 × 104 1.27 × 104 undetectable 

2.56×10-5 3.28 × 104 1.53 × 104 8.75 × 103 undetectable 

5.1×10-5 2.27 × 104 8.69 × 103 6.27 × 103 undetectable 

5.1×10-4 opaque 3.96 × 103 2.51 × 103 undetectable 

5.0×10-3 opaque opaque opaque 23.8 

1.74×10-4 

(Ref 22) 

 4900     

(at 208 nm) 

3300  

(at 220 nm) 
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4.3.1.3. Assignments of the Electronic Transitions 

In an effort to shed more light on the exact orbital nature of the electronic 

transitions for Au(CO)Cl in the solid state and in solution, a series of ab initio and DFT 

calculations have been carried out by our collaborators43 and are presented here to aid in 

explaining the experimental spectral data. These calculations attempt to model the 

changes in the electronic absorption and emission transitions due to the ground-state 

aurophilic bonding and excited-state excimeric bonding by comparing the contours of the 

orbitals involved as well as the transition energies in monomeric and dimeric models. 

Figures 4.3 and 4.4 show Hartree-Fock contours for selected frontier molecular 

orbitals from MP2 calculations for the Au(CO)Cl monomer and the [Au(CO)Cl]2 anti-  

 

 

 

 

 

 

 

 

Figure 4.3. Hartree-Fock contours for frontier molecular orbitals of the Au(CO)Cl 
monomer at its optimized S0 ground state (left), Franck-Condon vertical T1 excited state 

at the S0 geometry (middle), and fully-optimized T1 excited state (right). The data are 
based on the output files of MP2 calculations with the following basis: LANL2DZ(+p 

+2f) for Au, cc-pVTZ for CO, and cc-pV(T+d)Z for Cl. Orbital energies shown are in eV 
units. Computational data are courtesy of Mr. Scott Yockel.43 
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parallel dimer, respectively, in their optimized singlet ground state (S0), Franck-Condon 

vertical T1 excited state at the S0 geometry, and the fully optimized T1 state. We note that 

the contour of the lowest-unoccupied molecular orbital (LUMO) in the optimized S0 state 

is not necessarily the same as that of the higher singly-occupied molecular orbital 

(SOMO) of the T1 states. Despite the extensive use of HOMO and LUMO contours in the 

literature to make conclusions about absorption and emission assignments, this use 

remains fundamentally inaccurate, as the physical meaning of a Hartree-Fock virtual 

orbital is unclear, unlike the situation for an occupied orbital. The discrepancy is because 

virtual orbitals of the ground state are optimized in a different potential field than the 

ones for the excited states involved in the excitation and emission processes.51 Thus, it is 

more appropriate to draw conclusions about the assignment of the lowest-energy 

excitation and emission bands based on the contours of the SOMOs of the Franck-

Condon and optimized excited states involved in these electronic transitions, respectively, 

instead of basing them on the HOMO and LUMO of the ground state. In Figure 4.4, for 

example, the LUMO contour suggests that an Au-Au π-bonded excimer may form while 

an Au-Au σ-bonded excimer is actually suggested based on the contour of the higher 

SOMO of either the Franck-Condon T1 state involved in the excitation process or the 

optimized T1 state involved in the phosphorescence process. Hence, we assign the lowest-

energy phosphorescence and excitation bands in the antiparallel dimer to a Au-Au 

bonded excimer. The assignment of the luminescence bands to excimeric Au-Au bonding 

is consistent with the experimental spectral data in Figure 4.1 because the unstructured 

profile of the phosphorescence bands and the huge Stokes’ shift are typical signatures of 
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metal-centered excimeric phosphorescence in d10 systems.23,24 A recent study by 

Coppens, Omary and co-workers verified such an assignment for a trinuclear Cu(I) 

pyrazolate complex by pump-probe, time-resolved single-crystal X-ray diffraction, in 

which a startling intermolecular motion was observed in the crystal structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Calculated Molecular Orbital Plots for [(CO)AuCl]2 in the antiparallel 
arrangement, with Cl-Au-CO on top and OC-Au-Cl on bottom. Hartree-Fock contours for 
frontier molecular orbitals from calculations for the [(CO)AuCl]2 antiparallel dimer (with 

Cl-Au-CO at the top and OC-Au-Cl at the bottom). The contours are shown for the S0 
ground state (left), the Franck-Condon vertical T1 excited state at the S0 geometry 

(middle), and the fully-optimized T1 state (right). The methods and basis sets are the 
same as those in Figure 4.3. Orbital energies shown are in eV units. Computational data 

are courtesy of Mr. Scott Yockel.43 
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of the excimeric phosphorescent state manifested by compressions of Cu···Cu distances 

and interplanar separations between adjacent trimers by 0.56 Å and 0.65 Å, 

respectively!52 Kunkely and Vogler noted that the huge Stokes’ shift in the Au(CO)Cl 

solid is indicative of large structural changes associated with electronic excitation but 

suggested that the emission is a “ds transition” localized on the Au atom that leads to the 

population of a σ* orbital in a monomeric complex and that “the emission may be 

slightly modified by Au-Au interaction.” However, the additional experimental and 

computational data herein allow us to conclude that the emission is instead caused by the 

intermolecular Au-Au excimeric covalent bonding in the phosphorescent state despite the 

weakness of the metallophilic Au···Au interaction in the ground state. 

Figure 4.3 sheds some light onto the electronic structure of the Au(CO)Cl 

monomer, including the assignment of the low-lying possible electronic absorption and 

emission transitions. The ground-state HOMO and other low-lying filled orbitals show 

the highest electron density on the Cl-Au “left” side of the Cl-Au-CO molecule, 

particularly on the chlorine atom. This is hardly surprising since the chloride is 

conventionally classified as a π-donor ligand. Indeed, the π-bonding interactions with the 

chloride destabilize the Au dπ orbitals such that they become the HOMO instead of the 

strongly-antibonding dz2 ligand-field σ* orbital, which is the HOMO-1, Figure 4.3. In 

contrast, the frontier virtual orbitals, which are likely to be populated in the low-energy 

absorption transitions, generally exhibit higher electron density on the Au-CO “right” 

side of the Cl-Au-CO molecule. The LUMO exhibits a strong Au 6px,y character where 

gold is engaged in π* antibonding interactions with the ligands; interestingly, the 
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admixture with the ligands involves rather similar contribution from a CO π* ligand 

orbital and a Cl 3px,y atomic orbital. This is somewhat surprising because CO is a much 

better π acceptor than Cl. Interestingly, this orbital description is qualitatively the same 

within each monomer in the dimer; indeed, the Cl character in the HOMO becomes 

higher upon dimerization (Figure 4.4). Although the frontier orbitals show delocalized 

character on all atoms, following the common practice in the literature for assigning 

electronic transitions based on the major contributions in the relevant orbitals would lead 

us to utilize the data in Figures 4.3 and 4.4 to suggest that the lowest-energy excitation 

bands in Au(CO)Cl are essentially due to halide-to-metal charge transfer (XMCT) 

transitions from filled orbitals with a strong chloride 3px,y character to vacant orbitals 

with a strong gold 6px,y character. Clearly, chemical intuition alone cannot be used for the 

assignment of the lowest-energy absorption bands in this molecule because one would 

expect an opposite assignment (i.e., metal-to-ligand charge transfer or MLCT) from a 

gold 5d filled orbital to a carbonyl π* vacant orbital. Indeed, the latter assignment has 

been commonly suggested in the literature for Au(CO)Cl in comparison with Au(PR3)Cl 

complexes.4,22,53 More insights about the assignments of the electronic absorption bands 

in Au(CO)Cl, including association effects, are provided in the discussion of the TD-DFT 

results below. 

To complete the qualitative description of the Au(CO)Cl electronic structure, we now 

discuss the issue of the monomer emission. Figure 4.3 shows that both the HOMO and 

LUMO are degenerate orbitals that exhibit π bonding and antibonding interactions with 

the CO ligand, respectively, suggesting that photon absorption renders the excited 
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molecule Jahn-Teller unstable. Indeed, optimizing the T1 triplet state gives rise a drastic 

molecular distortion in which the molecule is no longer linear as the C-Au-Cl angle 

becomes severely bent and the orbital degeneracy no longer exists (Figure 4.3). Due the 

severe Jahn-Teller distortion, the calculated phosphorescence energy of the excited 

monomer lies in the near-IR region (vide infra). While interesting, this result, however, 

does not have a strong bearing on the luminescence properties of the compound because 

the experimental data in this paper are consistent with the literature in that Au-centered 

luminescence in two-coordinate Au(I) compounds is observed only in the presence of 

Au···Au interaction by association of monomeric molecules.23,24 Since the 

phosphorescence is exhibited by the compound in the solid state whereby monomeric 

molecules pack adjacent to one another via aurophilic bonding and since the 

computational data show that dimeric molecules exhibit Au-Au excimeric bond 

formation in the T1 state, a monomer is not a good model for the luminescence behavior 

of the solid. The monomer model is sufficient to describe dilute solutions of the 

Au(CO)Cl compound while such solutions do not exhibit luminescence. 

4.3.1.4. Ground- and Excited-State Bonding in [Au(CO)Cl]n Species 

Table 4.2 shows the calculated geometric parameters for [Au(CO)Cl]n species (n 

= 1-3) while Table 4.3 shows the corresponding vibrational frequencies for selected 

modes. The computed bond distances and angles within each linear complex in the S0 

ground state are in excellent agreement with the experimental crystal structure 

determined for Au(CO)Cl,12 with slight improvements obtained with the larger triple-ζ 

basis sets. Table 4.3 shows that the νC≡O frequency changes from 2114 cm-1 in free CO to 
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2137-2145 cm-1 in [Au(CO)Cl]n species, representing the first computational evidence 

that reproduces the anomalous blue shift by ~20 cm-1 known experimentally for this 

metal carbonyl,11 which is also known for the CO adducts of boranes.54  Previous 

computations using the same MP2 method used here but with different basis sets did not 

attain this anomalous shift.4,55 

Ground-state aurophilic bonding is accounted for in the present calculations 

because MP2 is known to describe metallophilic bonding.56 Indeed, the theoretical 

methodology employed overdescribes this closed-shell bonding interaction, as the 

calculated Au···Au aurophilic bond distances in the dimer and trimer (~3.0 Å in both 

according to Table 4.2) are shorter than the crystallographic value of 3.38 Å.12 This is 

partly due to inherent limitations in the MP2 method and partly due to basis set 

superposition errors (BSSE); see ref 57 for a detailed discussion of the limitations of 

various methods and basis sets for the description of metallophilic bonding. The BSSE 

error is reduced when the larger triple-� basis sets are used, as this leads to slightly longer 

aurophilic bonds (Table 4.2). Table 4.3 shows that aurophilic association in the 

antiparallel linear oligomers leads to a νAu-Au frequency of 87 cm-1 in the dimer and two 

frequencies in the trimer at 62 and 101 cm-1, representing symmetric and asymmetric Au-

Au-Au stretching, respectively. Aurophilicity also indirectly affects the νC≡O frequency, 

as proceeding in the direction of monomer→dimer→trimer leads to a change inνC≡O from 

2137→2145→2140  cm-1, respectively. 
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Table 4.2. MP2-calculated Geometries for the Optimized S0 and T1 States of 
[(CO)AuCl]n (n = 1-3 with Antiparallel Isomers for n = 2 or 3). The Basis Set 

Combinations are cc-pVxZ for C and O, cc-pV(x+d)Z for Cl, and LANL2DZ+p2f for Au.  
Calculated Bond Lengths are in Å and Bond Angles in °. Computational data are courtesy 

of Mr. Scott Yockel.43   

Bond lengths ( Å ) Bond Angles ( ° ) 
Molecule 

Basis Set Cl-Au  Au-C C-O Au-Au Cl-Au-C Au-C-O 

Au(CO)Cl        

S0 x = D 2.27 1.87 1.15  180.0 180.0 

 T 2.24 1.82 1.14  180.0 180.0 

T1 D 2.59 1.97 1.15  84.1 155.6 

 T 2.41 1.89 1.15  95.7 155.6 

[Au(CO)Cl]2        

S0 D 2.28 1.88 1.15 2.98 174.6 177.2 

 T 2.26 1.83 1.14 3.00 174.9 177.7 

T1 D 2.28 1.94 1.16 2.59 159.1 165.8 

 T 2.26 1.88 1.15 2.60 160.7 168.5 

[(CO)AuCl]3        

S0 D 2.28 1.89 1.15 3.00   

Expt (ref 12)        

S0  2.26 1.93 1.11 3.38 180.0 180.0 
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Table 4.3.  Selected IR frequencies (cm-1) Calculated at the Level of Theory Indicated in 
Table 4.2 with Double-Zeta Basis Sets (x = 2). The “*” Indicates the Molecule in Its 
Optimized T1 Excited State. Computational data are courtesy of Mr. Scott Yockel.43 

Molecule ν(C-O) ν(Au-Au) 

CO 2114   

Au(CO)Cl 2137   

Au(CO)Cl* 2084   

[Au(CO)Cl]2 2145 87 

[(CO)AuCl]2* 2030, 2195a 133 

[(CO)AuCl]3 2140 62, 101a 
  

a symmetric and asymmetric stretch, respectively.  

 

As expected based on the dimer electronic structure (Figure 4.4) discussed above, 

photoexcitation leads to the formation of an excimer with a bona fide Au-Au covalent σ-

bond in the relaxed geometry of the T1 state of the dimer. This is manifest by the 2.60 Å 

distance calculated for this bond, representing a contraction by 0.40 Å from the ground-

state aurophilic bond (Table 4.2). The formation of this Au-Au bonded excimer also leads 

to drastic changes in the vibrational frequencies (Table 4.3). Thus, the Raman-active νAu-

Au is calculated to exhibit a drastic blue shift to 133 cm-1 in the optimized T1 excimeric 

phosphorescent state from the 87 cm-1 value in the optimized S0 aurophilic ground state. 

Meanwhile, the dimer νC≡O frequency exhibits doubling of the one band at 2145 cm-1 in 

the S0 ground state to two bands at 2030 and 2195 cm-1 in the T1 state, which is intuitive 

given the lower symmetry in the excimer. The average of these two values is red-shifted 
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from the ground-state value by 32.5 cm-1, probably due to diminished π-back-bonding in 

the excimeric state because of the increased engagement of the Au electrons in Au-Au 

bonding and thus making them less prone to donate electrons to the carbonyl π-orbitals. 

This is further manifest by the weaker Au-C distance calculated for the T1 excimer, 

which is longer by 0.05-0.06 Å than the corresponding distance in the ground-state dimer.  

4.3.1.5. Quantitative Evaluation of Photophysical Parameters 

This section discusses the quantum-mechanical calculation of the electronic 

absorption and luminescence transitions for monomer and dimer models in relation to the 

experimental values.  For the electronic absorption, TD-DFT is used because of the 

convenience of this method for computing multiple spectral transitions. The computed 

results are overlaid on the experimental solution absorption data in 4.2. The monomer 

TD-DFT calculations give rise to three lowest-energy absorption bands with non-zero (≥ 

0.01) oscillator strengths at 198, 227, and 240 nm, all clearly within the bands seen 

experimentally for dilute solutions of Au(CO)Cl in acetonitrile (Figure 4.2). The TD-

DFT calculations further predict two lowest-energy absorption bands for the dimer at 247 

and 265 nm, clearly red-shifted from the monomer absorption bands, consistent with the 

experimental finding that increasing the concentration of Au(CO)Cl leads to the 

appearance of lower-energy bands than those in dilute solutions. Although the dimer 

absorptions are not as much shifted from the monomer bands as the shift seen 

experimentally, they do demonstrate that aurophilic bonding leads to a shift in the 

absorption spectra. It is likely that the computed smaller-than-expected red shift upon 

dimerization is a result of the known limitation of density functional theory in describing 
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dispersion forces, which are significant in metallophilic bonding.57 Overall, the computed 

absorption spectra for the monomer and dimer are in a reasonable agreement with the 

experimental absorption spectra, particularly as the theoretical treatment does not include 

spin-orbit coupling. 

For the luminescence emission and excitation transitions, our collaborators only 

modeled the lowest spin-forbidden transitions since phosphorescence usually occurs from 

the lowest triplet (T1) excited state. Table 4.4 shows the computed photophysical 

parameters for monomer and dimer models. The NIR emissions of the monomer are not 

comparable to experiment because monomers are not good models for describing the Au-

centered emissions in two-coordinate Au(I) complexes (vide supra). As for the dimer, the 

MP2-calculated phosphorescence energy lies in the violet region near 400 nm with all 

basis sets used while the experimental solid-state emission is in the red region. Although 

the calculated Stokes’ shift is similar in magnitude to the one experimentally-determined 

for the solid and is consistent with the drastic excited-state distortion in the excimeric 

state, the discrepancy between the calculated violet T1→S0 excimer emission and the red 

phosphorescence of solid Au(CO)Cl renders the dimer model insufficient to describe the 

species responsible for the solid-state emission. Given this discrepancy, we decided to 

explore the hypothesis that the solid-state emission is caused by an excited-state oligomer 

that is larger than a dimer due to delocalized Au-Au excimeric bonding beyond two 

adjacent units.  Because modeling trimers and larger clusters with MP2 is rather 

demanding computationally, the problem proved to be easier to be solved experimentally. 

Hence, we have carried out 
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Table 4.4.  MP2-Computed Photophysical Parameters for the Monomer and Antiparallel 
Dimer of Au(CO)Cl in Comparison with Experimental Luminescence Data for the Solid 

and Frozen Solutions of Au(CO)Cl. Computational data are courtesy of Mr. Scott 
Yockel.43 

 
Model Basis a 

λexc(S0→T1)/nm λem(T1→S0)/nm  

Stokes’ 

shift/cm-1 

Au(CO)Cl A-1 211 1024 37,603 

 A-2 212 776 34,257 

[Au(CO)Cl]2 A-1 257 406 14,256 

 A-2 256 391 13,418 

 B-1 246 407 16,088 

 B-2 244 394 15,573 

322 674 16,200 Expt, solid 

Expt, frozen solution 282 412 11,200 

a: Basis set combinations A-1 and A-2 are the same combinations given in Table 4.1 with 
x = D and T, respectively. Combinations B-1 and B-2 are modification of A-1 and A-2 
such that the Peterson cc-pVyZ-PP basis sets are used for gold (instead of 
LANL2DZ+p2f) with y = D and T, respectively.  
 
photoluminescence studies for frozen solutions (77 K) of Au(CO)Cl in CH2Cl2 at 

different concentrations. Figure 4.5 shows the results of these studies versus 

concentration. Frozen solutions of Au(CO)Cl in dichloromethane exhibit strong 

luminescence even with concentrations as low as 5×10-5 M at which the dominant band 

maxima is at 410 nm along with a small shoulder around 560 nm as shown in Figure 4.5. 
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The longer-wavelength peak is due to higher oligemers that have an aggregation number 

close to that of the compound in the solid state, while the  
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Figure 4.5. Photoluminescence excitation and emission spectra of frozen solutions (77 K) 
of Au(CO)Cl in CH2Cl2 at different concentrations: (a) 5×10-5 M, (b) 5×10-3 M, and (c) 

5×10-2 M. 
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shorter-wavelength peak is due to smaller oligomers, possibly dimers. A further increase 

in the concentration leads to the increase in relative intensity of the longer wavelenght 

band which is red shifted to 590 nm, as it becomes the most pronounced at 0.05 M. This 

red shift is attributed to the formation of larger oligomers as the solution concentration 

increases. The position of the shorter-wavelength band does not change with 

concentration. Our study clearly shows the presence of two types of oligomers in frozen 

solutions of Au(CO)Cl in dichloromethane and suggests the increasing tendency for the 

formation of larger oligomers upon increasing the concentration. Time-resolved lifetime 

measurements for both peaks were consistent with Au-centered phosphorescent 

emissions from largely distorted excited states (1.21 ± 0.15 μs and 7.27 ± 0.46 μs were 

obtained for bands at 410 nm and 590 nm, respectively). Remarkably, the most dilute 

solutions to exhibit luminescence give rise to phosphorescence bands that lie in the same 

violet region where the MP2 calculations in Table 4.4 predict the excimer T1→S0 

phosphorescence to take place. As the concentration is increased, the violet emission near 

400 nm is diminished while lower-energy phosphorescence bands are observed, 

ultimately approaching the solid-state behavior in frozen solutions with the highest 

concentration studied. These findings bear out the aforementioned hypothesis because the 

larger oligomers in the solid state will be broken down into smaller oligomers upon 

dissolution, which would then emit at higher energy than in the solid state. 

 

  



 111

4.3.2. Photophysics of Linear-Chain LAuX Complexes 

Neutral isonitrile compounds that have similar supramolecular structure to the 

Au(CO)Cl of anti-parallel chains have similar luminescence properties with an orange-

red phosphorescence emission and an extremely large Stokes´ shift (~ 15,000-20,000 cm-

1) as shown in Figure 4.6.  Stokes’ shift with such large magnitudes indicate that the 

excited states are drastically distorted with different bonding properties from those of the 

ground state, as in the case for the Au(CO)Cl complex. The lifetimes at 77 K for 

cyclohexylNCAuCl, t-butylNCAuCl, and methylNCAuCl are 30, 40, and 79 μs, 

respectively. The broad/unstructured profiles and the magnitudes of the lifetime values 

for the emission bands of the gold isonitrile chloride and gold carbonyl chloride 

compounds are consistent with Au-centered phosphorescent emissions from excited 

states in which the Au-Au excimeric bonding is delocalized beyond two adjacent 

complexes. Also as in Au(CO)Cl, solutions of RNCAuCl in dichlromethane show no 

luminescence at ambient temperature but concentration-dependent studies for frozen 

solutions show higher-energy excimeric phosphorescent emissions significantly blue-

shifted from the solid-state phosphorescence. To illustrate with a representative example, 

Figure 4.7 shows that frozen solutions of t-butylNCAuCl in dichloromethane give rise to 

at least three phosphorescence bands that we assign to three *[t-butylNCAuCl]n 

oligomers. At high concentration, the relative intensity of the three major bands is 

dependent on the excitation maxima (Figure 4.7). Upon exciting with short wavelengths, 

the band at 680 nm is the dominant feature, whereas the band at 420 nm becomes the 

dominant feature upon exciting with longer wavelength. At lower concentration, the 
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Figure 4.6. Photoluminescence excitation and emission spectra for crystals of (a) 
Me4BuNCAuCl, (b) t-butylNCAuCl, (c) Au(CO)Cl, (d) cyclohexylNCAuCl, and (e) 

methylNCAuCl at 77K. 
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dominant bands are the 420 and 525 when using long wavelength excitation maxima, 

while no peaks are observed when using short wavelength excitation as shown in Figure 

4.7. Time-resolved lifetime measurements for the three peaks are consistent with Au-

centered phosphorescent emissions (0.97 ± 0.12 μs, 2.6 ± 0.29 μ and 32.5 ± 1.97 μs were 

obtained for bands at 420, 525, and 680 nm respectively).   

 The spectral findings herein suggest that predictive information about the 

supramolecular structure may be obtained by the luminescence behavior. This is 

exemplified by crystals of {(1,1,3,3-tetramethyl)butyl}NCAuCl, whose orange 

luminescence (Figure 4.6) anticipated an extended-chain supramolecular structure, which 

was verified crystallographically. Figure 4.8 shows that this compound exhibit a crystal 

structure in which the molecules are packed in zigzag chains with alternating short (3.418 

Å) and long (4.433 Å) aurophilic distances; further crystallographic parameters and 

details are shown in Table 4.5 and Table 4.6. 

4.4. Conclusions 

This work represents a synergistic experimental/computational study of the 

photophysics and bonding in Au(CO)Cl both in solution and the solid state and relating 

the latter to the luminescence behavior of crystalline solids of RNCAuCl complexes that 

likewise stack in infinite chains. The crystal structures of five complexes selected for this 

study are such that LAuCl (L = CO or RNC) molecules pack in infinite zigzag chains 

with adjacent molecules arranged in a head-to-tail anti-parallel fashion with relatively 

long Au-Au contacts (~ 3.4-3.7 Å). These isoelectronic Au(CO)Cl and RNCAuCl neutral 
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Figure 4.7. Photoluminescence emission spectra of frozen solutions (77 K) of t-
butylNCAuCl in CH2Cl2 at different excitation wavelengths: (a) 335 nm, (b) 310 nm, and 

(c) 275 nm. The spectra on the top are for a 0.05 M solution while the spectra on the 
bottom are for a 5 × 10-5 M solution. 
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Figure 4.8. Crystal structure of [(CH3)3CC(CH3)2NC]AuCl. The top figure shows 
anisotropic atomic displacement ellipsoids for the non-hydrogen atoms at the 50% 

probability level while hydrogen atoms are displayed with an arbitrarily small radius. The 
bottom figure shows the molecular packing with the view showing the projection down 

the b axis. 
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Table 4.5.  Crystal Data for [(CH3)3CC(CH3)2NC]AuCl. 

_________________________________________________________________  

Empirical formula C9H17NClAu 

Formula weight 371.65 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.44 x 0.36 x 0.10 mm  

Crystal habit clear, colorless plate 

Crystal system monoclinic 

Space group C2/c 

Unit cell dimensions a = 19.9362(9) Å α = 90° 

  b = 8.0691(4) Å β = 98.263(2)° 

  c = 14.8652(7) Å γ  = 90°  

Volume 2366.50(19) Å3 

Z 8 

Density (calculated) 2.086 Mg/m3  

Absorption coefficient 12.613 mm-1 

F(000) 1392 
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Table 4.6. Selected Bond Lengths (Å) and Bond Angles (°) for the Structure of 
[(CH3)3CC(CH3)2NC]AuCl. 

____________________________________________________________________ 

 Au1-C1 1.929(2)  Au1-Cl1 2.2532
  
N1-C1 1.137(3)  N1-C2 1.468(3) 
C2-C4 1.524(3)  C2-C3 1.529(3) 
  
C2-C5 1.536(3)  C3-H3A 0.9800  
   
 C1-Au1-Cl1 176.37(6)  C1-N1-C2 174.9(2) 
  
N1-C1-Au1 177.06(18)  N1-C2-C4 107.69(17) 
  
N1-C2-C3 105.26(15)  C4-C2-C3 110.08(18) 
  
N1-C2-C5 108.38(16)  C4-C2-C5 115.84(16) 
  
C3-C2-C5                       109.05(18)                       C2-C3-H3A            109.5
 ______________________________________________________________ 

 

extended-chain compounds have comparable luminescence properties with orange-red 

unstructured phosphorescence bands and extremely large Stokes´ shifts (15-20 × 103 cm-

1) for crystalline solids. The long aurophilic distances in the ground state are computed to 

contract in the phosohorescent excited state, which shows excimeric Au-Au bonding. The 

spectral data suggest that the phosphorescent species is one in which the excimeric Au-

Au bonding is expanded beyond two adjacent molecules in the solid state, while 

controlling the concentration in frozen solutions attains phosphorescent bands due to 

dimeric species for which the emission energy is higher (in the blue region) than those for 

the crystalline solids and are similar to values computed by ab initio and DFT 

calculations. The spectral findings herein suggest that predictive information about the 
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supramolecular structure may be obtained by the luminescence behavior. This is 

exemplified by crystals of {(1,1,3,3-tetramethyl)butyl}NCAuCl, whose orange 

luminsecence anticipated an extended-chain supramolecular structure, which was verified 

crystallographically as the molecules are found to pack in zigzag chains with alternating 

short (3.418 Å) and long (4.433 Å) aurophilic distances. Solutions of Au(CO)Cl exhibit 

negative deviation from Beer’s law for high-energy monomer band with the appearance 

of lower-energy bands at high concentrations due to dimerization of molecules. Time-

dependent density-functional theory (TD-DFT) calculations for monomer and dimer 

models showed good agreement with the experimental spectra and accounted for the 

major absorption bands. MP2 calculations show that the νC≡O frequency changes from 

2114 cm-1 in free CO to 2137 cm-1 in Au(CO)Cl, representing the first computational 

evidence that reproduces the anomalous blue shift by ~ 20 cm-1 known experimentally for 

this metal carbonyl. Association and photoexcitation affect both the νC≡O and νAu-Au 

frequencies, as dimer models are calculated to exhibit a νC≡O change from one band at 

2145 cm-1 to two bands at 2030 and 2195 cm-1 while νAu-Au is calculated to change from 

87 to 133 cm-1 on going from the optimized S0 ground state to the optimized T1 excimeric 

phosphorescent state. 
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CHAPTER 5 
 

 
SIMULTANEOUS EXTERNAL AND INTERNAL HEAVY-ATOM EFFECTS IN 1-

HALONAPHTHALENE: PERFLUORO-ORTHO-PHENYLENE MERCURY 

ADDUCTS. A STRUCTURAL AND PHOTOPHYSICAL STUDY 

5.1. Introduction 

 Since 1989, after Tang and Van Slyke’s report of an organic-based light emitting 

diode (OLED), numerous research groups have focused on developing efficient organic 

luminescent materials.1 In an OLED, light is emitted upon radiative relaxation of an 

electron-hole recombination event, which occurs in the organic emitting layer of the 

diode and is equivalent the generation of an excited molecule with light. Statistically, this 

recombination event generates three times the number of molecular triplet states as 

singlet states. 2  In hydrocarbon materials, the excited triplet states are typically non-

emissive due the spin-forbidden nature of T1 ↔ S0 transitions, thereby limiting the 

internal electroluminescence efficiency to a maximum of 25%.3 In principle, this major 

drawback can be overcome by significant spin-orbit coupling due to a heavy atom. 

Applying transition-metal complexes and organic luminophores into solid-state OLED 

devices has become an exciting field in recent years.4-11 OLED designs are typically 

based on small molecules, like polycyclic aromatic hydrocarbons, or some polymers. The 

advantage of phosphorescent light-emitting materials is that they harness emission from 

both the singlet and triplet excited states generated via electroluminescence so it is 

possible to achieve OLEDs with 100% internal quantum efficiency whereas in 
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fluorescent material there is a four-fold loss in the efficiency if photoluminescence 

efficiency was the same as that of the a phosphorescent molecule.12  

The ultimate goal of our study is to employ fundamental principles in 

coordination chemistry and molecular spectroscopy to design arene-sensitized phosphors 

and incorporate them into OLEDs. With this in mind, we have investigated the potential 

of tris (perfluoro-ortho-μ-phenylenemercury(II)) (1) as a heavy-atom inducer. This 

trinuclear polydendate Lewis acid mercury complex interacts with various electron-rich 

substrates including anions and Lewis-basic organic derivatives. It was discovered that 

this molecule also has an affinity for various arenes including benzene, pyrene and 

naphthalene, all of which form adducts with 1. 13  The solid-state structures of these 

adducts consist of extended stacks in which molecules of 1 alternate with the aromatic 

substrate. The shortest Hg-Carene contacts range from 3.2 to 3.5 Å, which reflect the 

presence of secondary polyhapto-π interactions occurring between the electron-rich 

aromatic molecules and the acidic mercury centers. As a result of a mercury heavy-atom 

effect, such solid adducts exhibit intense room-temperature phosphorescence 

characteristic of the arene T1 state; hence, the choice of the arene controls the emission 

energy and color of the binary adduct. We have recently reported that the facial 

complexation of polycyclic arenes (pyrene, biphenyl, and naphthalene) to 1, results in 

crystalline adducts that exhibit bright RGB phosphorescence bands at room 

temperature.14  Time-resolved measurements indicate that the triplet lifetimes in such 

materials fall in the 0.1-1 ms range and are thus considerably shorter than lifetimes 

observed for the phosphorescence of the free arenes; the latter are detectable only in 
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frozen glass with lifetimes of seconds. Despite such shortening, the phosphorescence 

lifetimes of those binary adducts still remain too long to allow for the rapid on/off 

switching of the emission required in displays. In order to make these materials more 

attractive for OLEDs, we are currently investigating various strategies that would allow 

us to further shorten the long phosphorescence lifetime. Upon combination of both 

external and internal-heavy-atom effects, the lifetimes would predictably shorten even 

further. In a recent publication, we have described a strategy that yielded bright room- 

temperature N-heterocyclic (N-methylindole and N-methylcarbazole) phosphors whose 

excited state lifetimes are below 100 μs owing to the synergy of the external- and 

internal-heavy-atom effects. 15  The 1-halonaphthalenes series has often been used to 

demonstrate the internal heavy-atom effect provided by the halide in frozen glasses. In 

this chapter, we report an expansion of our recently published work.14,15 This expansion 

involves replacing the formerly studied arenes with a series of 1-halonaphthalenes, in 

which an internal halogen heavy atom effect is combined with an external mercury atom 

effect from 1. 

5.2. Experimental Section 
 

5.2.1. General 

 Atlantic Microlab performed the elemental analyses. All commercially available 

starting materials and solvents were purchased from Aldrich and VWR and used as 

provided with no further purification. Compound 1 was prepared according to the 

published procedure.16 Synthesis and crystal structure determination of compounds 1-4 
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were done by Ms. Charlotte Burress (who also provided help with the description of the 

data) from Texas A&M University in collaboration with Prof. Francois Gabbai.17  

5.2.2. Physical Measurements 

 Steady-state luminescence spectra were acquired with a PTI QuantaMaster Model 

QM-4 scanning spectrofluorometer equipped with a 75-watt xenon lamp, emission and 

excitation monochromators, excitation correction unit, and a PMT detector. The emission 

spectra were corrected for the detector wavelength-dependent response. The excitation 

spectra are also corrected above 250 nm due to the unreliability of correction methods at 

short wavelengths below 245 nm, at which the samples here absorb and the xenon lamp 

output is rather low. Temperature-dependent studies were acquired with an Oxford 

optical cryostat using liquid helium as a coolant. Lifetime data were acquired using a 

nitrogen laser interfaced with a tunable dye laser and a frequency doubler, as part of 

fluorescence and phosphorescence sub-system add-ons to the PTI instrument. The 337.1 

nm line of the N2 laser was used to pump a freshly-prepared 1 × 10-2 M solution of the 

organic continuum laser dye Coumarin-540A in ethanol, the output of which was tuned 

and frequency doubled to attain the 280 nm excitation used to generate the time-resolved 

data. Luminescence and lifetime studies for frozen solutions were conducted for selected 

samples by placing a 5 mm Suprasil quartz cylindrical tube containing the appropriate 

solution in a liquid nitrogen filled dewar flask with a Suprasil quartz cold finger and then 

inserting this setup in the sample compartment of the PTI instrument. 
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5.2.3. Synthesis of 1·1-Chloronaphthalene (2) 

 Compound 1 (0.020 g, 0.0200 mmol) was dissolved in CH2Cl2 (5 mL). In a 

separate vial, 1-chloronaphthalene (0.0031 g, 0.0200 mmol) was dissolved in CH2Cl2 (2 

mL). The two solutions were mixed, and upon concentration by slow evaporation of the 

solvent, crystals of 2 formed in a 99% yield (0.024 g, 0.0200 mmol), m. p. 292-294 ° C 

(decomp). Anal. Calcd for C28H7ClF12Hg3: C, 27.72; H, 0.58. Found: C, 27.72; H, 0.58.  

5.2.4. Synthesis of 1·1-Bromonaphthalene (3) 

 Compound 1 (0.020 g, 0.0198 mmol) was dissolved in CH2Cl2 (5 mL). In a 

separate vial, 1-bromonaphthalene (0.004 g, 0.0198 mmol) was dissolved in CH2Cl2 (2 

mL). The two solutions were mixed, and upon concentration by slow evaporation of the 

solvent, crystals of 3 formed in a 96% yield (0.0238 g, 0.0198 mmol), m. p. 302–304 °C 

(decomp.). Anal. Calcd for C28H7BrF12Hg3: C, 26.75; H, 0.56. Found: C, 26.94; H, 0.42.  

5.2.5. Synthesis of 1·1-Iodonaphthalene (4) 

 Compound 1 (0.020 g, 0.0191 mmol) was dissolved in CH2Cl2 (5 mL). In a 

separate vial, 1-iodonaphthalene (0.004 g, 0.0191 mmol) was dissolved in CH2Cl2 (2 mL). 

The two solutions were mixed, and upon concentration by slow evaporation of the 

solvent, crystals of 4 formed in a 95% yield (0.019 g, 0.0191 mmol), m. p. 290 °C 

(decomp.). Anal. Calcd for C28H7IF12Hg3: C, 25.77; H, 0.54. Found: C, 26.59; H, 0.67.  

5.2.6. Crystal Structure Determinations 

 X-ray structure for 2, 3, and 4 were collected on a Bruker SMART-CCD 

diffractometer using graphite-monochromated Mo Kα radiation (0.71073 Å). Specimens 

of suitable size and quality were selected and glued onto a glass fiber with freshly 



 130 
 

prepared epoxy resin. The structure was solved by direct methods, which successfully 

located most of the non-hydrogen atoms. Subsequent refinement on F2 using the 

SHELXTL/PC package (version 5.1) allowed location of the remaining non-hydrogen 

atoms.  

5.2.7. Luminescence Titrations 

 For the naphthalene titration, 3.00 mL of a 2.18 × 10-4 M CH2Cl2 solution of 

naphthalene was added into a quartz cuvette, and the sample was excited at λexc = 290 nm 

and its fluorescence spectrum measured. At each titration data point, 10 μL of a 6.93 × 

10-3 M CH2Cl2 solution of compound 1 was added to the cuvette, and the emission 

intensity was measured within 1 minute of the addition. For the 1-chloronaphthalene 

titration, 3.00 mL of a 3.0 × 10-4 M CH2Cl2 solution of 1-chloronaphthalene was added to 

a quartz cuvette, and the sample was excited at λexc = 300 nm. At each titration data point, 

10 μL of a 6.93 × 10-3 M CH2Cl2 solution of compound 1 was added to the cuvette, and 

the emission intensity was measured within 1 minute of the addition. Frozen solution 

titrations were carried out by preparing several solutions by adding 0, 10, 25, 60, 100, and 

130 μL of a 6.93 × 10-3 M CH2Cl2 solution of compound 1 to 3.00 ml of a 2.0 × 10-4 M 

CH2Cl2 solution of naphthalene and then monitoring the phosphorescence emission 

intensity.  

5.3. Results and Discussion 
 

5.3.1. Luminescence Titration Studies of 2-4 and 1•naphthalene 

 In an effort to study the formation of these supramolecular binary adducts in 

solution, we have monitored the fluorescence spectrum of dilute CH2Cl2 solutions of the 
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naphthalene substrate upon addition of incremental amounts of 1. In all cases, the 

absorbance of the solution at the excitation wavelength was below 0.06. For naphthalene 

and 1-chloronaphthalene, addition of 1 results in a progressive quenching of the 

fluorescence emission. The observed fluorescence quenching can be rationalized on the 

basis of a mercury heavy atom effect which effectively depopulates the first singlet 

excited state. Thus, a Stern-Volmer analysis18 yields a KSV value of 6857 ± 266 M-1 for 

naphthalene and 1224 ± 42 M-1 for 1-chloronaphthalene (Figure 5.1). The  

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

[1] (x 10-4 M)

I o
 / 

I 
or

 τ

o 
/ τ

 

Io / I 

Io / I 

τo / τ 

 
Figure 5.1. Stern-Volmer plot for the fluorescence quenching of naphthalene (▲ and ■) 

and 1-chloronaphthalene (♦ and □) with 1. 
 

magnitude of these equilibrium constants suggests that the quenching observed is static 

rather than dynamic. This conclusion is reinforced by measurements of the fluorescence 

lifetimes, which remain constant during the titration experiment (Figure 5.1). Altogether, 

these observations clearly indicate the formation of ground-state complexes in solution, 
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i.e., [1• naphthalene] and [1•1-chloronaphthalene] whose association constants are equal 

to the respective KSV values.  In the case of 1-bromo- and 1-iodonaphthalene, the presence 

of an internal halogen heavy atom results in low fluorescence quantum yield, therefore an 

accurate fluorescence titration could not be performed. 

5.3.2. Synthesis and Structures of 2-4 

 When a CH2Cl2 solution of 1 is mixed with a solution of 1-chloro-, 1-bromo, or 1-

iodonaphthalene in the same solvent, slow evaporation of the solvent leads to the 

formation of the corresponding 1:1 adducts ([1•1-chloronaphthalene] (2), ([1•1-

bromonaphthalene] (3), ([1•1-iodonaphthalene] (4)) which have been isolated in almost 

quantitative yields. The solid adducts are colorless, air-stable, and have been analyzed by 

elemental analysis and X-ray diffraction. They dissolve only in polar solvents such as 

DMSO or acetone. 1H and 19F NMR spectra carried out in either d6-DMSO or d6-acetone 

indicate complete dissociation of the adducts and only allow for the observation of the 

individual components. The crystal structures of 2-4 have been determined (Table 5.1). 

The solid-state structure of these three compounds consists of extended binary stacks 

where molecules of 1 alternate with the halogenated naphthalene. In all three cases, there 

are no unusual intramolecular bond distances and angles in the structure of the individual 

components. 

 Compounds 2, 3, and 4 crystallize in the space groups P21/n, P-1, and P21/c, 

respectively (Table 5.1). Examination of the cell packing diagram for all three adducts 

confirms the formation of extended stacks, as has been already observed in 

[1•naphthalene].13 All three adducts display short Hg-Caromatic distances ranging from 
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3.28 – 3.43 Å, indicating secondary Hg-� interactions.  These distances are all within the 

van der Waals radii for Hg (rvdw = 1.73-2.00 Å) and Caromatic (rvdw = 1.7 Å). In 2, the 

molecule of 1-chloronaphthalene in the asymmetric unit is disordered  

Table 5.1. Crystal Data, Data Collection, and Structure Refinement for 2-4. Courtesy of 
Ms. Charlotte Burress.17 

 
Crystal data 2 3 4 
Formula C28H7ClF12Hg3 C28H7BrF12Hg3 C28H7IF12Hg3 
Mr 1208.56 1253.02 1300.01 

Crystal size (mm3) 0.26 x 0.11 x 0.08  0.27 x 0.10 x 0.07 0.38 x 0.19 x 0.08 

Crystal system Monoclinic Triclinic Monoclinic 
Space group P2(1)/n P-1 P2(1)/c 
A (Å) 20.069(4) 7.5525(15) 15.993(3) 
B (Å) 6.8937(14) 15.968(3) 7.5544(15) 
C (Å) 20.918(4) 22.542(5) 22.787(5) 
α (°)  88.35(3)  
β (°) 115.00(3) 85.00(3) 98.43(3) 
γ (°)  86.94(3)  
V (Å3) 2622.9(9) 2703.5(9) 2723.3(9) 
Z 4 4 4 
ρcalc (gcm-3) 3.060 3.079 3.171 

μ(Mo)(mm-1) 17.724 18.575 18.107 
F(000) (e) 2160 2232 2304 
    
Data Collection    
T/K 110(2) 273(2) 110(2) 
Scan mode ω ω ω 
hkl range  -25�20, -2�9,  

-25�23 
-8�8, -18�18,  
-25�24 

-21�21, -10�9, 
 -30�30 

Measured refl. 14488 17952 22349 
Unique refl., [Rint] 5366 [0.0325] 8462 [0.0340] 6517 [0.0643] 
Refl. used for refinement 5366 8462 6517 
Absorption correction SADABS SADABS SADABS 
Tmin/Tmax 0.358426 0.295691 0.323027 
    
Refinement    
Refined parameters 357 781 397 
R1, wR2 [I>2σ(I)] 0.0434, 0.1013 0.0433, 0.0993 0.0577, 0.1080 
ρfin (max/min) (eÅ-3) 4.119, -2.697 2.264, -1.310 3.821, -2.308 

    
  

 
17 
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over two equally- occupied positions, with the 8-position of the naphthalene ring acting 

as the pivot point between the two molecules. In the first orientation, the chlorine atom 

Cl(1) points outward from the stack and does not form any short contacts with the 

mercury centers (Figure 5.2).  In the second orientation, the chlorine atom Cl(2) interacts 

simultaneously with two mercury centers (Hg(1A)-Cl(2) 3.419 Å and Hg(3)-Cl(2) 3.501 

Å), as these distances are within the sum of the van der Waals radii for Hg and Cl (rvdw = 

1.58 – 1.78 Å) (Figure 5.2).19 It is also important to note that these distances fall in the 

range typically observed for secondary Hg-Cl interactions.20  While the crystal structure 

of 2 is affected by positional disorder, compound 3 has two distinguishable 1-

bromonaphthalene molecules located between molecules of 1. Each molecule of 1 

exhibits a different type of interaction, with one molecule displaying mostly Hg-Carene  

 

 

 

 

 

 

 
 
 
 

Figure 5.2. Molecular structure of 2. Thermal ellipsoids are at 50%. Hydrogen atoms are 
omitted for clarity. I. Significant contacts (Å): Cl(2)-Hg(1A) 3.500(12), Cl(2)-Hg(3) 

3.419(14), C(37)-Hg(2A) 3.250(20), C(38)-Hg(2) 3.400(20), C(39)-Hg(2A) 3.359(19). II. 
Significant contacts (Å): C(24)-Hg(3) 3.374(12), C(26)-Hg(1) 3.358(14), C(27)-Hg(2A) 
3.277(14), C(28)-Hg(2A) 3.402(14), C(29)-Hg(2) 3.406(19). Courtesy of Ms. Charlotte 

Burress.17 
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interactions and the other displaying Hg-Br interactions. In the unit where the two 

components interact, only via Hg-Carene interactions, the bromine atom Br(2) is positioned 

at the periphery of the stacks and does not interact with any of the mercury centers 

(Figure 5.3). Yet, in the other unit, the bromine is coordinated to all three Hg atoms with 

distances ranging from 3.57 – 3.84 Å, which are within the summed van der Waals radii 

of mercury and bromine (rvdw = 1.54 – 1.84 Å) (Figure 5.3). Finally, compound 4 has 

only one molecule of 1-iodonaphthalene in the asymmetric unit. Its structure is similar to 

that observed for one of the two independent molecules in the structure of 3. The 

sandwiched 1-iodonaphathalene interacts with the two neighboring molecules of 1 by 

secondary Hg-Carene and Hg-I interactions (Figure 5.4). The three distances between the 

three mercury centers Hg(1), Hg(2), and Hg(3) and the iodine atom I(1) are 3.814, 3.836, 

and 3.626 Å, respectively, which fall within the range of the van der Waals radii of the 

two elements (rvdw (I) = 1.98 – 2.13 Å). These distances are close to those found in 

complexes involving tetranuclear mercuracarborane hosts and iodocarborane guest (3.6 

Å). 21 

The coexistence of two distinct orientations of 2 and 3 suggests that the 

interactions responsible for the formation of the adducts are not directional and most 

certainly dispersive. It also indicates that the Hg-Cl and Hg-Br interactions are not 

sufficiently strong to dictate the supramolecular structures of these adducts. This 

conclusion cannot be extended to the case of 4 in which the Hg-I interaction largely 
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dominates the stacking motif. These structural differences accentuate the preference that 

the soft mercury Lewis acidic sites display for the softer halogen.22 

5.3.3. Spectroscopic Studies 

Crystals of 2-4 display green emission, the intensity of which is enhanced by 

lowering the temperature. The photoluminescence spectra of either frozen CH2Cl2 of 2-4 

or solutions containing equimolar amounts of 1 and the polycyclic halo-arene exhibit 

only the phosphorescence of the arenes (Figures 5.5 and 5.6) with emission energies that 

correspond to those reported for the respective T1 states.23 The observed phosphorescence 

results from substantial spin-orbit coupling provided by the mercury centers of 1 to the  

 

 

 
Figure 5.3. Molecular structure of 3. Thermal ellipsoids are at 30%. Hydrogen atoms are 

omitted for clarity. I. Significant contacts (Å): Br(1)-Hg(1) 3.843(2), Br(1)-Hg(2) 
3.565(2), Br(1)-Hg(3) 3.809(2), C(23)-Hg(1A) 3.439(17), C(28)-Hg(1) 3.421(13).  II. 

Significant contacts (Å): C(52)-Hg(4) 3.388(11), C(49)-Hg(5A) 3.426(20). Courtesy of 
Ms. Charlotte Burress.17 
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Figure 5.4. I. Space-filling model of the binary stacks observed in the extended structure 

of 4. II. Molecular structure of 4. Thermal ellipsoids are at 50%. Hydrogen atoms are 
omitted for clarity. Significant contacts (Å): I(1)-Hg(1) 3.814(16), I(1)-Hg(2) 3.836(14), 
I(1)-Hg(3) 3.626(13), C(23)-Hg(1A) 3.325(17), C(24)-Hg(1A) 3.324(17), C(26)-Hg(2A) 

3.421 (13). Courtesy of Ms. Charlotte Burress.17 
 
 
arene, consistent with the existence of complexes 2-4 in solution. The emission intensity 

of 4 at room temperature is the weakest among the other adducts and it is less 

vibronically resolved. Upon cooling down to 77K, the green emission intensity increases 

and the bands will become more vibronically resolved (Figures 5.5 and 5.6). The 

emission energies of the phosphorescence bands for 2-4 are close in magnitude to the 

parent naphthalene ring. In order to assess the extent of the heavy atom effect induced by 

1 in the solid state, we analyzed the kinetics of the radiative decay (Table 5.2). The 

phosphorescence lifetimes for solids 2-4 are below 2000 μs at room temperature (RT) 

and 77 K (Table 5.2). These lifetimes are in the same order of magnitude as that for the 

unsubstituted naphthalene adduct which we reported its excited state lifetimes previously 

(Table 5.2).14 These lifetimes clearly represent monomer phosphorescence, in contrast to 

I

Hg

Hg

Hg

Hg2

Hg1

C2
C2

C2

I II



 138 
 

the fluorescence bands exhibited by the free organic entity at much higher energies and 

with nanosecond lifetimes. The lifetimes on the order of 103 μs at 77 k for 2-4 are much 

lower than the reported lifetime values for the monomer phosphorescence bands of the 

free halo-substituted naphthalene organic components (Table 5.2).23, 24  Also, upon 

comparing the reported lifetime of the free naphthalene to the substituted ring, the values 

are lower for the halo-naphthalene compared to the free ring due to the halogen internal 

heavy atom effect (Table 5.2). The lifetimes at 77 K for the solids are shortened by three 

orders of magnitude, when compared to those of the free polycyclic hydrocarbon in EPA 

glass (Table 5.2).21 Such a startling reduction underscores the difference that exists in the 

spin-orbit perturbation provided by an innocent matrix such as EPA and the heavy-atom 

environment rendered by the mercury atoms of 1 in the binary adducts.15 We also note 

that these lifetime reductions are more drastic than those obtained when comparing the 

triplet emissions of the [1•halonaphthalene] and [1•naphthalene] frozen solution in 

CH2Cl2 to those of the respective free arenes (Table 5.2). In order to further assess the 

extent of complexation, which exists in solution, involving 1 and polycyclic hydrocarbon 

substrates, frozen solutions titrations were carried for 1 and naphthalene. The intensity of 

phosphorescence emission increased, along with a slight red shift in the emission energy 

of the (0,0) band, as more increments of 1 are added to the naphthalene solution (Figure 

5.7), thus, asserting the formation of a complex as already quantified by the fluorescence 

titrations above.  
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Figure 5.5. Photoluminescence excitation and emission spectra of crystals of 
1•naphthalene (I) (a) in CH2Cl2 frozen solution (b) crystals at 77 K and of 2 (II) (c) in 

CH2Cl2 frozen solution (d) crystals at 77 K (e) and crystals at room temperature. 
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Figure 5.6. Photoluminescence excitation and emission spectra of crystals of 3 (I) (a) in 
CH2Cl2 frozen solution (b) crystals at 77 K (c) and crystals at room temperature and of 4 
(II) (d) in CH2Cl2 frozen solution (e) crystals at 77 K (f) and crystals at room temperature. 
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Table 5.2. Triplet Lifetimes for Polycyclic Hydrocarbons and their Adducts with 1. 

 EPAa EPA 
Lit.b 

Adduct Frozen 
CH2Cl2

c
 

 

Solid 
d 
4 K 

Solid 
d 
77 K 

Solid 
d 
RT 

naphthalene 2.5 s 2.7 s 1·naphthalene 600 us 1423 
us 

723 
us 

568 
us 

1-
chloronaphatelene 

0.36 s 0.33 s 2 248 us 1901 
us 

1557 
us 

1254 
us 
 

1-
bromonaphatelene 

20.5 
ms 

16 ms 3 212 us 1448 
us 

1018 
us 

831 
us 

1-iodonaphatelene 2.5 ms 1.13 
ms 

4 66 us 1249 
us 

991 
us 

87 us 

 
a EPA frozen glass matrix for polycyclic hydrocarbons obtained by our group. 
b EPA frozen glass matrix for polycyclic hydrocarbons from the literature.21 
c Equimolar amounts of 1 and polycyclic hydrocarbons in frozen solution of CH2Cl2. 
d Solid adduct of 1 and polycyclic hydrocarbon. 
 

5.3.4. Halo-arene Sensitized Phosphorescence 

 It has been well-documented since the early work of McClure25 and Kasha26 that 

the internal or external heavy-atom effect has a striking consequence on the processes 

involving the triplet state of aromatic molecules.27 Aromatic compounds have extreme 

sensitivity to heavy atoms due to their planarity and thus symmetry reduces the 

magnitude of the spin-orbit coupling and mixing between the singlet and triplet excited 

states. Consequently, the drastic lifetime reduction observed for 2-4 most likely results 

from the presence of the external mercury atom along with the enhancement of the non-

radiative decay rate constant due to the presence of halogen on the ring.21 The (τP)-1 

values measured at 77 K or RT represent the sum of the radiative (kr) and non-radiative 
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(knr) decay rate constants, which cannot be readily separated.  Temperature-dependent 

luminescence studies were conducted, therefore, for crystalline samples of 2-4 at low 

cryogenic temperatures (4-22 K) in order to evaluate the radiative decay constant for each 

complex. Although the compounds 2-4 show green luminescence at room temperature 

and 77 K, further cooling down toward 4 K leads to a much stronger enhancement in the 

intensity of the luminescence. Varying the temperature does not lead to significant shifts 

in the energy of the bands, but most noticeably leads to a higher resolution for the 

vibronic bands as shown in Figure 5.8, which also includes the photoluminescence of the 

unsubstituted naphthalene adduct. The lifetimes of 2-4 along with the unsubstituted 

naphthalene adduct increase at 4 K (Table 5.2) owing to a lower non-radiative decay rate 

constant, knr. Linear fitting of the points at the coldest temperature range (4-20 K) gives 

rise to a phosphorescence radiative decay rate constant, kr, of 5.29 × 102 s-1 , 6.77 × 102 s-

1 , 7.82 × 102 s-1 at 0 K, at which the non-radiative constant vanishes, for compounds 2-4 

respectively (see Figure 5.9a for representative example for compound 3). Assuming that 

the yield of intersystem crossing is unity, these measurements indicate that the room 

temperature phosphorescence quantum yields are (66%),(56%), (6.8%) for 2-4, 

respectively. We have also measured the radiative decay rate constant for the triplet of 

unsubstituted naphthalene adduct (kr = 6.69 × 102 s-1) and we obtained a room 

temperature phosphorescence quantum yield of 48%. 
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Figure 5.7. Photoluminescence excitation and emission spectra of crystals of (a) 
1•naphthalene (b) 2 (c) 3 and (d) 4 at 4 K. 

  



 144 
 

440 480 520 560 600 640

f

e

d

c

b

a
In

te
ns

ity
, a

rb
 u

ni
ts

Wavelength, nm

 

Figure 5.8. Frozen solution titrations of (a) 0 μl (b) 10 μl (c) 25 μl (d) 60 μl (e) 100 μl (f) 
130 μl of 6.93 x 10-3 M CH2Cl2 solution of compound 1 with 3.00 mL of a 2.0 x 10-4 M 

CH2Cl2 solution of naphthalene. 
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Since iodine is the heaviest atom among the three halo-naphthalene adducts 

studied, it is not surprising that 4 exhibit the shortest lifetimes at all temperatures than all 

other adducts studied here.  The magnitude of the internal heavy-atom effect on an 

aromatic ring is related to the nuclear charge of the substituent, which increases through 

the series of the Cl, Br, and I.28 (These effects are also dependent on the position of the 

substitution, which is not relevant in this study). Figure 5.9b illustrates that the studied 

halo-naphthalenes adducts show an increase in the non-radiative decay constant with an 

increase in the halogen size, leading to the observed drastic reduction in the lifetime, 

especially for compound 4 at room temperature.21 However, the reduction in the triplet 

lifetimes only implies that the summed (kr + knr) value is higher due to a faster T1 → So 

process and thus cannot tell whether the acceleration is due to a sensitization effect 

(higher kr) or quenching effect (higher knr). Nevertheless, we are able here to decompose 

the two components due to the low-temperature lifetime measurements. Thus, the 

quantum yield values suggest that the internal heavy-atom effect has a sensitizing effect 

in 2 and 3 adducts at RT but a quenching effect in the case of 4, although quite amazingly 

the latter is the most efficient emitter at cryogenic temperatures (φ77K = 82%, 68%, 84 %,  

φ4K = 96%, 97%, 98 %,  for 2-4, respectively).      

Analysis of the luminescence excitation spectra for 2-4 reveals that both S0-S1 and 

S0-T1 excitations lead to the phosphorescence observed while only S0-S1 excitations are 

observed for the free organic compounds. It is worthwhile mentioning that the excitation 

profiles for 2-4 also include strong intensities at wavelengths corresponding to the 

excitation bands of the mercury trimer, 1. Therefore, the phosphorescence of 2-4 is 
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caused not only by S0-S1 absorption of the organic component followed by intersystem 

crossing, but also caused by a direct excitation to the corresponding triplet or by energy 

transfer from 1.  

 

 
 
Figure 5.9. (a) Representative example showing the extrapolation to 0 K to deduce kr for 
3 (b) Phosphorescence radiative constant vs. X in the halo-naphthalene adduct (•) along 

with the standard deviation. 
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5.4. Conclusions 
 

To conclude, the results presented herein illustrate the formation of binary 

supramolecular stacks by interaction of 1 with halo-naphthalene. Our studies have shown 

the existence of adducts involving 1 and the halo-naphthalene in solution and their 

formation has been readily quantified by fluorescence spectroscopy. The observed 

fluorescence quenching can be rationalized on the basis of a mercury heavy-atom effect, 

which effectively depopulates the first singlet-excited state. Stern-Volmer analysis 

yielded a KSV value of 6857 M-1 for naphthalene and 1224 M-1 for 1-chloronaphthalene. 

The presence of a halogen atom on the naphthalene ring weakens the Hg-π interactions as 

reflected by smaller formation constant for 1-chloronaphthalene compared to the free 

naphthalene ring. The magnitude of these constants suggests that the quenching observed 

is static rather than dynamic as supported by fluorescence lifetime measurements. The 

complexation is reflected by the intense phosphorescence observed in frozen solutions at 

77 K. Upon combination of both external and internal heavy atom effects, the lifetimes 

would predictably become shorter. Despite such shortening, these lifetimes might be too 

long for the required lifetimes in light-emitting displays, but useful for general room 

lightening applications (which do not have short lifetime requirements as long as the 

quantum efficiency is high). The room-temperature phosphorescence quantum yields of 2 

(66%), 3 (56%), and 4 (6.8%) compared to 48% for the naphthalene adduct suggest that 

the synergy of the internal heavy-atom effect (with the external one) has a sensitization 

effect in the case of the chloro and bromo derivatives but a quenching effect for the iodo 

derivative. Bright room temperature phosphors of adducts of 1 with N-heterocycles N-
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methylindole (44%, 29 μs) and N-methylcarbazole (14%, 49 μs) and the halo-

naphthalene adducts of 1 are potentially attractive for multiple OLEDs applications. The 

higher quantum efficiencies for 2 and 3 compared to both N-heterocyclic adducts make 

them suitable for general solid-state lightening applications, while the shorter lifetime and 

reasonable quantum efficiency for the N-methylindole:1 adduct makes it more suitable 

for electronic displays.   
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CHAPTER 6 
 

PHOTOPHYSICS OF ARENE-DECORATED POLY(PROPYLENEIMINE) 

DENDRIMERS AND THEIR ADDUCTS WITH LEWIS ACIDS    

6.1. Introduction 
 

The chemistry of dendrimers has received a great deal of attention in the last 

decade and is rapidly expanding in many applications (e.g., OLEDs, sensors, and 

lasers).1 -4  Dendrimers can be divided into three regions: core, branches, and outside 

surfaces. The macromolecular structure is organized into a branching form that extends 

out from a central core making a sphere of chemical end groups with the appropriate 

functionality at the periphery that can be tethered according to the requirements.5,6,7 The 

growth with branching will create unique spherical dispersed dendrimer formation that 

can be defined by their generation number.5 The primary function of the outside groups is 

to act as a branching point for the expansion of the dendritic molecular unit by 

incorporating strong chromophores at the end region of the dendritic structure; thus, the 

desired luminescent macromolecules are obtained. The functionalization in the core or at 

the periphery of a dendritic structure can lead to interesting photo-induced properties.8 

Recent investigations have shown that coupling the luminescence with dendrimer 

chemistry can lead to systems capable of exhibiting unusual and interesting properties.9 

Chromophore-labeled dendrimers have been proven to be an informative mean for 

studying the properties of the dendrimers. 10  A classical example of a dendrimer 

containing a metal complex with intriguing luminescent properties is the 2,2`-bipyridine 

(bpy) ligand of the [Ru(bpy)3]
2+ type core that carry branches containing 1,3-
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dimethoxybenzene and 2-naphthyl types of chromophores.11 The lowest excited state in 

the metal complex is a triplet MLCT type, as all the chromophores present in the 

dendrimer exhibit strong luminescence with unique photophysical properties. 

Schmidbaur and co-workers have investigated the concept of surface complexing of 

phosphorous functional dendrimers that contain phosphorous functionality in the 

framework of the dendritic skeleton that are ideal for complexation of transition metals in 

the low oxidation state as in gold(I) complexes.12 Dendrimers based on the fluorescent 

organic units that consist of Hexa-ammine core surrounded by 8-dansyl, 24-

dimethoxybenzene, and 32-naphthayl type units have also reported in the literature.9,13 

Applying transition metal complexes and organic luminophores into solid-state 

OLED devices became an exciting field in recent years.14-21 The OLED design is based 

on small molecules like polycyclic aromatic hydrocarbons and polymers. Dendrimers 

with optically and electrically active properties for applications in the OLEDs have been 

studied extensively in the literature.22-28 Dendrimers have unique properties that make 

them useful in the fabrication of the light-emitting devices. Dendrimers form in well 

defined patterns that allow the control of the size, weight, cavity, topology, and the 

surface functionality.14 The advantage of phosphorescent light emitting materials is that 

they harness emission from both the singlet and triplet excited states, so it is possible to 

achieve OLEDs with 100% internal quantum efficiency, where in fluorescent material 

there is a substantial loss in the efficiency.29 Thus, it is advantageous to combine the 

desired properties of dendrimers and phosphorescent compounds in one material. 
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A common method of incorporating a chromophore into a dendrimer system is by 

binding it at the end of the dendrimer arm. By placing the chromophores at the end of the 

dendrimer arms, we can have a better control over the density and concentration of the 

luminophores along with the manipulation of the spatial and molecular interaction of the 

chromophores.14 The family of the poly(propyleneimine) dendrimers consists of a central 

core and a hyper branch that contains a number of repeating monomeric units that has the 

desired functional group at the end. The core consists of 1,4-diaminobutane, while the 

branches are made up of the polyamine group. The nth generation dendrimer can be easily 

functionalized via an amide linkage with the fluorescent-active units at the periphery. 

Scheme 1 shows the first generation (G1) dendrimers tris(2-aminoethyl-2’-

biphenyl)amide, tris(2-aminoethyl-2’-pyrene)amide, tris(2-aminoethyl-2’-naphth)amide, 

and the third generation (G3) dendrimer DAB-((2-aminoethyl-2'-pyrene)amide)16. When 

functionalization occurs at the periphery, a problem arises whether these units behave 

independently or interact with one another or yet with 
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other components in the dendrimer.30 A recent study has shown that dendrimers made of 

cyclam core and naphthyl-based branches exhibit three types of emission bands assigned 

to the naphthyl monomer, naphthyl excimer, and naphthyl amine exciplex. It was 

concluded that the properties of that dendrimer depended mainly on the interactions of 

the photoactive units in the ground and excited state.31  

The ultimate objective of our investigation is to employ dendrimers functionalized 

with small organic luminophores into OLED fabrication. We have recently reported that 

the facial complexation of polycyclic and N-heterocyclic arenes to trimeric perfluoro-

ortho-phenylene mercury ([o-C6F4Hg]3) (1) results in crystalline adducts that exhibit 

bright RGB phosphorescent emission at room temperature.32,33  Such adducts showed 

phosphorescence with shortened triplet lifetimes compared to the free arenes. Here, we 

report the synthesis of G1 and G3 dendrimers decorated with the aromatic arenes 

naphthalene, biphenyl and pyrene, along with their luminescence properties alone and 

with the trimeric Hg(II) Lewis acid (1). Upon mixing of the dendrimers with the 

aforementioned mercury trimer (1), the resulting adducts exhibit sensitized arene 

phosphorescence. The crystal structure for the adduct of the G1 naphthalene-terminated 

dendrimers with the mercury trimer is also reported.  

6.2. Experimental Section 
 

6.2.1. General 

 1-pyrenecarboxylic acid, 2-naphthoic acid, biphenyl-4-caroboxylic acid, thionyl 

chloride, triethylamine, DAB-Am-16-polypropylenimine-hexadecaamine dendrimer, 

HPLC grade DMSO, and HPLC grade dichloromethane were purchased from Sigma-
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Aldrich and ACROSS Organics and used as received without further purification. 

Trimeric perfluoro-ortho-phenylene mercury was prepared according to the published 

procedure.34 All reactions were carried out using standard Schlenk technique under argon 

unless otherwise indicated. Guelph Chemical laboratories performed the elemental 

analyses. All syntheses of the dendrimers and binary adducts thereof with 1 have been 

carried out at the University of North Texas except for the synthesis of and crystal 

structure of 2, which were done by Dr. Mason Haneline (who also provided help in the 

description) from Texas A&M University in collaboration with Prof. Francois Gabbai.35 

6.2.2. Physical Measurements 

Steady-state luminescence spectra were acquired with a PTI QuantaMaster Model 

QM-4 scanning spectrofluorometer equipped with a 75-watt xenon lamp, emission and 

excitation monochromators, excitation correction unit, and a PMT detector. The emission 

spectra were corrected for the detector wavelength-dependent response while the 

excitation spectra are presented uncorrected. Temperature dependent studied were 

acquired with an Oxford optical cryostat using liquid nitrogen as coolant. Lifetime data 

were acquired using a nitrogen laser interfaced with a tunable dye laser and a frequency 

doubler, as part of fluorescence and phosphorescence sub-system add-ons to the PTI 

instrument.  The 337.1 nm line of the N2 laser was used to pump a freshly-prepared 1 x 

10-2 M solution of the organic continuum laser dye Coumarin-540A in ethanol, the output 

of which was tuned and frequency doubled to attain the 275 nm excitation used to 

generate the time-resolved data. Absorption spectra were acquired with a Perkin-Elmer 

Lambda 900 double beam using 1-cm cells. Luminescence and lifetime studies for frozen 
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solutions were conducted for selected samples by placing a 5 mm Suprasil quartz 

cylindrical tube containing the appropriate solution in a liquid nitrogen filled dewar flask 

with a Suprasil quartz cold finger and then inserting this setup in the sample compartment 

of the PTI instrument. Mass spectrometry data were collected using a MALDI-TOF by 

Ms. Charlotte Burress from Texas A&M University in collaboration with Prof. Francois 

Gabbai.35  

6.2.3. Synthesis of tris(2-aminoethyl-2’-naphth)amide 

 To a stirred suspension of 0.75 g (4.35 mmol) of 2-naphthoic acid in 100 ml 

dichloromethane at 0 0C, we added a solution of thionyl chloride (4.88 g, 3 ml, 36.1 

mmols) in 50 ml dichloromethane. The mixture was warmed to room temperature and 

heated under reflux for 6 hours, then the solvent was removed under vacuum. The pale 

yellow crude acid chloride was re-dissolved in 250 ml dichloromethane and treated with 

a solution of 0.505 g (5.00 mmol) triethylamine, and 0.445 g (3.05 mmol) tris(2-

aminoethyl)amine dissolved in 100 ml dichloromethane, which were slowly added at 

room temperature and then stirred for 24 hours. The mixture was poured into crushed ice, 

extracted with dichloromethane, dried with anhydrous MgSO4, and concentrated to give 

yellowish brown oil that solidifies in few minutes once it cools down. The crude solid 

was crystallized from toluene in the presence of some charcoal to give white opaque 

crystals, (1.2 g, 45% yield) m. p. 98-100oC. 
1
H NMR (CDCl3) δ 2.79 (t, 6H, CH2NH), 

3.66 (q, 6H, CH2N), 6.8-7.7 (m, 21H, ArH's), 8.099 (s, 3H, NH), Anal. Calcd for 

C39H36N4O3 (M.W. = 608.73 g/mole): C, 77.002%; H, 5.97%; N, 9.272%. Found for this 

powder: C, 76.86%; H, 5.59%; N, 9.63%. Mass spectrometry: (M+H)+  609.2602 m/z. 
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6.2.4. Synthesis of tris(2-aminoethyl-2’-pyrene)amide 

 To a stirred suspension of 0.7223 g (2.93 mmol) 1-pyrenecarboxylic acid in 100 

ml dichloromethane at 0 0C, we added a solution of thionyl chloride (4.88 g, 3 ml, 36.1 

mmols) in 50 ml dichloromethane. The mixture was warmed to room temperature and 

heated under reflux for 6 hours and then the solvent was removed under vacuum. The 

pale yellow to green crude acid chloride was re-dissolved in 250 ml dichloromethane and 

treated with a solution of 0.48 g (4.75 mmol) triethylamine, and 0.43 g (2.94 mmol) 

tris(2-aminoethyl)amine in 100 ml dichloromethane, which were slowly added at room 

temperature and then stirred for 24 hours. The mixture was poured into crushed ice, and 

instantly a pale white precipitate formed. The solid was collected by suction filtration and 

washed several times with petroleum ether, then dried under vacuum (1.34g, 55% yield), 

m. p. 225oC. 
1
H NMR (DMSO) δ 2.52 (t, 6H, CH2NH), 3.027 (q, 6H, CH2N), 7.4-7.9 (m, 

27H, ArH's), 8.56 (s, 3H, NH), Anal. Calcd for C57H42N4O3 (M.W. = 830.97 g/mole): C, 

82.38%; H, 5.10%; N, 6.79%.  Found for this powder: C, 81.85%; H, 4.75%; N, 7.21%. 

Mass spectrometry: (M+H)+ 831.3277 m/z. 

6.2.5. Synthesis of tris(2-aminoethyl-2’-biphenyl)amide 

 To a stirred suspension of 1.7 g (8.5 mmol) biphenyl-4-carboxylic acid in 100 ml 

dichloromethane at 0 0C, we added a solution of thionyl chloride (2.44 g, 1.5 ml, 35.1 

mmols) in 50 ml dichloromethane. The mixture was warmed to room temperature and 

heated under reflux for 6 hours and then the solvent was removed under vacuum. The 

pale white crude acid chloride was re-dissolved in 250 ml dichloromethane and treated 

with a solution of 1.03 g (10.22 mmol) triethylamine, and 0.91 g (6.22 mmol) tris(2-
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aminoethyl)amine in 100 ml dichloromethane, which were slowly added at room 

temperature and then stirred for 24 hours. The mixture was poured into crushed ice, and 

instantly a pale white precipitate formed. The solid was collected by suction filtration and 

washed several times with petroleum ether, then dried under vacuum (4.5 g, 79% yield), 

m. p. 189oC. 
1
H NMR (DMSO) δ 2.48 (t, 6H, CH2NH), 2.99 (q, 6H, CH2N), 7.4-8.0 (m, 

27H, ArH's), 8.36 (s, 3H, NH), Anal. Calcd for C45H42N4O3 (M.W. = 686.84 g/mole): C, 

78.69%; H, 6.16%; N, 8.16%.  Found for this powder: C, 78.30%; H, 5.97%; N, 7.86%. 

Mass spectrometry: (M+H)+ 687.3286 m/z. 

6.2.6. Synthesis of DAB-((2-aminoethyl-2'-naphth)amide)16 

 To a stirred suspension of 1.5 g (8.72mmol) 2-naphthoic acid in 100 ml 

dichloromethane at 0 0C, we added a solution of thionyl chloride (4.88 g, 3 ml, 36.1 

mmols) in 50 ml dichloromethane. The mixture was warmed to room temperature and 

heated under reflux for 6 hours and then the solvent was removed under vacuum. The 

pale yellow crude acid chloride was re-dissolved in 250 ml dichloromethane and treated 

with a solution of 0.505g (5.00 mmol) triethylamine, and 0.95g (D = 1.01 g/ml, M.W. = 

1686.79 g/mole, 0.56 mmol) DAB-Am-16- polypropylenimine-hexadecaamine 

dendrimer in 100 ml dichloromethane, which were slowly added at room temperature and 

then stirred for 24 hours. The mixture was poured into crushed ice to remove excess 

dendrimer, extracted with dichloromethane, dried over anhydrous MgSO4, and 

concentrated to give pale white gel-like solid. That gel solidifies in few minutes once the 

solvents are removed under vacuum. After drying, white crystalline solid forms (0.6 g, 

26.5% yield), m. p. 90 oC. 
1
H NMR (CDCl3) δ 1.744 (t, 64H, NCH2CH2NH-), 2.40(q, 
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36H, -N(CH2CH2CH2CH2)3N), 3.55 (q, 32H, -N(CH2CH2 CH2CH2)2N, 7.2-7.9 (m, 

144H, ArH's), 8.31 (s, 16H, NH), Anal. Calcd for C264H304N30O16 (M.W. = 4156.072 

g/mole): C, 76.29%; H, 7.37%; N, 10.18%.  Found for this powder: C, 76.64%; H, 6.99%; 

N, 9.95%. Mass spectrometry: (M+H)+  4152.4360 m/z, (M+Na)+ 4175.4362 m/z, and 

(M+K)+ 4190.3821 m/z.  

6.2.7. Synthesis of DAB-((2-aminoethyl-2'-pyrene)amide)16 

 To a stirred suspension of 1.5 g (6.1mmol) 1-pyrenecarboxykic acid in 100 ml 

dichloromethane at 0 0C, we added a solution of thionyl chloride (4.88 g, 3 ml, 36.1 

mmols) in 50 ml dichloromethane. The mixture was warmed to room temperature and 

heated under reflux for 6 hours and then the solvent removed under vacuum. The pale 

yellow to green crude acid chloride was re-dissolved in 250 ml dichloromethane and 

treated with a solution of 0.48 g (4.75 mmol) triethylamine, and 0.642 g (0.38 mmol) 

DAB-Am-16-polypropylenimine-hexadecaamine dendrimer in 100 ml dichloromethane, 

which were slowly added at room temperature and then stirred for 24 hours. After the 

mixture was poured into crushed ice to remove excess dendrimer, a white powder 

precipitated. The solid was collected by suction filtration and washed several times with 

cold ethanol and petroleum ether, then dried under vacuum for several hours (1.6g, 

73.5% yield), m. p. 198-200oC. 
1
H NMR (DMSO) δ 1.56 (t, 64H, NCH2CH2NH-), 2.37-

2.49 (N(CH2CH2CH2CH2)3N), 3.39 (q, 32H, -N(CH2CH2 CH2CH2)2N), 7.7-8.13 (m, 

144H, ArH's), 8.65 (s, 16H, NH), Anal. Calcd for C392H400N30O16 (M.W. = 5787.56 

g/mole): C, 81.35%; H, 6.97%; N, 7.26%. Found for this powder: C, 81.72%; H, 6.79%; 

N, 7.12%. Mass spectrometry was not available for this solid. 
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6.2.8. Synthesis of DAB-((2-aminoethyl-2'-biphenyl)amide)16 

 To a stirred suspension of 1.7 g (8.5 mmol) biphenyl-4-carboxylic acid in 100 ml 

dichloromethane at 0 0C, we added a solution of thionyl chloride (2.44 g, 1.5 ml, 35.1 

mmols) in 50 ml dichloromethane. The mixture was warmed to room temperature and 

heated under reflux for 6 hours and then the solvent removed under vacuum. The pale 

white crude acid chloride was re-dissolved in 250 ml dichloromethane and treated with a 

solution of 1.04 g (10.29 mmol) triethylamine, and 2.45 g (1.45 mmol) DAB-Am-16-

polypropylenimine-hexadecaamine dendrimer in 100 ml dichloromethane, which were 

slowly added at room temperature and then stirred for 24 hours. After the mixture was 

poured into crushed ice to remove excess dendrimer, a white powder precipitated. The 

solid was collected by suction filtration and washed several times with cold ethanol then 

dried under vacuum for several hours (2.3 g, 93.5% yield), m. p. 145oC. 
1
H NMR 

(DMSO) δ 1.69 (t, 64H, NCH2CH2NH-), 2.45 (N(CH2CH2CH2CH2)3N), 3.29 (q, 32H, -

N(CH2CH2 CH2CH2)2N), 7.3-7.9 (m, 144H, ArH's), 8.547 (s, 16H, NH), Anal. Calcd for 

C296H336N30O16 (M.W. = 4572.65 g/mole): C, 77.774%; H, 7.41%; N, 9.25%.  Found for 

this powder: C, 78.12%; H, 7.65%; N, 8.96%. Mass spectrometry: (M+H)+  4569.5630 

m/z, (M+Na)+ 4591.5292 m/z, and (M+K)+ 4608.4780 m/z.  

6.2.9. General Synthesis of the Dendrimer Adducts 

 A solution of 1 in CH2Cl2 is mixed with a solution of tris(2-aminoethyl-2’-

naphth)amide or DAB-((2-aminoethyl-2'-naphth)amide)16. Also, a solution of 1 in THF is 

mixed with a solution of tris(2-aminoethyl-2’-biphenyl)amide or DAB-((2-aminoethyl-2'-

biphenyl)amide)16. Slow evaporation of the solvent leads to the formation of the 
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corresponding 1:1 adducts [1•Tris(2-aminoethyl-2’-naphth)amide] (2), [1•Tris(2-

aminoethyl-2’-biphenyl)amide] (3), [1•DAB-((2-aminoethyl-2'-napth)amide)16] (4) and 

[1•DAB-((2-aminoethyl-2'-biphenyl)amide)16] (5) which are isolated in almost 

quantitative yields. The solid adducts are colorless, air stable, and have been analyzed by 

X-ray diffraction, elemental analysis,199Hg NMR, and luminescence properties as the 

structure of 2 was the only one determined while crystals of 3-5 could not be grown. 

Upon complexation of 1 with the desired dendrimer, 199Hg resonance shifts to higher 

field. 36  The luminescene properties of 2-5 were indicative of sensitized arene 

phosphorescence enforcing the existence of supramolecular 1:1 stacked chains and 

mercury heavy atom effect. Complexes of 1 and tris(2-aminoethyl-2’-pyrene)amide or 

DAB-((2-aminoethyl-2'-pyrene)amide)16 could not be isolated. The pyrene dendrimers 

are only highly soluble N’N-dimethylforamide (DMF), which is known to coordinate 

strongly to 1,37 and sparingly soluble in dichloromethane and other halogenated solvents. 

The crystal structure of 2 has been determined as the solid-state structure of this 

compound consists of extended binary stacks where molecules of 1 alternate with the 

tris(2-aminoethyl-2’-naphth)amide. There are no unusual intramolecular bond distances 

and angles in the structure of the individual components. 

6.2.9.1. Synthesis of [1•tris(2-aminoethyl-2’-naphth)amide] (2) 

 Compound 1 (0.020 g, 0.0200 mmol) is dissolved in CH2Cl2 (5 mL). In a separate 

vial, tris(2-aminoethyl-2’-naphth)amide (0.012 g, 0.0200 mmol) is dissolved in CH2Cl2 (2 

mL). The two solutions are mixed, and upon concentration by slow evaporation of the 

solvent, crystals of 2 form in a 99% yield (0.033 g, 0.0200 mmol), m. p. 223-225 ° C 
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(decomp). Anal. Calcd for C57H36N4O3F12Hg3 (MW = 1674.33 g/mole): C, 40.85%; H, 

2.15%; N, 3.34%. Found for this powder: C, 41.10%; H, 2.02%; N, 3.2%. 

6.2.9.2. Synthesis of [1•tris(2-aminoethyl-2’-biphenyl)amide] (3) 

 Compound 1 (0.020 g, 0.0200 mmol) is dissolved in THF (3 mL). In a separate 

vial, tris(2-aminoethyl-2’-biphenyl)amide (0.0137 g, 0.0200 mmol) is dissolved in THF 

(1 mL). The two solutions are mixed, and upon concentration by slow evaporation of the 

solvent, powder 3 form in a 99% yield (0.035 g, 0.0200 mmol), m. p 212-214 ° C (brown 

decomposition). Anal. Calcd for C63H42N4O3F12Hg3 (MW = 1752.44 g/mole): C, 43.14%; 

H, 2.40%; N, 3.20%. Found for this powder: C, 43.93%; H, 2.23%; N, 3.34%. 

6.2.9.3. Synthesis of [1•DAB-((2-aminoethyl-2'-napth)amide)16] (4) 

 Compound 1 (0.020 g, 0.0200 mmol) is dissolved in CH2Cl2 (5 mL). In a separate 

vial, DAB-((2-aminoethyl-2'-napth)amide)16   (0.083 g, 0.0200 mmol) is dissolved in 

CH2Cl2 (2 mL). The two solutions are mixed, and upon concentration by slow 

evaporation of the solvent, powder 4 form in a 99% yield (0.11 g, 0.0200 mmol), m. p. 

189-191° C. Anal. Calcd for C282H304N30O16 F12Hg3 (MW= 5521.672 g/mole): C, 61.29%; 

H, 5.5%; N, 7.60%. Found for this powder: Not reported. 

6.2.9.4. Synthesis of [1•DAB-((2-aminoethyl-2'-biphenyl)amide)16] (5) 

 Compound 1 (0.020 g, 0.0200 mmol) is dissolved in THF (3 mL). In a separate 

vial, DAB-((2-aminoethyl-2'-biphenyl)amide)16   (0.091 g, 0.0200 mmol) is dissolved in 

THF (1 mL). The two solutions are mixed, and upon concentration by slow evaporation 

of the solvent, powder 5 form in a 99% yield (0.113 g, 0.0200 mmol), m. p. 152-154 ° C 
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(decomp). Anal. Calcd for C314H336N30O16 F12Hg3 (MW= 5638.25 g/mole): C, 66.82%; H, 

5.95%; N, 7.45%. Found for this powder: C, 65.56%; H, 5.43%; N, 7.07%. 

6.2.10. Crystal Structure Determinations 

 X-ray data for 2 were collected on a Bruker SMART-CCD diffractometer using 

graphite-monochromated Mo K� radiation (0.71073 Å). Specimens of suitable size and 

quality were selected and glued onto a glass fiber with freshly prepared epoxy resin. The 

structure was solved by direct methods, which successfully located most of the non-

hydrogen atoms. Subsequent refinement on F2 using the SHELXTL/PC package (version 

5.1) allowed location of the remaining non-hydrogen atoms.  

6.2.11. Luminescence Titrations 

 The luminescence spectra were acquired with a PTI spectrofluoremeter described 

above. For the G1 naphthalene dendrimer titration, 3.00 mL of a 2.18 x 10-4 M CH2Cl2 

solution of tris(2-aminoethyl-2’-naphth)amide was added into a quartz cuvette, and the 

sample was excited at λexc = 290 nm and its fluorescence spectrum measured. At each 

titration data point, 10 μL of a 6.93 x 10-3 M CH2Cl2 solution of compound 1 was added 

to the cuvette, and the emission intensity at λmax = 350 nm was measured within 1 minute 

of the addition. For the DAB-((2-aminoethyl-2'-naphth)amide)16 titration, 3.00 mL of a 

3.0 x 10-4 M CH2Cl2 solution of the dendrimer was added to a quartz cuvette, and the 

sample was excited at λexc = 300 nm. At each titration data point, 10 μL of a 6.93 x 10-3 

M CH2Cl2 solution of compound 1 was added to the cuvette, and the emission intensity at 

λmax = 350 nm was measured within 1 minute of the addition. 
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6.2.12. Fluorescence Quantum Yield 

 Coumarin 440 was used as the standard (φ = 0.72 in ethanol). Solutions of the G1 

and G3 dendrimers and Coumarin 440 were prepared and the absorbance (A) of each was 

determined. Finally the emission spectra of these solutions were collected in order to 

measure the peak area. A correction for the index of refraction (n) is applied since 

different solvents were used for the standard and samples. The ideal absorbance for the 

fluorescence measurements lies between 0.04 and 0.05 at λexc.
38  The fluorescence 

quantum yield is then determined by relating the standard fluorescence quantum yield φF(s) 

to the unknown φF(unk) according to the following equation 

                          φF(x)=(As/Aunk)(Funk/Fs)(nunk/ns)
2φF(s) 

6.3. Results 
 

6.3.1. Synthesis and Crystal structure of 2 

1H NMR confirmed the complete 100% functionalization of the dendrimer 

periphery with the desired luminophores by the appearance of a peak that corresponded 

to an amide proton. It was reported previously that the total absence of the NH2 signals of 

the starting dendritic polyamines around 1.2 ppm and the appearance of a new signal in 

the 6.8-8.3 ppm range as well as the absence of the peak corresponding to the carboxylic 

acid proton enforce the complete functionalization of the dendrimer. 39  The general 

synthetic route for the G1 and G3 dendrimers follows the general scheme provided below 

SOCl2
N NH2

3 N
NHCOAr

3
( )n ArCO2H+

 

DAB-(NH2)n + n ArCO2H
SOCl2

DAB-(NHCOAr)n  
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Compound 2 crystallizes in the space group P21/n (Table 6.1). Examination of the crystal 

structure reveals extended binary polymeric chains with alternating molecules of 1 and 

tris(2-aminoethyl-2’-naphth)amide similar to those observed in [1•naphthalene].32 The 

interactions responsible for the formation of these infinite chains involve the triple 

coordination of one of the oxygen atoms of the tris(2-aminoethyl-2’-naphth)amide 

molecule to the mercury centers of 1 as well as short Hg-Caromatic between the naphthalene 

moieties of tris(2-aminoethyl-2’-naphth)amide and the mercury centers of 1. There is an 

additional Hg-O contact between another oxygen atom of the Tris(2-aminoethyl-2’-

naphth)amide molecule to a single mercury center of 1. The resulting Hg-O distances 

range from 2.837(7)–3.175(8) Å and are well within the sum of the van der Waals radii 

for mercury (rvdw = 1.75 Å)40,41 and oxygen (rvdw = 1.54 Å).42  As a result of these 

interactions, the triply-coordinated oxygen atom is essentially equidistant from the three 

Lewis acidic sites and sits at a distance d of 2.133 Å from the plane defined by the three 

mercury atoms. The linear carbonyl functionality is significantly tilted towards this plane 

and forms an angle α of 40.7º (Figure 6.1). This tilt allows for the close contact observed 

between the carbon bound to the oxygen moiety and one of the mercury centers with a 

distance of 3.421(12) Å. The metrical parameters for the coordinated oxygen moieties 

observed in 2 resemble those encountered in [1•acetone] (α = 85.6º, d = 1.945 Å, Hg-O = 

2.810(12)-2.983(12) Å), 43 , 44  [1•acetaldehyde] (α  = 66.3º, d = 2.086 Å, Hg-O = 

2.912(13)-2.965(8) Å),43 [1•DMF] (α = 88.3º, d = 2.062 Å, Hg-O = 2.799(5)-3.042(5) 

Å),37,45 and [1•DMSO] (� = 76.3º, d = 1.879 Å, Hg-O = 2.759(5)-3.120(5) Å).46 A second 

oxygen atom exhibits a monohapto interaction with one of the mercury centers with a 
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distance of 3.175(8) Å. Two of the naphthalene moieties of the tris(2-aminoethyl-2’-

naphth)amide adduct display short Hg-Caromatic distances ranging from 3.275(12)–

3.534(12) Å.  These two naphthalene moieties are planar and essentially parallel to the 

plane defined by the three mercury centers of 1. The angle between the plane of each 

naphthalene moiety and plane defined by the nearest three mercury centers is 3.6º. These 

metrical and angular parameters for the coordinated naphthalene moieties observed in 2 

compare well with those encountered in [1•naphthalene].32 The Hg-Caromatic distances 

observed in 2 are all within the sum of the van der Waals radii for Hg (rvdw =1.73-2.00 

Å)40,41 and that typically accepted for  Caromatic (rvdw = 1.7 Å).47 This structural feature 

indicates the presence of secondary Hg–π  interactions, which augment attractive 

electrostatic and dispersion forces present between 1 and tris(2-aminoethyl-2’-

naphth)amide to further cement the cohesion of these stacks. Furthermore, these two 

naphthalene moieties are also nearly parallel to each other and have an angle of 1.9º with 

respect to one another. The average distance between the two planes of the naphthalene 

moieties is 3.600 Å, which is shorter than the calculated distance for a naphthalene dimer 

(3.9 Å).48,49 This short distance likely indicates the presence of π-stacking interactions 

between the two naphthalene moieties, however crystal packing forces may also 

contribute to this short distance. The luminescence studies below show the absence of 

excimer emissions of naphthalene in 2, indicating the insignificance of the π interactions 

between the two naphthalene rings in terms of electronic structure which is instead 

altered by the naphthyl-Hg interactions. 
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Table 6.1. Crystal Data, Data Collection, and Structure Refinement for [1•tris(2-
aminoethyl-2’-naphth)amide] (2). Courtesy of Dr. Mason Haneline.35 

 
Crystal data 

 
2 

Formula C57H36N4O3F12Hg3 
Mr 1674.33 

Crystal size (mm3) 0.41 x 0.36 x 0.22 

Crystal system Monoclinic 
Space group P 21/n 
A (Å) 17.527(4) 
B (Å) 16.871(3) 
C (Å) 18.027(4) 
α (°) 90.0 
β  (°) 102.56(5) 
γ (°) 90 
V (Å3) 5203.0(18) 
Z 4 
ρcalc (g.cm-3) 2.112 

μ(Mo Kα)(mm-1) 8.923 
F(000) (e) 3112 
  
Data Collection  
T/K 173(2) 
Scan mode � 
hkl range  -17�18, -17�17,  

-18�18 
Measured refl. 26813 
Unique refl., [Rint] 5976 [0.0990] 
Refl. used for refinement 5976 
Absorption correction SADABS 
Tmin/Tmax 0.368697 
  
Refinement  
Refined parameters 388 
R1, wR2 [I>2σ(I)] 0.0497, 0.0813 
ρfin (max/min) (eÅ-3) 1.487, -1.018 
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Figure 6.1. Molecular structure of 2. Thermal ellipsoids are at 50%. Hydrogen atoms are 

omitted for clarity. Significant contacts (Å): Hg(1)-O(3) 2.985(8), Hg(2)-O(3) 2.837(7), 

Hg(3)-O(3) 3.121(8), Hg(3)-C(48) 3.269(12), Hg(3)-C(49) 3.337(12), Hg(3)-C(47) 

3.421(12), Hg(2A)-O(2) 3.175(12), Hg(3A)-C(28) 3.507(12), Hg(1A)-C(25) 3.534(12). 

Courtesy of Dr. Mason Haneline.35 
 

6.3.2. Absorption and fluorescence measurements 

 The absorption spectrum of tris(2-aminoethyl-2’-naphth)amide in CH2Cl2  

displays bands at λmax = 285, 320 (ε = 2032 M-1 cm-1) and 334 nm (ε = 1866 M-1 cm-1), 
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which are characteristics of the naphthalene moiety absorption on the dendrimer, as 

shown in Figure 6.2. A strong fluorescence band for a solution of 4.43 x 10-3 M in 

dichloromethane is observed at the edge of the visible region around 400 nm (λexc = 305 

nm, τ = 11.42 ns, φ = 0.015), which is a characteristic of the naphthalene excimer at high 

concentrations. 50  Figure 6.3 shows a luminescence-concentration study for the 

fluorescence of the tris(2-aminoethyl-2’-naphth)amide. Note that the excimer 

fluorescence exists even in the sub-micromolar concentrations (10-6 to 10-7 M) due to the 

flopping of the arene decorated dendrimer (intramolecular excimer). Similar behavior is 

observed for the G3 naphthalene amide dendrimer as two absorption bands are dominant 

[315 nm (ε = 2132 M-1 cm-1) and 328 nm (ε = 1728.2 M-1 cm-1)] and a strong 

fluorescence band, for a solution of 1.10 x 10-3 M in dichloromethane, is observed around 

410 nm (λexc = 315 nm, τ = 22.12 ns, φ = 0.009). The absorption spectrum of tris(2-

aminoethyl-2’-biphenyl)amide and DAB-((2-aminoethyl-2'-biphenyl)amide)16 in DMSO 

displays broad  bands at λmax = 270 nm (ε = 10820 M-1 cm-1) and 275 nm (ε = 12883.5 M-

1 cm-1), respectively, that are characteristics of the biphenyl moiety absorption on the 

dendrimer. A strong broad fluorescence emission is observed for tris(2-aminoethyl-2’-

biphenyl)amide solution in DMSO (8.42 x 10-3 M) around 390 nm (λexc = 335 nm, τ = 

14.68 ns, φ = 0.055), that is characteristic of the biphenyl excimer as reported 

previously.51 At sub-micromolar concentrations, the dominant excimer feature decreases 

in intensity with a slight blue shift as a new band grows around 365 nm (λexc = 320 nm, τ 

= 7.23 ns) as shown in Figure 6.4. The new shoulder is assigned to monomer 

fluorescence of the biphenyl moiety. Tamai and co-workers have shown that the 
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fluorescence characteristics of a liquid crystal, 4-cyano-4-n’-octyloxybiphenyl, examined 

as a function of temperature and by time-resolved fluorescence spectra, exhibited a 

monomer-like spectrum of biphenyl around 360 nm immediately after the pulsed 

excitation, followed by excimer-like fluorescence around 380 nm after 200-300 ps.52 

Similar luminescence behavior is observed for solution of DAB-((2-aminoethyl-2'-

biphenyl)amide)16 in DMSO (1.32 x 10-3 M; τ = 11.45 ns at 385 nm due to biphenyl 

excimer peak; 1.32 x 10-7 M: τ = 6.26 ns due to the biphenyl monomer peak at 367 nm, φ 

= 0.004). 

The electronic absorption properties for tris(2-aminoethyl-2’-pyrene)amide and 

DAB-((2-aminoethyl-2'-pyrene)amide)16 dendrimers display similar characteristics to 

those of pyrene. Intense absorption bands in the near UV region at 277 (ε = 8201 M-1 cm-

1), 329 (ε = 25790 M-1 cm-1) and 344 nm (ε = 45477 M-1 cm-1) are observed for the 

former while bands at 275, 331 (ε = 26585 M-1 cm-1), and 346 nm (ε = 42937 M-1 cm-1) 

are observed for the latter. Figure 6.5 shows the fluorescence emission for the G1 pyrene- 

decorated dendrimer in dimethylforamide (DMF) at several concentrations. A structured 

emission is observed in the short-wavelength region as the two peaks around 380 and 399 

nm are assigned to monomeric pyrene emission (2.65 x 10-3 M, τ = 13.85 ns). A broad 

unstructured emission centered around 490 nm is assigned to the pyrene excimer 

emission (2.65 x 10-3 M, τ = 19.5 ns, φ = 0.18) due to the close proximity of the pyrene 

functional groups on the individual dendrimers.10 A similar luminescence concentration 

dependency behavior (8.2 x 10-4 M, τ = 19.93 ns at 493 nm) is obtained for the G3 pyrene 

decorated dendrimer as shown in Figure 6.6.  
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Figure 6.2.  Absorption spectra in dichloromethane for dilute solutions of tris(2-

aminoethyl-2’-naphth)amide  (a) 4.43 × 10-4 M (b) 4.43 × 10-5. 
 



 173 

330 360 390 420 450 480 510 540

d

c

b

a

In
te

n
si

ty
, a

rb
. u

n
it

s

Wavelength, nm

 

Figure 6.3.  Luminescence concentration-dependent spectra in dichloromethane for 
solutions of tris(2-aminoethyl-2’-naphth)amide: (a) 4.43 × 10-3 M (b) 4.43 × 10-4 M (c) 

4.43 × 10-5 M and (d) 4.43 × 10-7 M. 
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Figure 6.4. Luminescence concentration dependent spectra in DMSO for solutions of 
tris(2-aminoethyl-2’-biphenyl)amide: (a) 8.42 × 10-3 M (b) 8.42 × 10-4 M (c) 8.42 × 10-5 

M and (d) 8.42 × 10-7 M. 
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Figure 6.5.  Luminescence concentration-dependent spectra in DMF for solutions of 
tris(2-aminoethyl-2’-pyrene)amide (a) 2.65 × 10-3 M (b) 2.65 × 10-7 M (c) 2.65 × 10-10 M. 
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The solid of tris(2-aminoethyl-2’-pyrene)amide exhibits green luminescence at 

room temperature (λmax = 480 nm, τ = 11.5 ns) and, upon cooling, a slight blue shift with 
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Figure 6.6. Luminescence concentration-dependent spectra in DMF of solutions of DAB-
((2-aminoethyl-2'-pyrene)amide)16: (a) 8.2 × 10-4 M (b) 8.2 × 10-6 M (c) 8.2 × 10-7 M and 

(d) 8.2 × 10-10 M. 
 

an unstructured emission profile is obtained (λmax = 460 nm, τ = 19 ns). Figure 6.7 

compares the luminescence properties of the tris(2-aminoethyl-2’-pyrene)amide solid 
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alongside with the concentrated solution of 2.65 x 10-3 M. Frozen solution measurements 

of the G3 pyrene- 
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Figure 6.7. Luminescence of tris(2-aminoethyl-2’-pyrene)amide: (a) in solutions of  DMF 
(2.65 × 10-3 M), (b) solid at 298 K, and (c) solid at 77K. 
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terminated dendrimer show luminescence, which is characteristic of the monomer 

fluorescence at low concentration and both excimer and monomer at higher 

concentrations, as shown in Figure 6.8 (λmax = 465 nm: τ = 52.35 ns and λmax = 390 nm; τ 

= 19.0 ns) for 8.2 x 10-4 M and (λmax = 390 nm, τ = 61.35 ns) for the 8.2 x 10-7 M solution. 
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Figure 6.8. Luminescence of frozen (77 K) solutions in DMF for DAB-((2-aminoethyl-2'-
pyrene)amide)16: (a) 8.2 × 10-4 M and (b) 8.2 × 10-7 M at λexc = 340 nm. 
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6.3.3. Luminescence Titration Studies of 2 and 4 

 In an effort to study the formation of these supramolecules in solution, we have 

monitored the fluorescence spectrum of dilute CH2Cl2 solutions of the tris(2-aminoethyl-

2’-naphth)amide, and DAB-((2-aminoethyl-2'-naphth)amide)16 dendrimers upon the 

addition of incremental amounts of 1. In all cases, the absorbance of the solution at the 

excitation wavelength was below 0.06. For tris(2-aminoethyl-2’-naphth)amide, or DAB-

((2-aminoethyl-2'-naphth)amide)16, the addition of 1 results in progressive quenching of 

the fluorescent emission, which most likely reflects the formation of complexes between 

1 and both dendrimers as shown in Figures 6.9 and 6.10. The observed fluorescence 

quenching can be rationalized on the basis of a mercury heavy atom effect,32,33 which 

effectively depopulates the first singlet excited state of the dendrimers. Analysis of the 

fluorescence quenching data herein provides strong evidence for the complexation of 

arene-decorated dendrimers by 1 in solution. A Stern-Volmer analysis53 yields a KSV 

value of 1400 ± 69 M-1 for tris(2-aminoethyl-2’-naphth)amide (Figure 6.11), and 2389 ± 

97 M-1 for DAB-((2-aminoethyl-2'-naphth)amide)16. The magnitude of these constants 

suggests that the quenching observed is static rather than dynamic. This conclusion is 

reinforced by measurements of the fluorescence lifetimes, which remain constant during 

the titration experiment (Figure 6.11). Altogether, these observations clearly indicate the 

formation of ground-state complexes in solution, i.e., [1• tris(2-aminoethyl-2’-

naphth)amide] (2) and [1•DAB-((2-aminoethyl-2'-napth)amide)16] (4), whose association 

constants are equal to the respective Ksv values. 
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Figure 6.9. Fluorescence quenching of tris(2-aminoethyl-2’-naphth)amide as a function 

of incremental additions of 1 in dichloromethane. 
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Figure 6.10. Fluorescence quenching of DAB-((2-aminoethyl-2'-naphth)amide)16 as a 

function of incremental additions of 1 in dichloromethane. 
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Figure 6.11. Stern-Volmer plots for the fluorescence quenching of tris(2-aminoethyl-2’-

naphth)amide by 1. 
 

6.3.4. Spectroscopic Studies 

 Crystals of 2 display green luminescence at 77 K, the intensity of which is 

lowered by increasing the temperature and no room temperature emission is observed. 

The photoluminescence spectra of frozen CH2Cl2 solution containing equimolar amounts 

of 1 and tris(2-aminoethyl-2’-naphth)amide exhibit only the phosphorescence of the 

naphthalene moiety (τ = 1034 μs) with emission energies that correspond to those 

reported for the respective T1 states and a drastic shortening of the lifetimes that due to 
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the arene-Hg complexation. Figure 6.12 shows that the luminescence at 77 K is identical 

to the spectra for frozen CH2Cl2 solution  
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Figure 6.12. Photoluminescence excitation (at 77 K) and emission spectra of crystals of 2 
at (I) at several temperatures (a) 77K (b) 100 K (c) 140 K and (d) 245 K and (II) in 

CH2Cl2 frozen solution. 
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containing equimolar amounts of 1 and tris(2-aminoethyl-2’-naphth)amide. The observed 

phosphorescence results from substantial spin-orbit coupling provided by intercalation of 

the molecules of 1 between the naphthalene pendant groups. The green emission of the 

adduct is attributed to monomer phosphorescence. Upon heating up to room temperature, 

the green emission intensity will decrease and the bands will become less vibronically-

resolved and broadens as the emission diminishes above 245 K (Figure 6.12). Varying 

the temperature does not lead to significant changes in the energies, but leads to a higher 

resolution for the vibronic bands as temperature is lowered down to 77 K. The lifetime of 

2 decreases as the temperature increases owing to an increase in the non-radiative decay 

rate constant, knr, which diminishes the room temperature phosphorescent emission (τ = 

1505 μs at 77 K, τ = 1183 μs at 100 K, and τ = 1110 μs at 130 K). Solid 4 exhibits 

similar luminescence properties (τ = 1209 μs at 77 K and τ = 1150 μs at 100 K) as of 2. 

Figure 6.13 shows luminescence temperature-dependent spectra for solid 4, which 

exhibits luminescence at T ≤ 185 K. Solids of 3 and 5 display blue luminescence at 77 k, 

the intensity of which is lowered by increasing the temperature such that no room-

temperature emission is observed for both adducts. The photoluminescence spectra for a 

frozen (77 K) DMF solution containing equimolar amounts of 1 and tris(2-aminoethyl-2’-

biphenyl)amide exhibit only the phosphorescence of the biphenyl moiety with an 

emission energy that corresponds to the biphenyl amide T1 states (τ = 845 us). Figure 

6.14 shows luminescence temperature- dependent study for solid 3 along with the spectra 

for a frozen DMF solution containing equimolar amounts of 1 and tris(2-aminoethyl-2’-

biphenyl)amide. The blue emission of the adduct is attributed to monomer 
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phosphorescence. Upon heating toward room temperature, the blue emission 

progressively diminishes and is essentially completely quenched at room temperature 

(Figure 6.14). The lifetime of 3 decreases upon temperature increase owing to an increase 

in the non-radiative decay rate constant, knr (τ = 480 μs at 77 K, and τ = 425 μs at 130 K). 

Solid 5 exhibit similar luminescence properties (τ = 735 μs at 77K) with no room 

temperature observed. 
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Figure 6.13. Photoluminescence excitation and emission spectra of crystals of solid of 4 
at (a) 77K (b) 130 K (c) 185 K. 
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Figure 6.14. Photoluminescence excitation and emission spectra of solid of 3 (I) in 
CH2Cl2 frozen solution and (II) at several temperatures (a) 77K (b) 130 K (c) 298 K. 
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6.4. Discussion 

6.4.1. Fluorescence of the Complexed Dendrimers 

 Dendrimers decorated with fluorescent luminophores like pyrene provide a 

convenient approach to studying the intramolecular interactions between the 

luminophores moieties. The excimer fluorescent emissions exist at very low 

concentrations of the tris(2-aminoethyl-2’-pyrene)amide and DAB-((2-aminoethyl-2'-

pyrene)amide)16 dendrimers (10-7 to 10-10 M), indicating that pyrene groups are in 

electronic communications with one another, as shown above in Figures 6.5 and 6.6. In 

order to understand the nature of the interactions of the pyrene molecules (intramolecular 

vs. intermolecular), luminescence dilution studies (10-6–10-9 M) has been performed and 

the resulting excimer to monomer ratios have been plotted vs. concentration for both 

dendrimer generations. Figure 6.15 demonstrates that the excimer-to-monomer ratio 

(IE/IM) only minutely increased upon even several-order-of-magnitude increase in 

concentrations, in a sharp contrast to the situation in simple pyrene solutions. This 

supports our hypothesis that intermolecular interactions have a minimal role in the 

excimer formation while intramolecular interactions represent the dominant mechanism. 

Also, the IE/IM ratio is higher in the G3 dendrimer (5.95) compared to G1 dendrimer (4.37) 

under the same concentrations. This can be interpreted to be as a result of the increase in 

the density of pyrene groups on the dendrimer periphery as a function of increasing the 
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Figure 6.15. Excimer-to-monomer ratio (monitored at 470 nm and 380 nm respectively) 
as a function of dendrimer concentration. 

 
dendrimer generation.10 It is noteworthy to mention the interaction of the pyrene with 

interior branches of the dendrimer, which are tertiary amines that have been shown 

previously to quench the pyrene fluorescence.10,54 As a result, the quantum yields of the 

luminophores in the various dendritic structures are orders of magnitude lower than those 

of the free arenes (φ = 0.23, 0.18, and 0.32 for naphthalene, biphenyl, and pyrene, 

respectively). 

The red shift obtained for the solution of the G1 dendrimer (490 nm) in DMF 

compared to pyrene molecule in solution of cyclohexane (470 nm) is due to differences in 

the polarity of the solvent as the pyrene excimer is known to exhibit solvatochromic 
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shifts between polar and non polar solvents due to differences in the polarizability 

between excimer and the dissociative ground state. In non-polar solvents, dispersion 

interactions and solute transition dipole moment terms contribute to spectral shifts while 

in polar solvents, the solvent Stark effect must be also considered, as it might have a 

higher impact on the excimer red shift.50 Castanheira and coworkers showed that pyrene 

excimer was more red shifted in dimethylforamide when compared to n-hexane; such 

data are in good agreement with what we observe. Dendrimers decorated with other 

luminophores like naphthalene and biphenyl also exhibit intramolecular excimer 

fluorescence bands even at sub-micromolar concentrations. 

6.4.2. Arene Sensitized Phosphorescence 

 Intermolecular interactions in the solid state of molecular and dendrimeric 

chromophores greatly reduce the efficiency of organic-based emitting diodes due to self 

quenching and excimer formation. We have reported earlier a strategy that overcomes 

these drawbacks.32,33 Taking advantage of that well-established procedure, here we 

demonstrated the expansion of the same principles to dendrimers decorated with the 

aromatic arenes naphthalene, biphenyl, and pyrene upon complexation with the trimeric 

Hg(II) Lewis acid, 1. Upon the reaction of the dendrimers with 1, the resulting adducts 

exhibit sensitized arene phosphorescence. The crystal structure for the G1 naphthalene 

with the mercury trimer (2) is successfully determined and revealed the existence of 

supramolecular 1:1 stacked chains. The existence of ground-state complexes in solution, 

i.e., [1• tris(2-aminoethyl-2’-naphth)amide] (2) and [1•DAB-((2-aminoethyl-2'-

napth)amide)16] (4) have been quantified by fluorescence spectroscopy. The magnitude of 
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the KSV values of 1400 ± 69 M-1 for tris(2-aminoethyl-2’-naphth)amide and 2389 ± 97 M-

1 for DAB-((2-aminoethyl-2'-naphth)amide)16 suggest that the quenching observed is 

static rather than dynamic as this conclusion was supported by measurements of the 

fluorescence lifetimes, which remained constant during the titration experiment. The 

quenching is somewhat more efficient for the G3 dendrimer compared to G1, as 

suggested by the higher quenching constant. This apparent enhancement of the quenching 

efficiency is likely due to large dendritic substituents affecting either the rate of 

quenching or the excited state lifetime of the arene.55  

Complete interaction in the solid state between 1 and G1 and G3 naphthalene- or 

biphenyl-terminated dendrimers is evidenced by the complete disappearance of the 

excimer fluorescence and the appearance of pure arene sensitized phosphorescence. As 

mentioned earlier, the presence of tertiary amines built in the backbone of the 

poly(propyleneimine) quenches fluorescence of the arene tethered on the periphery of 

these dendrimers. These tertiary amines mat also quench the triplet excited state, 

representing another possible explanation for the lack of solid-state luminescence at room 

temperature that leads to the increase in the non-radiative decay rate constant. The strong 

spin-orbit coupling effect due to the presence of mercury atoms in 2-5 makes the 

phosphorescence transition from the triplet excited state of the organic component a more 

allowed transition, hence leading to shorter lifetimes than those exhibited by the pure 

organic compounds in which phosphorescence is strongly forbidden. Analysis of the 

luminescence excitation spectra for 2-5 (Figures 6.12 and 6.14) reveals that both S0-S1 

and S0-T1 excitations lead to the phosphorescence observed while only S0-S1 excitations 
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are observed for the phosphorescence of the free organic compounds. In addition, the 

excitation spectra of compounds 2 and 4 feature a series of bands that are red shifted from 

the singlet absorption of the unperturbed dendrimer. It is worthwhile mentioning that the 

excitation profiles for 2-5 also include strong intensities at wavelengths corresponding to 

the excitation bands of the mercury trimer, 1. Therefore, the phosphorescence of 2-5 is 

caused not only by the S0-S1 absorption of the organic component followed by 

intersystem crossing, but also by direct excitation to the corresponding triplet So → T1 

and by energy transfer from 1, as suggested by the low intensity features in the long 

wavelength range of the excitation spectrum for both 2 and 4.32 

6.5. Conclusions 

 To conclude, the results presented herein show that the formation of binary 

supramolecular stacks by interaction of 1 with G1 and G3 dendrimers decorated with 

naphthalene, pyrene, and biphenyl is well-established phenomenon that exists already 

with the free arenes and N-heteorcycles. Our studies have also shown the existence of 

adducts involving 1 and the decorated dendrimers in solution, as their formation has been 

readily quantified by fluorescence spectroscopy. The complexation is reflected by the 

intense phosphorescence observed in frozen solutions at 77 K. The crystal structure for 

the G1 naphthalene adduct with the mercury trimer is successfully determined and 

manifests the existence of supramolecular 1:1 stacked chains. Time-resolved 

measurements indicate that the triplet lifetime in such materials fall in the 1 ms range and 

are thus considerably shorter than lifetimes observed for the phosphorescence of the free 

arenes. Despite such shortening, these dendrimers are not useful in OLEDs fabrication 
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since room-temperature phosphorescence is unattainable due to possible triplet quenching 

by the interaction of the arene with the backbone of the dendrimer, leading to a fast non-

radiative decay. In order to make these materials more attractive for OLEDs, we are 

currently investigating various strategies that will allow us to obtain room temperature 

phosphorescence. 

 The effect of the dendrimer concentration on the luminophore-luminophore 

moieties interaction has been investigated. Dendrimers alone exhibit intramolecular 

excimer fluorescence bands even at sub-micromolar concentrations for the G1 and G3 

dendrimers. The interaction of the tethered arene with the backbone of the 

poly(propyleneimine) dendrimers might quench the fluorescence for the arene. Other 

luminophores tethered on the periphery of these dendrimers can have similar interactions; 

such implication might open up the possibility for sensor applications for metal cations. 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

Two major topics have been studied in this dissertation. In the first topic, the 

photophysical and photochemical properties of some gold (I) complexes, LAuIX (L = CO 

or RNC where R = alkyl or aryl group; X = halide), have been investigated and found to 

exhibit Au-centered phosphorescence and tunable photochemical reactivity. The second 

topic has involved studying the sensitization of room-temperature phosphorescence for 

conventional organic fluorophores owing to either external or internal heavy atom effects 

that render strong spin-orbit coupling in systematically designed systems that contain d10 

metals. The following is a summary of the major results and conclusions of this 

dissertation (Sections 7.1-7.3) as well as some suggestions about future directions for 

follow-up research (Section 7.4). 

7.1. Photochemistry of LAuICl Complexes 

 A detailed systematic photochemical study of the neutral isonitrile gold(I) 

complexes RNCAuICl (R = p-(tosyl)methyl, t-butyl, or methyl) and their analogous 

carbonyl complex, Au(CO)Cl, has been undertaken in Chapter 2. Our studies have 

demonstrated for the first time that aurophilic bonding and the ligand π-acceptance can 

sensitize the photoreactivity of Au(I) complexes. 

 Solutions of (p-tosyl)CH2NCAuCl in dichloromethane have undergone significant 

oligomerization, partially attributed to aurophilic interaction. Formation constants of 1.61 

× 103 M-1 and 6.61 × 103 M-1 have been obtained for a [(p-tosyl)CH2NCAuCl]2 dimer and 
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a [(p-tosyl)CH2NCAuCl]3 trimer, respectively. A concentration-dependent analysis of the 

photochemical reactivity has shown that the photoproduct quantum yield (Φ) is 

dependent upon the photo-reactant amount in solution. This has been found to be true for 

RNCAuX complexes as well as Au(CO)Cl. For (p-tosyl)CH2NCAuCl, metallic gold has 

formed with Φ that increases from 0.0065 to 0.032 on increasing the concentration in 

dichloromethane from 4.0 × 10-5 M to 4.0 × 10-3 M. These values are comparable but 

lower than those obtained for Au(CO)Cl, which has yielded metallic gold with Φ = 0.013 

and 0.065 upon irradiation of 8.0 × 10-5 M and 8.0 × 10-3 M dichloromethane solutions, 

respectively. Hence, it has been suggested that *[LAuX]n oligomeric species are more 

photoactive than monomeric species for L = RNC or CO, supporting our initial intuition 

about the effect of oligomerization on the photolytic product quantum yield. 

  Since π-back-bonding is important in these systems, the major absorption bands 

likely entail transitions from M-C bonding orbitals to M-C anti-bonding orbitals. Thus, 

the photoexcitation process should lead to the photo-dissociation of the L ligand. The 

remaining intermediate, *AuCl or *[AuCl]n, depending on the concentration, will 

disproportionate into gold(III) chloride and metallic gold. Most importantly, the results 

herein have demonstrated intuitive control of the photoreaction efficiency via modulation 

of the π-acceptance ability of L, as both follow the same order, CO > (p-tosyl)CH2NC > 

(alkyl)NC in LAuICl, in the same concentration range. 

7.2. Structure-Luminescence Relationship in Au(I) Complexes 

The photophysical and bonding properties in the ground and emitting excited state 

of LAuICl complexes (L = CO or RNC) have been investigated in Chapters 3 and 4. 
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 In Chapter 3, a study of the photophysical and bonding properties of [RNCAuX]2 

dimeric complexes has investigated the ground and emitting excited states. The 

preparation of three isonitrile complexes (p-tosyl)methylNCAuICl, (p-

tosyl)methylNCAuIBr, and (p-tosyl)methylNCAuII along with their structural, spectral, 

and computational characterization have been reported. X-ray crystallography has 

revealed that these complexes all crystallize in the same space group, C2/c, and have 

closely related supramolecular structures, thus rendering them isomorphic. The three 

complexes exhibit a crossed-dimer structure with short Au-Au distances of 3.064 Å, 

3.104 Å, and 3.108 Å, respectively. The ground-state Au-Au distance for (p-

tosyl)methylNCAuICl, which has been reported recently by the author and co-workers,1 

has the shortest intermolecular Au-Au distance observed among neutral isonitrile Au(I) 

compounds. Gold(I) isonitrile complexes that associate as crossed-dimers have shown 

blue-green emissions with Stokes´ shifts of ~ 15,000 cm-1 (1.85 eV).  Computational data 

attained by our collaborators for the triplet emission energies for the [MeNCAuX]2 dimer 

have shown trends supporting the large Stokes’ shift observed in our experimental data.  

In addition, calculations for the three [MeNCAuX]2 dimeric complexes has revealed a 

reduction in the emission energies as a function of halide softness (Cl > Br > I).  

In Chapter 4, the crystal structures of five complexes that have been selected in 

the study are such that the LAuCl molecules pack in infinite zigzag chains with adjacent 

molecules arranged in a head-to-tail anti-parallel fashion with relatively long Au-Au 

contacts (~ 3.4-3.7 Å). These isoelectronic Au(CO)Cl and RNCAuCl neutral extended-

chain compounds have exhibited comparable luminescence properties with orange-red 
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phosphorescence and an extremely large Stokes´ shift (15-20 × 103 cm-1) for crystalline 

solids. The long aurophilic distances in the ground state have been computed to contract 

in the phosohorescent excited state, which shows excimeric Au-Au bonding. The spectral 

data have suggested that the phosphorescent species is one in which the excimeric Au-Au 

bonding is expanded beyond two adjacent molecules in the solid state, while controlling 

the concentration in frozen solutions attains phosphorescent bands due to dimeric species 

for which the phosphorescence energy is higher (i.e., in the blue-green region) than the 

yellow-red phosphorescence exhibited by the crystalline solids and are similar to values 

computed by ab initio and DFT calculations for dimeric models. The spectral findings 

have suggested that predictive information about the supramolecular structure may be 

obtained by the luminescnce behavior. This has been exemplified by crystals of {(1,1,3,3-

tetramethyl)butyl}NCAuCl, whose orange luminsecence and huge Stokes’ shift 

anticipated an extended-chain supramolecular structure, which has been verified 

crstallographically later on, as the molecules have been found to pack in zigzag chains 

with alternating short (3.418 Å) and long (4.433 Å) aurophilic distances.  

Infrared data for the RNCAuX coumounds show a C-N isonitrile stretching 

frequency that is higher in the complex (ν(C-N) = 2260, 2259, 2270 cm-1 for R = 

cyclohexyl, t-butyl and methyl, respectively) compared to the free ligands (2142, 2135, 

2146 cm-1, respectively). These results suggest that isonitrile ligands act as strong σ–

donors and weak π-acceptors. In contrast, the carbonyl transition metal complexes are 

known to have lower carbonyl stretching frequencies than in free carbon monoxide.2 Yet, 

most of the CO adducts of coinage metals show a νCO shift in the opposite direction.2,3 
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Computational data obtained by our collaborators verified the above trend as MP2 

calculations have shown that the CO frequency changes from 2114 cm-1 in free CO to 

2137 cm-1 in Au(CO)Cl. This represents the first computational evidence that explains 

the anomalous blue shift by ~20 cm-1 known experimentally for this metal carbonyl and 

indicates the lack of π-backbonding from the metal  to the CO ligand, which also make 

them rare examples of σ-donors metal carbonyls.  

The bonding in RNCAuX complexes is govrened by several subtle forces in 

which their effects may impact the luminescence properties of such complexes, as 

suggestd by the investigations carried out in Chapters 3 and 4. The aggregation mode in 

adjacnet RNCAuX complexes has proven to be the major factor to imapct the emission 

energy, as complexes with one-dimensional polymeric zig-zag chains have been shown to 

exhibit orange-red emissions while dimeric complexes exhibit blue/green emissions. 

Steric factor was another crucial effect in which compounds with bulky R groups had a 

preference for a staggerred geometry.  Electrostatic interactions also affect the emissions. 

Thus, dipole-dipole attractive interactions gave rise to anti-parallel configurations with 

orange-red emissions while steric repulsive interactions gave rise to staggerred 

configurations with blue-green emissions. Compounds with an aliphatic R groups had a 

longer Au···Au distances with orange/red emissions compared to the ones that had 

aromatic substituents, which gave blue/green emissions. Interestingly, longer Au···Au 

dictances gave rise to moleules that had orange-red emission while shorter contacts gave 

rise to blue-green emitters, a trend that is counterintuitive for emissions caused by metal-

metal interactions (excitation energies followed the expected trend). The effect of the X 



 202 

anionic ligand had the least impact on the luminescence properties, as only a slight red 

shift in the emission was observed with increasing the softness of the halide.  

7.3. Phosphorescent Luminophores 

 Facial complexation of polycyclic arenes to tris[{μ-(3,4,5,6-tetrafluorophenylene)} 

mercury(II)], C18F12Hg3 (1) results in crystalline adducts that exhibit bright RGB (red-

green-blue) phosphorescence bands at room temperature. Such adducts show 

phosphorescent emissions with shortened triplet lifetimes compared to the free arenes. In 

an effort to expand the scope of this well-established procedure to larger molecules, we 

have synthesized 1st and 3rd generation poly(propyleneimine) dendrimers decorated with 

aromatic arenes (naphthalene, biphenyl, and pyrene) and explored their luminescence 

properties alone and with Hg3. Upon the reaction of the dendrimers with the 

aforementioned mercury trimer, the resulting adducts also have exhibited sensitized arene 

phosphorescence. The crystal structure for the adduct of the 1st generation naphthalene 

with the mercury trimer has been successfully determined and has revealed the existence 

of supramolecular 1:1 stacked chains. Time-resolved measurements have indicated that 

the triplet lifetimes in such materials fall in the 1 ms range and are thus considerably 

shorter than lifetimes observed for the phosphorescence of the free arenes. Despite such 

shortening, these particular PAMAM dendrimers remain unattractive for applications into 

organic light-emitting diodes (OLEDs) since we have not been able to obtain room 

temperature phosphorescence, unlike the situation for small molecules. In order to make 

these materials more attractive for OLEDs, we are currently investigating various 

strategies that would allow us to further shorten the emission lifetime and obtain room 
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temperature RGB phosphorescence. (See the Future Direction, Section 7.4.1.2 below.) 

The dendrimers alone have exhibited intramolecular excimer fluorescence bands even at 

sub-micromolar concentrations. The effect of the dendrimer concentration on the 

luminophore-luminophore moieties interaction has been investigated. We have found that 

the excimer to monomer ratio (IE/IM) is independent of concentration and we have not 

observed a correlation between the concentration and dendrimer size.  

  The 1-halonaphthalenes series had often been used in the organic literature to 

demonstrate the internal heavy atom effect provided by the halide. 4  In a recent 

publication by the author and co-workers,5 a strategy has been described that has attained 

bright room temperature N-heterocyclic (N-methylindole and N-methylcarbazole) 

phosphors whose excited state lifetimes are below 100 μs owing to the synergy of the 

external and internal heavy atom effects upon complexation with the aforementioned 

[Hg3] trimer, 1. In Chapter 6, a further expansion of the already established strategy has 

been described to obtain arene-centered sensitized phosphorescence for binary adducts 

synthesized by our collaborators in this project (the Gabbai group) by facial π-

complexation with 1 for a series of 1-halonaphthalenes (adducts 2, 3, and 4 for 1-

chloronaphthalene 1-bromonaphthalene and 1-iodonaphthalene, respectively). Time-

resolved measurements have indicated that the triplet lifetimes in such materials fall in 

the 1-2 ms range at 77 K and are thus considerably shorter than the lifetimes observed for 

the phosphorescence of the free halo-arenes. The formation of their binary adducts with 1 

in solution has been readily quantified by fluorescence spectroscopy (via Stern-Volmer 

studies, which have indicated static quenching). The synergy of the internal and external 
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heavy atom effects has been signified by the drastic reduction in the lifetime observed for 

the 1-iodonaphthalene:1 binary adduct at room temperature (87 μs). Assuming that the 

yield of intersystem crossing is unity, the RT phosphorescence quantum yield has been 

calculated as 66 %, 56 %, and 6.8 % for 2, 3, and 4, respectively. Therefore, such organic 

luminophores have a great promise as solid-state light emitting materials and could be 

incorporated into OLEDs.  

7.4. Future Direction 

7.4.1. Fabrication of OLEDs 

7.4.1.1. Context. 

 Electroluminescence is the phenomenon used in video displays of electronic 

equipment. Common electronic display devices are cathode ray tubes (CRTs), which 

have excellent quality, yet they are not practical in mobile devices such as laptops. On the 

other hand, a more conventional display device that is used in laptops is liquid crystal 

display because of its lighter weight and higher shock resistance. A new technology that 

has risen in the last two decades is the use of the so-called organic light emitting diodes 

(OLEDs) in flat panel displays. Such devices have the emitting layer composed of small 

molecules or polymers based on organic compounds or metal complexes. Recent 

advances have led to the development of luminescent molecular materials for OLEDs 

with emission energies that cover the entire visible range.6 In an OLED, light is emitted 

upon radiative relaxation of an electron-hole recombination event, which occurs in the 

molecular emitting layer of the diode. A general description of the OLED design and the 
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advantages of using phosphorescent materials as emitters have been discussed earlier in 

Chapter 1.  

7.4.1.2. Research Plans. 

 First of all, the criteria typically used for the selection of suitable materials for 

electroluminescent (EL) devices need to be re-visited.  Conventionally, the luminescence 

quantum yield in solution has been used as a guide for the selection of promising 

luminophores for EL devices. Yet, closed-shell metal complexes aggregate in the solid 

state and this might increase or decrease the quantum efficiencies for molecular 

luminescent materials at ambient temperature. Indeed, most molecular coordination 

compounds of closed-shell transition metals that have been pursued by the Omary group 

since the turn of the century exhibit feeble or no luminescence in the fluid solution state 

while they are bright phosphors in the solid state. Arene-centered or metal-centered 

room-temperature phosphors among those discussed in early chapters, as well as many 

other such compounds pursued by other researchers in the Omary group, would be good 

candidates to be incorporated into OLEDs. This is the case because our group’s 

photoluminescence work has elucidated that these compounds are promising for display 

applications due to the brightness of their phosphorescence at room temperature, the 

tunability of their emission energies and lifetimes to desirable regions, their reasonable 

charge transport characteristics, and, most importantly, because the phosphorescence in 

most of these materials is caused by their solid-state stacking. The latter effect usually 

leads to self-quenching in emitting materials while it leads to self-sensitization in most of 

our materials, including all phosphorescent materials discussed in this dissertation.  
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In addition to the compounds discussed in this dissertation, phosphorescent small- 

and macromolecules based on mononuclear and multinuclear complexes of copper(I), 

silver(I), and gold(I) are proposed to be studied for use in EL devices. The low cost is an 

attractive feature for EL devices based on luminescent copper complexes. The design of 

supramolecular architectures, as discussed in Chapters 5 and 6 about enhancing the 

phosphorescence of small organic molecules and dendrimeric species, can be expanded 

into metal-containing polymers or organic laser dyes that are commercially available. The 

proposed efforts focus on synthesizing adducts with stronger solid emitters (organic laser 

dyes with trimeric perfluoro-ortho-phenylene mercury ([o-C6F4Hg]3)). It will be 

interesting to see whether the superior brightness of the fluorescence of laser dyes will be 

translated into similarly superior brightness of their phosphorescence upon complexation 

with triplet sensitizers such as 1 above or other electron-poor trimeric complexes 

currently pursued by our group. The latter include Ag(I) and Au(I) fluorinated triazolates, 

for which recent experimental and computational evidence by other researchers in the 

group and its collaborators points to their superior π acidity. This scientific reason adds to 

the environmental reasons for seeking more benign alternatives to the aforementioned 

[Hg3] trimer, 1. Nevertheless, the [Hg3] trimer has the advantage of possessing very high 

energy levels that our studies have shown to not significantly perturb the T1 states of the 

organic luminophores and does not exhibit inherent emissions. Such factors may and may 

not be available in the more benign alternatives. If binary adducts of the alternative 

trimers exhibit inherent emissions due to the trimers themselves, which could be the case 

in the event of the organic molecule being sandwiched between dimer-of-trimer units, the 
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combination of metal-centered and organic-centered emissions may generate wide-band 

emissions that would be useful for white solid-state lighting applications (which are 

highly desirable for saving energy for daily lighting demands) as opposed to the 

monochromatic lighting needed for an individual RGB color component of an OLEDs. It 

should not be too worrisome environmentally to use a mercury-containing emitter for 

OLEDs. For example, the new street traffic lights utilize inorganic LEDs in which the red 

light contains an arsenic material (GaAs). Significant material science and engineering 

research is invested in packaging of EL devices to be utilized in commercial applications 

before they are released in the market so as not to decrease the chances of harming the 

environment. Nevertheless, finding more benign emitters will always remain desirable. 

7.4.2. Photochemistry of Monovalent Coinage Metal Complexes. 

 Complexes of monovalent coinage metals exhibit fascinating luminescence 

properties. In addition to the rich chemistry in investigating their spectroscopy and 

molecular structure, such classes of compounds may prove to exhibit interesting 

photochemical properties that may then lead to significant potential applications in 

catalysis, organic synthesis, or optoelectronic devices. The followings are examples of 

proposed photochemical investigations for multiple classes of compounds whose 

electronic structure suggest that they are attractive targets for such investigations:  

(1) The photochemical properties of mononuclear LAuCl (L = CO or RNC; R = 

p-(tosyl)methyl, t-butyl, and methyl) have been discussed in depth in Chapter 2. A 

feasible difference in the photochemical behavior between alkyl and aryl isocyanide gold 

(I) complexes propose further investigation for such class of compounds. Malatesta and 
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Bonati have shown based on infrared evidence that aryl isocyanides are better π-acceptor 

than alkyl isocyanides.7 One way to rationalize that is the fact that delocalization of 

charge in aryl isocyanides gold(I) complexes is possible whereas no such possibility 

exists for the alkyl isocyanides. The modulation of the π-acceptance ability with different 

substituted-aryl groups along with varying the softness of the X group will be evaluated. 

The presence of two soft donors such as isocyanide and iodide or pseudo-halides (such as 

SCN-) in the neutral RNCAuX complexes might affect the extent of association in 

solution and thus the photoproduct quantum yield, as this hypothesis will be evaluated. 

Another class of two coordinate Au(I) complexes is Au(SCN)2
- , in which varying the 

counter-ion leads to diverse supramolecular structures. These molecules associate via 

aurophilic bonding in the ground state and have broad emission, assignable to excimeric 

Au-Au bonding. Recent MP2 calculations by one of the author’s coworkers have shown a 

strong distortion in the excited state. They have found that there was a drastic shortening 

in gold-gold distance along with deviation form planarity as one of the thiocyanate N 

atom coordinates to the Au atom in the adjacent complex, thus each molecule 

demonstrate a T-shape geometry. Such drastic distortions in emitting states make such 

states good precursors for photochemical reactions. Most of the Au(SCN)2
- complexes 

are also found to be pretty unstable in solution at normal room lighting conditions. 

(2) Trinuclear Cu(I), Ag(I), and Au(I) pyrazolate or triazolates complexes that 

provide dramatic illustrations of several remarkable optical phenomena, including 

luminescence thermochromism, solvatochromism, and a new phenomenon called 

"concentration luminochromism". The luminescence of such compounds is attributed to 
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the formation of M-M bonding in the excited state excimers and exciplexes, in a manner 

analogous to the formation of such species in aromatic hydrocarbons. Photo-

cycloaddition of many aromatic compounds proceeds via excimer or exciplex formation, 

which are not only known to be an electronically excited state, but also possesses 

channels for electronic relaxation to lower electronic states (including emission) in 

addition to reaction pathways.8 Elegant theoretical work by Tsipis et al. suggests that 

cyclo-Mn(μ-H)n models (M = Au, Ag, Cu; n = 3-6) are aromatic comparable to benzene.9 

In an expansion to a more practical systems (e.g., L = pyrazolate, imidazolate, triazolate; 

M = Ag, Cu), preliminary computational work by one of our collaborators suggested 

significant deviation from planarity in the phosphorescent T1 state, especially upon trimer 

association (as in [Au3Pz3]2). Thus, aromaticity in such excited states versus the S1 

ground state for the metal trimers will be taken into consideration upon exciplex 

formation that leads to metalocycloaddition of two trimeric moieties. 

(3) Dicyano complexes of Ag(I) and Au(I) that exhibit "write", "read", and 

"erase" properties upon laser irradiation.10 Information is "written" in a single crystal by 

irradiating it at 77 K, as "read" by recording a different luminescence spectrum after 

irradiation, while the information is "erased" by warming the crystal back to room 

temperature, after which cooling to 77 K generates the original luminescence spectrum 

before irradiation. Also, solutions of K[Au(CN)2] and K[Ag(CN)2] in water and methanol 

exhibit strong photoluminescence assigned to Au-Au bonded excimers and exciplexes.11 

The presence of metallophilic bonding in such class of compounds along with the π-
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acceptor cyanide ligand make them attractive candidates, similar to the compounds 

studied earlier in Chapter 2.    

(4) Three-coordinate Au(I) and Cu(I) complexes that exhibit a Jahn-Teller 

distortion. In a recent communication by one of our collaborators, photoexcitation of the 

[Au(PR3)3]
+ species leads to the promotion of an electron from the degenerate e’ (5dxy, 

5dx2-y2) orbital to a” (6pz) orbital, leaving three-electrons in e’ and rendering the complex 

Jahn-Teller unstable. 12  One member of the e’ pair will be destabilized while its 

counterpart stabilized. As the geometry changes from trigonal planar to T-shape, the 

energy gap between the higher energy member of the erstwhile e� and the a” decreases. 

The excitation of an electron from the e� to a” level amounts to an oxidation of the d 

orbital manifold, which is then Jahn-Teller unstable. Such drastic distortions in the 

excited states make them potential reactive intermediates.    

7.4.3. Gold (II) Complexes 

 The chemistry of gold(II) complexes has been considerably less common in 

comparison to the common AuI and AuIII complexes. Gold with an oxidation state of two 

may exist as: (a) transient intermediate in the redox reduction between Au(I) and Au(III) 

or (b) in mononuclear complexes where good σ-donors -π acceptor can stabilize the 

metal.13 There is a strong tendency of for the disproportionation of Au(II) to Au(I) and 

Au(III) since the odd electron in d9 metals exist in the dx
2
-y

2 orbital.14 The presence of the 

odd electron is considered as one of the main causes for the poor stability of gold(II) 

complexes.  
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Designing strategies targeted at the synthesis of stable binuclear gold(II) 

complexes with metal-metal bonds or mononuclear gold(II) complexes will be the largely 

goal of this project. Recent gas phase calculations by our collaborators for the 

disproportionation reaction of AuIIL3 as a function of the ligand (terpyridine, acetonitrile, 

or PH3) have suggested that this reaction was unfavorable for the ligands investigated.13 

They also found that the greater favorability of the disproportionation in aqueous media 

is driven by the large solvation energy of the trivalent gold ion. Thus, solvent or ligand 

type choices might play an important role in the targeted synthetic efforts of Au(II)  

complexes. 

7.4.4. Mesogenic Properties of “Simple” Isonitrile Complexes 

 Despite ample work demonstrating the formation of liquid crystalline materials 

based on Au(I) complexes,15 the ligand effect seems dominant and the available data do 

not provide a clear-cut evidence to signify a bona fide “auromesogenic effect”. Initiative 

experimental work on the microcrystalline CyNCAuCl, by our collaborators, suggests 

that this sample indeed forms a liquid crystalline phase at approximately 130° C with 

major areas of birefringence smoothly spread out. Such observations warrant further 

detailed studies for this and various other RNCAuX compounds in order to try to relate 

the liquid crystalline behavior with the supramolecular association modes of these 

compounds. The fact that compounds such as CyNCAuCl forms a liquid crystalline phase 

is particularly interesting since they do not contain organic ligands that are typical for 

promoting mesophases. Hence, a genuine auromesogenicity may exist after all! 
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7.4.5. Further Photophysical and Photochemical Studies of Single Crystals 

Most of the following applications require large single crystals with high optical 

purities, so attempts to grow such crystals are proposed. 

7.4.5.1. Polarization studies 

 Single crystals of Ba[Pt(CN)4]•4H2O have linear chain structure in which the 

square planar [Pt(CN)4]
2- units are stacked with partially short intrachain and large 

interchain separations. 16  Time-resolved polarized emission studies by Yersin and 

coworkers16 revealed the presence of several localized (self-trapped exciton) and 

delocalized (free exciton) excited states with different lifetimes (short and long-lived 

states). Some of our neutral Au(I) complexes, that stack through aurophilic bonding as 

linear 1-dimemsional chain material, exhibits a dual emission with a fast decaying (~10-

30 ns) higher-energy weaker emission band and a slow-decaying (~2-10 microseconds) 

lower-energy stronger emission band. Inspired by these marvelous studies on the 

tetracyanoplatinates(II), we will investigate our systems and see if we can apply Yersin’s 

"free exciton" and "self-trapped exciton" assignments, respectively. 

7.4.5.2 Photochemistry in the solid state 

  A study by Pfab and Gerhardt demonstrated that single crystals of the 

tetracyanoplatinates(II) exhibit photochemical activity (photo-oxidation). 17  Similar 

investigation for single crystals for the proposed compounds in Section 7.4.2 will be 

conducted.  
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7.4.5.3. Photoconductivity Studies 

  Intrinsic photoconductivity of quasi-one-dimensional Ba[Pt(CN)4]•4H20 crystals 

has been studied by Yersin et al.18 For light polarized parallel to the chain axis, the crystal 

had an absorption peak of high oscillator strength at 440 nm that was assigned to a 

transition of an excitonic state and not a band-to-band transition. We will investigate 

some of our neutral Au(I) complexes that stack through aurophilic bonding as linear 

chains and see if similar photoconductive or electrical behavior is obtained.   

7.4.5.4. Excited-state structural studies via time-resolved X-ray diffraction and absorption 
  
 Time-resolved diffraction studies using pump-probe techniques at synchrotron 

sources, in which the crystals are excited with a laser pulse immediately prior to a 

probing X-ray pulse, have been implemented at the Advanced Photon Source (APS sector 

15).19 For reversible processes, a stroboscopic technique is used in which the crystal is 

repeatedly excited by a high repeat-rate laser. The lower limit of the time resolution is 

being reduced by use of the time structure of the synchrotron source, ultimately to the 

synchrotron bunch width which is currently ~ 100 ps. Most compounds discussed in this 

dissertation, especially the neutral RNCAuX complexes, exhibit phosphorescence with 

τ=1-100 μs, making them well sited for such studies.  

Intermolecular M-M interactions play a central role in the structural, 

spectroscopic, and magnetic properties of the d10 complexes. The virtue for studying 

simple mononuclear complexes, such as RNCAuX, is that they provide a chance for 

studying the effect of excitation on M-M bonding in absence of cooperativity and 

intramolecular ligand assistance. An example is (p-tosyl)CH2NCAuCl whose ground-
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state crystal structure shows an intermolecular dimer with an Au•••Au separation of 3.06 

Å.1 Since this is a simple intermolecular dimer, a one-photon excitation should lead to an 

excimer with a covalent Au-Au single bond, which will be the first pure inorganic M-M 

excimer characterized structurally in coordination compounds using excited-state EXAFS 

(Extended X-ray Absorption Fine Structure) measurements.  

7.4.5.5 Photomagnetic studies 
 
 Since most molecular materials studied in this dissertation contain heavy 

transition metals, many of their emitting states are paramagnetic and thus can be probed 

by EPR (Electron Paramagnetic Resonance) or SQUID (Superconducting Quantum 

Interference Device) measurements. The methodology in characterizing excited-state 

magnetic measurements is either a pump-probe or a light-modulated methodology. 
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