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Groundbreaking progress in molecule-based optoelectronic devices for lighting, display 

and energy-harvesting technologies demands highly efficient and easily processable functional 

materials with tunable properties governed by their molecular/supramolecular structure variations. 

To date, functional coordination compounds whose function is governed by non-covalent weak 

forces (e.g., metallophilic, dπ-acid/dπ-base stacking, halogen/halogen and/or d/π interactions) 

remain limited. This is unlike the situation for metal-free organic semiconductors, as most metal 

complexes incorporated in optoelectronic devices have their function determined by the properties 

of the monomeric molecular unit (e.g., Ir(III)-phenylpyridine complexes in organic light-emitting 

diodes (OLEDs) and Ru(II)-polypyridyl complexes in dye-sensitized solar cells (DSSCs)). This 

dissertation represents comprehensive results of both experimental and theoretical studies, 

descriptions of synthetic methods and possible application allied to monovalent coinage metal-

based functional materials. The main emphasis is given to the design and synthesis of functional 

materials with preset material properties such as light-emitting materials, light-harvesting 

materials and conducting materials. 

In terms of advances in fundamental scientific phenomena, the major highlight of the work 

in this dissertation is the discovery of closed-shell polar-covalent metal-metal bonds manifested 

by ligand-unassisted d10-d10 covalent bonds between Cu(I) and Au(I) coinage metals in the ground 

electronic state (~2.87 Å; ~45 kcal/mol). Moreover, this dissertation also reports pairwise 

intermolecular aurophilic interactions of 3.066 Å for an Au(I) complex, representing the shortest 



ever reported pairwise intermolecular aurophilic distances among all coinage metal(I) cyclic 

trimetallic complexes to date; crystals of this complex also exhibit gigantic luminescence 

thermochromism of 10,200 cm-1 (violet to red). From applications prospective, the work herein 

presents monovalent coinage metal-based functional optoelectronic materials such as 

heterobimetallic complexes with near-unity photoluminescence quantum yield, metallic or 

semiconducting integrated donor-acceptor stacks and a new class of Au(III)-based black absorbers 

with cooperative intermolecular iodophilic (I…I) interactions that sensitize the harvesting of all 

UV, all visible, and a broad spectrum of near-IR regions of the solar spectrum. These novel 

functional materials of cyclic trimetallic coinage metal complexes have been characterized by a 

broad suit of spectroscopic and structural analysis methods in the solid state and solution.
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CHAPTER I 

INTRODUCTION 

1.1 General Introduction 

The rational design of molecular and supramolecular assemblies with rich magneto-opto-

electronic properties has always been the subject of intensive investigations across multiple 

disciplines.1-5The objective is to construct materials whose properties can be altered in specific 

manners to attain the desired functionality for a variety of applications toward emerging 

technologies. Consequently, the scientific endeavor has been engaged to create the molecular 

architectures exhibiting properties of an impressive display of tunable photoluminescent, 

magnetic, conducting, electronic and optical properties.6-12 

In pursuit of such molecular and supramolecular systems, the most common concepts of 

chemical bonding such as hydrogen bonding, π–π stacking and coordinate-covalent bonding are 

incorporated into ingenious molecular designs and subsequent syntheses of targeted complexes.13 

However, the increasing demand for the state of the art integrated functional systems including 

molecular switches,14-16 display and light harvesting devices,17-21 molecular electronics based 

random access memory and configurable logic circuits,12,22 molecular mechanical biosensors,23 

molecular muscles24-28 and novel electrochromic devices29-30 has raised tremendous interest in the 

design of a very intriguing classes of transition metal organometallic and/or hybrid inorganic-

organic molecular and supramolecular assemblies that are driven by “metallophilic interaction”, 

also known as metallophilicity; the term was first introduced by Pyykkö  in 1994.31 It is important 

to realize that organic or metal-organic molecular and supramolecular material systems can be 

lower in cost, larger in area, easily processable, printable and flexible when compared with 

inorganic semiconductors (e.g., Si, Ge, GaN, GaAs; CdS, etc.) and/or hybrid inorganic-organic 
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semiconductors.32 The inclusion of some metal functionalities into these organic molecular and 

supramolecular systems can attain a significant improvement in their photoluminescence, 

conductive and redox properties. Most importantly, transition metal organometallic and/or hybrid 

inorganic-organic molecular and supramolecular systems can be further tuned with desirable 

organic ligands; this can be done both molecularly and at the materials level by controlling metal-

metal interactions, π-acid/π-base stacking, d-π and d-d strength, device fabrication architecture, 

solubility, processability and stability.33-43 Therefore, it is clear that there is still an ample room for 

the development of structure-function relationships in the field of transition metal organometallic 

and/or inorganic coordination chemistry of molecular and supramolecular paradigms. In order to 

more effectively probe such remarkable characteristics of these new novel materials, there has 

been a resurgence of interest in the metallophilicity phenomenon in particular, discussed next.  

1.2 Metallophilic Interactions: Metallophilicity 

Over the past three decades, the attractive metallophilic interaction has been intensively 

studied and structural, spectroscopic as well as energetic pieces of evidence have been provided to 

substantiate this bonding phenomenon.44-56This interaction is increasingly being recognized as an 

important element of solid-state molecular and supramolecular structures as well as potential 

foundation of efficient material properties. Examples demonstrating metallic interactions of Au(I), 

Ag(I), Cu(I), Tl(I), Pb(II), Hg(II), Pt(II), Pd(II) or Ni(II) metal cations, or Pt(0), Pd(0), Hg(0), 

Cd(0) or Zn(0) neutral metal atoms – for example – have been explored abundantly in the 

chemistry literature.57-83 

The unprecedented dimerization of the bis[(triphenylphosphine)gold(I)chloronium cation 

in its hexafluoroantimonate(VI) salt has reported by Schmidbaur et al. in 2001.59 Balch et al. have 

described self-association of molecules of the pyridine-based cyclic trimetallic gold(I) complex 
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Au3(NC5H4)3 - the first trimetallic Au(I) complex with C, N-exobidentate ligand that was initially 

synthesized by Vaughan in 197060, through Au(I)…Au(I) interactions that involve both extended 

chains of molecules with single Au(I)…Au(I) interactions or individual dimers linked by pairwise 

Au(I)…Au(I) contacts. Crystals of this complex are known for formation of hourglass figures that 

develops after months of standing in the atmosphere.61  Likewise, the aggregation in simple chains, 

side-by-side chains and nets like structural motifs of neutral (alkyl isocyanide)AuCN complexes 

with their solid-state photoluminescence emission of near ultraviolet region of electromagnetic 

spectrum were reported.62 In the same way, cationic gold(I) carbene and isocyanide ligands 

undergo aggregation through aurophilic attraction with distinct luminescence in frozen solution 

which varies upon the solvent involved.63-64 

Laguna et al. have reported the detailed analysis of the first example of Au(I)…Pd(II) 

interactions in single crystals of [{AuCl(Ph2PCH2SPh)}2PdCl2] and validated short Au…Pd 

distances at the second-order Møller-Plesset (MP2) level of theory, contrasted with long Au…Pd 

distances at the Hartree Fock (HF) level.65 The crystal structure of the loosely bound butterfly 

cluster complex, [Au2Tl2(C6Cl5)4]·(CH3)2C=O shows ligand-unsupported Au(I)…Tl(I) interactions 

and additional Tl(I)…Tl(I) interactions that are accountable for the optical properties of this 

complex in the solid state and even in solution.66 The spectroscopic and phosphorescence 

properties for a series of PtAg2 heteronuclear alkynyl complexes with 

bis(diphenylphosphinomethyl)-phenylphosphine were studied experimentally and time-dependent 

density functional theory(TD-DFT) by Chen et al. and concluded that d8-d10 metallophilic 

interactions play a crucial role on the consequent phosphorescence characteristics due to the PtAg2 

cluster-based 3[dp] state.67 Gray et al. have determined the structures of linear-chain Pt(II) 

diimine complexes where the Pt(II)…Pt(II) metallophilic bonds were the most important of the 
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stacking forces. Moreover, the Pt(II)…Pt(II) distances in Pt(bpm)Cl2·0.5 (nmp) were found to be 

0.04 and 0.08 Å shorter than those in the  Pt(bpy)(NCS)2 {where, (bpm = 2,2′-bipyrimidine, bpy = 

2,2′-bipyridine, and nmp = 1-methyl-2-pyrrolidinone} – indicating the strengthen of the Pt…Pt 

interactions due to σ-donor/π-acceptor ligands, as supported by electronic structural models.68 

Slaughter and Omary et al. have reported the metallophilic interactions in neutral Pt(II) and Pd(II) 

aryl isocyanide complexes and suggested that stabilization of luminescent structures containing 

Pt…Pt chains requires a synergistic combination of metallophilic bonding with π- π and sometimes 

CH…π interactions.69  

Gabbai et al. have reported that the trimeric [(o-C6F4Hg)3·µ3-acetone] complex associates 

into a cofacial dimer in the crystal structure through two short Hg(II)…Hg(II) interactions.70 The 

X-ray crystal structure of HgMe(SC4H2N2Me) was reported by Sordo et al. in 1986, and it shows 

pairs of molecule with short Hg(II)…Hg(II) distance of 3.10 Å.71 A metallophilic Hg(II)…Hg(II) 

attraction is suggested by Pyykkö et al. for the perpendicular (HgMe2)2 dimer where Hg(II)…Hg(II) 

distance is 3.41 Å  at the MP2 level.72-73 Recently, Lopez-de-Luzuriaga et al. have described the 

structures of Au(I)/Pb(II) heteronuclear complexes, [AuPb{HB(pz)3}R2], where (pz)3 

=tris(pyrazolyl), R = C6Cl2F3 or C6F5, in which solid-state photoluminescence properties are 

altered with the Au(I)…Pb(II) interactions.74 Hoffmann et al. have explored bonding relationships 

in Pt(0)…Pt(0) dimers with respect to geometrical and electronic factors and concluded that 

electronic factors are responsible for an attractive interaction between two formally closed-shell 

metal centers.75 In fact, Hoffmann’s molecular “A-frames” cluster complexes are well-known 

zero-valent Pt/Pd complexes.76 Catalano et al. have reported the first examples of ligand-

unsupported Pd(0) or Pt(0)…Pb(II) bonds in Pd(0)- and Pt(0)-based metallocryptates.77 In another 

investigation, Catalano et al. were also able to trap a linearly-coordinated Hg(0) in a gold(I)- 
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metallocryptand cage.78 Puddephatt and coworkers have reported mixed-metal clusters that contain 

naked, triply-bridging Hg(0) atoms.79 Hau et al. have recently reported a study for the first time 

on discrete decanuclear gold(I) μ3-sulfido complexes with alkyl chains of various lengths on the 

aminodiphosphine ligands, [Au10{Ph2PN(CnH2n+1)PPh2}4(μ3-S)4](ClO4)2 that have tunable 

supramolecular morphology with distinct emission properties associated with a change in the 

extent of Au(I)…Au(I) interactions when different solvent systems are introduced.80 Recently, Yam 

et al. have demonstrated Au(I)…Au(I) bonding interactions driven self-assembled Au(I) 

supramolecular cages that have shown to serve as highly selective luminescent sensors for Ag+ 

cation.81 Omary et al. have reported the crystal structure of Tl[Ag(CN)2] that shows evidence for 

ligand-unsupported argentophilic interactions with an Ag(I)…Ag(I) distance of 3.11 Å.47 Recently, 

Sun and co-workers have reported luminescence chromism in a new 3D Ag(I)-based coordination 

network, [Ag2(pz)(H2bdc)·H2O]n (where, pz = pyrazine and H2bdc = benzene-1,3-dicarboxylic 

acid) based on temperature-dependent single-crystal X-ray studies, and have concluded that 

Ag(I)…Ag(I) interactions and rigidity of the structures are responsible for this interesting 

phenomenon, showing red- and blue-shifted emission colors at 290-170 K and 140-80 K, 

respectively.82 Jakle and co-workers have studied structural features and luminescence properties 

of the pyridine-bound pentafluorophenyl copper complexes, C6F5Cu(py), and concluded that the 

short Cu···Cu contacts give rise to unique room temperature luminescence properties.83 

The above representative investigations, indeed, underscore the role of metallophilic 

interactions among and/or between d8, d10 and d10s2 closed-shell systems. The large crystal-field 

splitting in some d8 systems, a distinct case in particular for square planar Pt(II) complexes with 

largely-destabilized dx2-y2 ligand field-split orbital, also renders a closed-shell system such that 

metallophilic attractions similar to those in d10 and d10s2 systems take place via the dz2 orbitals 



6 

 

even though empty d-orbitals are available. From a fundamental perspective, only open-shell 

metallic species interact to form covalent bonds while closed-shell ones of opposite electric 

charges are expected to form ionic bonds. However, the attractive interaction between the closed-

shell species of neutral or like charges (both anionic or cationic) are expected to electrostatically 

repel each other, hence their metallophilic attraction remains counterintuitive per conventional 

bonding principles such that this bonding motif has become a contemporary area of research. These 

closed-shell interactions arise primarily from dispersion forces and appear weakly attractive in 

lighter elements, e.g., He2 (De) 2 × 10-2 kcal/mol85 but are significantly strengthened by correlation 

and relativistic effects in heavier elements, such as gold, for which the corresponding aurophilic 

attraction or bonding between gold(I) centers, particularly in some linear complexes studied 

experimentally and/or theoretically, has been comparable to the hydrogen-bonding with the 

aurophilic bond energy estimated to be typically within 7 - 12 kcal/mol.85-89 

Due to relativistic effects, electrons of elements with high atomic numbers under the 

influence of increased nuclear point charge reach velocities close to the velocity of light in 

magnitude; therefore, they must be treated per Einstein’s theories of relativity. Thus, the magnitude 

of the ratio of the velocities of the electron and light becomes close to unity, by increasing the 

relativistic mass of the electron and an implication of that the orbital radii of these electrons 

undergo significant contraction.86 Therefore, relativity’s implications are such that the s-orbital as 

well as in some extent p-orbital contraction, spin-orbit coupling, and d-orbital expansion. 

Remarkably, in gold in particular, the ratio of the relativistic vs non-relativistic radii 

reaches a pronounced local minimum, rendering an extreme situation within the family of noble 

metals among the elements in the periodic table.87 Indeed, the metallophilic interaction in 

monovalent gold complexes has long become the most readily discernible in the smallest possible 
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coordination number in linear, two-coordinate Au(I) complexes, whereby steric repulsions 

between ligands in the aggregates are minimized, leaving the coordination sphere of the metal 

center rather accessible to intermolecular or intramolecular aurophilic interactions.88 Additionally, 

in state of the art theoretical studies, the gold(I)…gold(I) interaction is treated as a ‘‘super van der 

Waals bonding’’ due to predominantly strong relativistic, dispersion and correlation effects.89 

Although relativistic effects enhance the interaction for gold,90 the free (Au+)2 dimer remains 

repulsive -- signifying that ligands are essential.31 Given this fact, the metallophilic interactions 

entirely in monovalent coinage transition metal complexes, known as numismophilicity,91 are often 

responsible to form dimers and supramolecular aggregate structures.92 For instance, the 

interactions between two or more gold(I) centers with a distance less than the van der Waals 

separation of 3.6 Å is responsible for the formation of dimers, trimers, extended straight chains 

and zig zag chains of gold(I) complexes.93 This weak bonding between gold(I) ions is known as 

an aurophilic interaction or ‘Aurophilicity’  introduced by Schmidbaur in 1987.94 Similarly, the 

dispersive forces between Ag(I) and Cu(I) centers also give rise to significant M(I)…M(I) 

interactions if the ligand sphere allows for a close metal−metal contact (van der Waals separation: 

Ag = 3.44 Å and Cu = 2.80 Å)95 and exerts favorable electronic effects even though relativistic 

effects are smaller for silver and copper.96 The Ag(I)…Ag(I) interactions is known as argentophilic 

interaction or ‘argentophilicity’ 97 whereas Cu(I)…Cu(I) interactions is known as cuprophilic 

interaction or ‘cuprophilicity’.98
 

According to the spectroscopic spin selection rule, the transitions between states of 

different spin multiplicities such as from S1 to T1 or T1 to S0 are forbidden, and are not observable 

spectroscopically. However, this rule can be relaxed by spin–orbit coupling (SOC), defined as the 

interaction between the spin and orbital angular momenta, which is stronger in coinage metals and 
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molecules containing coinage metal centers. Therefore, from a photophysical standpoint, the 

presence of these coinage metal [AuI, AgI, and CuI] centers in the molecular and supramolecular 

structures favors spin–orbit coupling, the population of the low-lying triplet excited states 

responsible for phosphorescence via intersystem crossing from the higher-lying singlet states, the 

shortening in the energy gap of metal-centered excited states and, consequently, a shift of the 

emissions to lower energies compared to mononuclear or unassociated molecules,99 which will be 

discussed in the two subsequent sections below. 

1.3 Aggregation of Monovalent Coinage Transition Metal(I) Ions 

At the first rudimentary assessment, it is hard to believe if someone says that two or more 

d10 coinage metal(I) centers come near each other. Yet, close contacts between these metal(I) are 

not only uncommon but also rather ubiquitous -- despite the fact that they contain filled shells -- 

due to the quantum mechanical phenomena discussed in Section 1.2. Here we shall focus on the 

effect of aggregation on the ground-state metal-metal bonding scheme. In reality, whether the 

interaction does or does not take place should depend on the presence or absence of other unfilled 

orbitals that are sufficiently close in energy and symmetry, possessing sufficiently great overlap 

with the filled-shell orbitals. Studies have ascertained that a closed-shell repulsion can be 

converted into an attraction by inclusion of unfilled orbitals of the proper symmetry.100-101 In the 

corresponding approach, when two d10 monovalent coinage metal centers come close together, the 

expansion of d orbitals allows for the interaction with another d orbital from a neighboring metal(I) 

ion such that the filled dz2 orbitals overlap, resulting a filled bonding- dσ and a filled antibonding-

dσ* molecular orbital that are stabilized by admixture of orbitals.  The bonding molecular orbital 

is stabilized while the anti-bonding molecular orbital is destabilized, producing an overall net 

bonding greater than zero, as shown in Scheme 1.1. Similarly, the empty (n+1)pz orbitals interact 
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forming an empty bonding pσ and empty antibonding pσ* molecular orbitals if the orbital 

symmetry allows. As the number of interaction between metals ions increases, the HOMO/LUMO 

gap decreases gradually for (M+)2, (M
+)3, (M

+)4 and eventually becomes least for (M
+)n. 

 

 

Scheme 1.1: Energy levels and change in HOMO/LUMO gap as the coinage metal(I) ions 

aggregate. This scheme assumes no interaction or orbital mixing from the vacant (n+1) s/p orbitals, 

as would be needed to justify ground-state metallophilic bonding with a non-zero metal-metal 

bond order. 

1.4 Photophysical Properties of Aggregated Coinage Metal (I) Complexes 

The photophysical properties exhibited by many coinage metal(I) complexes are 

commonly ascribed to metallophilic interaction,102 whereby the excitation arises from the 

promotion of one electron from the filled dσ* molecular orbital (HOMO) to the empty pσ 

molecular orbital (LUMO). The emission comes from degradation of this excited electron back to 

the ground state.  
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Scheme 1.2: The excitation and emission processes when metallophilic interaction exists.  

The emission mechanism can be in two forms namely fluorescence and phosphorescence. 

Fluorescence occurs in a complex when one electron is excited from the ground state into the 

higher energy state, followed by an immediate relaxation back to the ground state without changing 

the electron spin, as shown in Scheme 1.2. For phosphorescence, the electron is excited from the 

ground state into the higher energy state and the emission process involves the change in electrons 

spin. This extra step that the electron goes through results in the longer life-time and larger stoke 

shifts for phosphorescence than in fluorescence.  

Tremendous research work towards monovalent coinage metal chemistry has already been 

conducted. Among the various systems, the self-assembly of homo- and heteronuclear coinage 

metal(I) complexes with M(I)…M(I) interactions or bonds continue to attract immense attention. 
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This is not only because of their structural diversity such as discrete dimers and complexes,103 

polynuclear macrocycles,104 extended molecular atom chains105 and polymers,106 but also due to 

their wide and potential applications as chemical sensors107 optoelectronic materials,108 molecular 

machines, and devices109 as well as others. Owing this to their fascinating photophysical and 

electrochemical properties, there has been a growing interest in the design and construction of 

many novel aggregates through the utilization of poly-functional building units to achieve efficient 

self-assembly via metallophilic interactions. Leznoff and coworkers have undeniably used 

aurophilicity to create unprecedented one-dimensional supramolecular aurophilic chain of 

dianionic {[Q]2[Au2(i-mnt)2]; where i-mnt=(CN)2C=CS2
2-,Q=3,5-dimethylpyrazolium, 

piperidinium, that comprises a significantly red-shifted emission compared to zero-dimensional 

analogues showing a direct result of the aurophilic network.110 Similarly, Liao et al. have created 

a 2-D interdigitating complex through aurophilic interactions.111 A yellowish-green emitting 3D 

organometallic network is constructed by Zhang et.al via argentophilic, Ag(I)-ethynide and Ag-

nitrate interactions.112Yang et al. were able to show the luminescence enhancement and tuning via 

cooperative interactions including argentophilic interaction.113 Series of Ag(I)…Cu(I) 

heteronuclear clusters complexes have recently been reported. These clusters employ the 

argentophilic interaction enhanced by cooperative cuprophilic interaction to construct the 

multinuclear supramolecular assemblies, which possess interesting photophysical properties.114 

The luminescence thermochromism, solvatochromism and concentration luminochromism have 

been illustrated by Dias et al. for Cu(I) cyclic trinuclear complex and concluded that intermolecular 

Cu(I) interactions are responsible for the emission.115 

At present, it is clear that weak attractive forces between coinage metals with closed-shell 

electron configurations play an important role in determining the configuration, conformation, and 
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aggregation of complexes.116 In fact, aurophilic interactions have been used more often in homo- 

and hetero-metallic material systems to design molecular and supra molecular structures, because 

of its effects on molecular conformations and intermolecular aggregation.117 This much weaker 

strength of metallophilic interactions compared to covalent bonds can be altered by steric effects, 

crystal packing forces and other external factors such as light, temperature, pressure etc. Thus 

making them novel functional materials that differ in the degree of metal−metal contact and exhibit 

distinct properties. Particularly intriguing is those in which molecular and supramolecular 

structures with metal−metal interactions that exhibiting remarkable photoluminescent, optical, 

magnetic and electronic properties. Because of these phenomena, they are potentially useful in the 

design of solid-state devices mentioned previously. Therefore, the prime focus of this dissertation 

is utilizing properties such as the multiple coinage metal coordination, intra- and inter-molecular 

metal−metal bonding and/or interaction, d-π interactions, dπ-acid/ dπ-base and redox properties of 

cyclic trimetallic monovalent coinage transition metal complexes, to extend such chemistry 

towards the emerging area of idealized functional coordination material assemblies in molecular 

and supramolecular level. 

1.5 Cyclic Trimetallic Complexes of Monovalent Coinage Transition Metal Cations 

 Cyclic trimetallic complexes of monovalent coinage transition metal cations are associated 

with the noble strategy of material science that can possibly subsist to the modern technological 

revolution toward molecular devices due to their interesting magneto-opto-electronic properties. 

These complexes (Fig. 1.1)  have aroused an important classes of coordination chemistry which is 

often related to the two major fundamental significances namely chemical bonding that includes 

metallophilicity, excimeric-bonding, dπ-acid/dπ-base interactions, host/guest chemistry, and 

metalloaromaticity and photophysical properties that includes structural-photoluminescence 
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properties, and stimulus-sensitive photoluminescence properties such as solvoluminescence, 

rigidochromism, and vapochromism.118-134 

 

Fig. 1.1: Cyclic trimetallic monovalent coinage transition metals complexes; [Au3(C
2,N3-R-  

imidazolate; RIm)3] (Left), [M3(N,N’-pyrazolate; Pz)3] (Middle), and [Au3(C(OR’)=NR - 

carbeniate; Cb)3] (Right). M= Cu, Ag or Au; R = alkyl or aryl; R’ = alkyl; R1, R2 or R3 = -H, -CF3 

or -alkyl group. 

The discovery of trimetallic complexes (also known as trimers) shown in Fig. 1.1, has 

brought to light the existence of metallophilicity, referring to weak attractions among closed-shell, 

d10-d10 cations of homometallic coinage metal centers or heterobimetallic coinage metal centers; 

with weak intramolecular metal-metal bonding inside the planner-trimeric nine-membered rings, 

formed by coinage metal(I) ions with exobidentate (bidentate and bridging) C, N or N, N 

monoanionic carbeniate, pyrazolate and imidazolate bridges or intermolecular metal-metal 

interactions. The first gold(I) trinuclear complex featuring the unusual C,C donor of ylide anion 

bridge is recently reported by Fackler et al. in the mixed-ligands [formamidinate (N,N donor) and 

ylide anion (C,C donor)] gold(I) complexes.118 Although the closed-shell metal cations such as 

Au(I); {[Xe]564f145d10} are expected to repel one another, crystal structures of these complexes 

show individual molecule (also known as monomer of trimer; MOT), two molecules (also known 
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as dimer of trimer; DOT) supramolecular columnar packing or more complex supramolecular 

aggregates.  

The reversible red-green-blue (RGB) color switching phosphorescent (3-6 µs lifetimes) 

organogels associated with metallophilic interaction in Au(I) complexes of pyrazolate bridge 

bearing long alkyl chains, are studied by Aida et al.. Upon excitation at 254 nm, the original 

organogel emits red luminescence and goes gel-to-sol transition losing its red-emission upon 

heating due to the destabilization of the metallophilic interactions. However, the Ag+ doped 

organogel displays a blue luminescence without disruption of gel and turns green emission upon 

heating. On cooling, these solutions undergo gelation and synchronously recover the original 

luminescence colors.119 Li et al. have demonstrated the reversibility of the mechanochemical 

synthesis and mechanochromism of sandwich-like Au3
…Ag…Au3 clusters. The affinity of cyclic 

trimetallic gold(I) pyrazolate bridge complex (Au3) of this study and Ag+ ions are exclusively 

bound by ligand unassisted Au(I)…Ag(I) bonding as a sandwich-like structure with Ag+ ion as a 

filling and the formation/breaking of Au3
…Ag…Au3 is controllable by adjusting the concentration 

of the solution. The insertion of Ag+ ion in the solid state can be executed through a 

mechanochemical approach, accompanied by visual color changes and reversible 

luminochromism. Same study has also demonstrated an uncommon solid−liquid extraction that 

shows the uniqueness of this labile Au(I)…Ag(I) metallophilicity, suggesting the possibility of 

deploying a bonding process through a heterogeneous route.120 The phosphorescent state generated 

for the crystalline phase of trimeric {[3, 5-(CF3)2 Pyrazolate]Cu}3 in time-resolved single-crystal 

diffraction analysis by Coppens and Omary group shows that the formation of an excimer is 

associated with the photophysical property of this complex rather than the shortening of the 

intramolecular Cu(I)…Cu(I) distances within the trimeric units, or the formation of a continuous 
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chain of interacting molecules. This elegant work solves the dilemma of the structural-

photoluminescence relationship of cyclic trimetallic monovalent coinage metal complexes by 

emphasizing the significance of intermolecular metallophilic interactions.121A comprehensive 

computational study of cyclic trinuclear monovalent coinage metal complexes and their π-

acid/base properties were reported previously by our group in a collaborative work with Cundari 

group. This work reports that the π-acid/base properties and cation…π interactions involving 

monovalent coinage metal metallocycles can be governed by the nature of the bridging ligand, 

ligand substituents, and/or metal centers. It also reports that a π-acidity order increases in the 

directions gold(I) < copper(I) < silver(I) for the metal center, imidazolate < carbeniate < pyrazolate 

< triazolate for the bridging ligand. The π-acidity order increases in the directions 3,5-

dimethylpyrazolate < pyrazolate < 3,5-bis(trifluoromethyl)- pyrazolate for the substituents on an 

example pyrazolate ligand, making clear that inductive effects can be transmitted through the 

molecular skeleton to be manifested in the π-acidity/basicity, and thus, ligand substituents are very 

useful to fine-tune the π-acidity/basicity of cyclic trimetallic monovalent coinage metal 

complexes.122 This work was intended to provide a road map to rationally design novel functional 

coordination complexes of cyclic trimetallic monovalent coinage metal complexes and their 

potential toward molecular electronic devices  including metal-organic field-effect transistors 

(MOFETs) and light-emitting diodes (LEDs). Part of the present work utilizes the concept 

provided thereby, and substantiates those findings experimentally.  

Several literature reports displaying the facial complexation of electron-rich arenes to 

cyclic trinuclear {[3,5-(CF3)2Pz]Ag}3, a π–acid complex, that give rise to binary stacked adduct 

complexes can be found. Our group has previously reported a triplet sensitization of naphthalene 

through external heavy-atom effect that exhibits phosphorescence corresponding to a T1 monomer 
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emission.123 Dias group has also reported a series of arene-sandwiched Ag(I) trinuclear pyrazolate 

complexes and concluded that the aggregation patterns of supramolecular stacks containing the π-

acidic [{[3,5-(CF3)2pz]Ag}3] moiety and electron-rich aromatic π-systems depend on the solvent 

and the arene.124 Similarly, Balch et al. have demonstrated the ability of triangular gold(I) 

complexes; Au3(MeN=COMe)3 and Au3(MeN=COEt)3, to function as an electron donor via 

spectroscopic studies and isolation of crystalline adducts with nitro-9-fluorenones (2,4,7-trinitro-

9-fluorenone, 2,4,5,7-tetranitro- 9-fluorenone, 2,7-dinitro-9-fluorenone and 2,4,7- trinitro-9-

fluorenone) organic acceptors molecules.125 Burini et al. were able to isolate the luminescence 

chains formed from π-basic gold(I) complex namely;{[Au(µ-C2,N3-bzim)]3, bzim = 

benzylimidazolate}, sandwitching Tl+ and Ag+ cations which  exhibited luminescence 

thermochromism.126 In recent work, Dias et al. have demonstrated that these cyclic monovalent 

coinage metal pyrazolate complexes namely {[(3,5-(CF3)2Pz)-Au]3, (3,5-(CF3)2Pz)-Ag]3, and (3,5-

(CF3)2Pz)-Cu]3} can be used to catch buckminsterfullerene C60 molecules (buckyballs) without 

any modification.127 Galassi et al. reported a comparative study on the tendency of a new trinuclear 

silver(I) pyrazolate complexes. These complexes including  [N,N-(3,5-dinitropyrazolate)Ag]3, and 

[N,N-[3,5-bis(trifluoromethyl)pyrazolate]Ag]3 adsorb small volatile molecules.  [N,N-(3,5-

dinitropyrazolate)Ag]3 complex forms adducts with volatile molecules such as acetone, 

acetylacetone, ammonia, pyridine, acetonitrile, triethylamine, dimethyl sulfide, and 

tetrahydrothiophene, whereas carbon monoxide, tetrahydrofuran, alcohols, and diethyl ether were 

not adsorbed at room temperature and atmospheric pressure. While [N,N-[3,5-

bis(trifluoromethyl)pyrazolate]Ag]3 complex did not undergo adsorption of any of the 

aforementioned volatile molecules. The authors have concluded that these phenomena are 

associated with the polarizable electrostatic potential, and argentophilic binding properties. These 
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complexes possess irreversible sorption and/or decomposition properties via vapor diffusion of 

volatile small molecules that are the desirable advantages toward toxic gas filtration applications, 

including ammonia inhalation.128 Tsipis et al. have described the quantum mechanical calculation 

methods, particularly those based on density functional theory (DFT). They have verified the 

aromaticity by a number of criteria of aromaticity such as structural, energetic, magnetic, and 

chemical. They have highlighted the nucleus-independent chemical shift (NICS), the relative 

hardness, Δη, the electrophilicity index, ω, and the chemical reactivity toward electrophiles as the 

indication for the aromaticity on these class of cyclic trimetallic monovalent coinage metal 

complexes.129 

These cyclic trimetallic monovalent coinage transition metal complexes are known to show 

interesting photophysical properties associated with their solid-state structures. Recently, findings 

on structural, photophysical, and conductive properties of a series of cyclic trimetallic Au(I) 

carbeniate complexes, are reported. On this work, a model to delineate the complex relationship 

between the solid-state morphologies, electronic structures, and optoelectronic properties has been 

proposed. According to this model, the excimer formation with compressed M…M distances can 

occur by two possible routes. The first route entails that the excited-state metal-metal bonding 

remains delocalized across the entire stack of interacting cyclotrimer molecules, as the situation in 

the infinite chain ground state crystal packing, to attain a direct band gap emission from the 

corresponding compressed chains to give rise to an extended-excimer emission. The second route, 

entails that the excited-state metal-metal bonding become localized on dimer-of-trimer units, 

leading to a much larger Stokes’ shift and lower-energy phosphorescence further away from the 

band gap.130 The trinuclear copper(I) complex {[3,5-(CF3)2Pz]Cu}3 displays  fascinating 

luminescence properties that are sensitive to temperature (thermochromism), solvent 
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(solvatochromism), and concentration (concentration luminochromism).131 Balch et al. have 

demonstrated that the colorless solid of the hexagonal polymorph of [Au3(MeN=COMe)3] displays 

an interesting solvoluminescence phenomenon where upon prior irradiation of a crystalline sample 

with near-UV light, a bright burst of yellow light is observed spontaneously (remaining after 

irradiation stops) when solvent (chloroform, dichloromethane etc) is introduced. The extended 

supramolecular aggregates present in the columns of molecules in [Au3(MeN=COMe)3] is 

believed to be important for energy storage within the solid. Migration of charge through the stacks 

of molecules could facilitate energy transfer from the bulk to the surface that results in the 

remarkable luminescence. The emission has induced from the sites near the surface that are either 

exposed by dissolution of the solid or modified through interaction with the liquid.132 These cyclic 

homometallic monovalent coinage metal complexes have also been used as reaction precursor to   

synthesize the trinuclear mixed metal Au/Ag complexes.133 A few available reports also show the 

reactivity of these complexes and suggests that these complexes can undergo the oxidative addition 

reactions of halogens at the metal centers.134 

1.6 Objectives and Organization of This Dissertation 

There have been many previous studies on the structural and photophysical properties of 

cyclic trimetallic monovalent coinage transition metal complexes. In part, the present work has 

been performed to extend these studies of several new classes of cyclic trimetallic monovalent 

coinage metal complexes and their properties. Among the materials prepared are a series of 

monovalent coinage transition metal cyclic trimetallic complexes in which carbeniate, pyrazolate 

and imidazolate ligands bridge adjacent coinage metal centers. The design of this work is to 

correlate the observed photophysical properties of these complexes with their molecular structures 

and metallophilic bonding/interactions, then explore the pioneering research further to develop the 
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functional coordination compounds for modern technologies that utilize the display and other 

molecular devices. Accordingly, the purpose of this study is to prepare interesting heterobimetallic 

cyclic trimetallic monovalent coinage transition metal phosphors with near unity 

photoluminescence quantum yield for display devices. This will be done by utilizing the properties 

such as dπ-acid/dπ-base, metal-metal and excimeric bonding of homometallic cyclic trimetallic 

monovalent gold/copper complexes. The ligand precursors chosen for this study are alkylated 

imidazolate and trifluoromethyl substituted pyrazolate. Due to the arrangement of the coordinating 

nitrogen atoms in the ring systems of these ligands, they  are expected to generate rearranged 

heterobimetallic cyclic nine-membered framework systems according to the concept of hard and 

soft acids and bases (HSAB) proposed by Pearson in 1973.135 Similarly, this dissertation is to 

create easily processable integrated donor-acceptor stacking structures with excellent magnetic 

and/or conducting properties induced  incorporating the monovalent coinage metal cyclic 

homometallic complexes of the same or similar imidazolate and pyrazolate bridging groups. These 

π-acidic/π-basic trimetallic monovalent coinage metallic materials have provided insight for their 

utilization as an integrated stacks of charge transfer complexes, for molecular magnets, conductors, 

superconductors and photovoltaics. Lastly, during the course of this work, pairs of iodine atoms 

are added successively to each of the gold atoms in the monovalent cyclic trimetallic gold(I) 

complexes of imidazolate and carbeniate bridges, resulting in remarkable trinuclear gold(III) 

complexes These Au(III) complexes physically have a dark black colorthat represents a new class 

of black absorber mediated by cooperative intermolecular iodophilic (I…I) interactions.  

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

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

that have already been published. The work in those manuscripts136-137 and several other projects 
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are not represented in this dissertation. This dissertation is divided into six Chapters. This Chapter 

(Chapter I) is intended to introduce readers to concepts important in this work and provide some 

general background information in regard to the physical methods of characterization used, herein. 

In Chapter II, the synthetic method of novel heterobimetallic Au(I)/Cu(I) complexes is reported. 

The successfully synthesized and characterized heterobimetallic Au(I)/Cu(I) complexes 

include,Au4Cu2: {[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-(CF3)2Pz)]2}, Au2Cu: {[Au2(μ-C2,N3-

BzIm)2Cu(µ-3,5-(CF3)2Pz)] and [Au2(μ-C2,N3-MeIm)2Cu(µ-3,5-(CF3)2Pz)]}, AuCu2: {[Au(μ-

C2,N3-MeIm)Cu2(µ-3,5-(CF3)2Pz)2], and [Au(μ-C2,N3-EtIm)Cu2(µ-3,5-(CF3)2Pz)2]} and stacked 

Au3/Cu3: {[Au(μ-C2,N3-BzIm)]3[Cu(µ-3,5-(CF3)2Pz)]3.This Chapter documents the exceptional 

formation of a polar-covalent, ligand-unassisted d10-d10 bond between Cu(I) and Au(I) atoms in an 

Au4Cu2 hexanuclear heterobimetallic complex for the first-time. Moreover, heterobimetallic 

Au4Cu2, and Au2Cu species have near-unity photoluminescence quantum yields and higher 

extinction coefficients than that found forAu3 {[Au(μ-C2,N3-(N-R)Im)]3 ((N-R)Im = imidazolate; 

R = benzyl/methyl/ethyl = BzIm/MeIm/EtIm)} and Cu3 {[Cu(μ-3,5-(CF3)2Pz)]3 (3,5-(CF3)2Pz = 

3,5-bis(trifluoromethyl)pyrazolate)} precursors. We have successfully demonstrated the 

fabrication of functional thin-film forms as the screening study to lead the way for utilizing such 

novel materials in optoelectronic devices. In Chapter III, a series of homometallic cyclic trimetallic 

gold(I) complexes have been synthesized and characterized spectroscopically. This Chapter 

reports for the first-time a new aurophilically-bonded tris[2-(1-Ethylimidazolato-N3, C2)gold(I)] 

complex, [Au(EtIm)3]. Complex [Au(EtIm)3] entails two distinct pairs of dimer-of-trimer units 

with 3.066 Å, and 3.141Å intertrimer separations, which comprise the shortest ever pairwise 

intermolecular Au…Au interactions of cyclic trinuclear azolates coinage metal(I) complexes. Upon 

cooling from 298 to 4K, crystals of this complex exhibit luminescence thermochromism of 10,200 



21 

 

cm-1, spanning the entire visible region – from violet to red.  CHAPTER IV reports a series of new 

monovalent coinage metal-based charge transfer complexes. Reactions of π-acidic [M(3,5-

(CF3)2pz)]3(where M = Cu, Ag, or Au) and [Ag(3,5-(NO2)2pz)]3 complexes with organic donor 

molecules, including  dibenzotetrathiafulvalene (DBTTF), bis(ethylenedithio)tetrathiafulvalene 

(BEDT-TTF), and tetrathiafulvalene (TTF), as well as π-basic tris[2-(1-Ethylimidazolato-N3, 

C2)gold(I)] with organic acceptor molecule, 7,7,8,8-Tetracyanoquinodimethane(TCNQ), formed 

donor-acceptor supramolecular integrated stacks. These series of functional coordination 

compounds, have been found to exhibit remarkable supramolecular structures in both the solid 

state and solution, whereby they exhibit supramolecular stacked chains and oligomers, 

respectively. The supramolecular donor-acceptor solid and solution adducts also exhibit indefinite 

stability, even in the presence of air, and remarkable magneto-opto-electronic properties, as 

highlighted by 1H and 19F NMR, UV/visible spectroscopy, and FT-IR investigations. The cyclic 

trimetallic gold(I) carbeniate and imidazolate complexes undergo oxidative-addition reaction on 

Au(I) centers to add  iodine molecules. In Chapter V, we will discuss about. The crystal structures 

of cyclic trinuclear organogold complexes reveal that a pair of iodine atoms are added successively 

to each of the gold atoms in the cyclic trinuclear gold(I) complexes. Remarkably, the resulting 

trinuclear gold(III) complexes exhibit  dark black physical color, mediated by the cooperative 

iodophilic (I…I) intermolecular interactions that govern the supramolecular assembly of the 

molecule. Throughout the set of complexes studied for oxidative-addition of iodine, the basic 

skeleton is comprised of the three gold atoms and the three bridging ligands as seen in the 

substrates prior to oxidation. However, our attempt of oxidative addition of bromine onto the 

gold(I) centers of cyclic trimetallic gold(I) imidazolate complex broke this skeleton. The detailed 

synthetic method, crystal structures and spectroscopic results associated with this work will be 
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explored. Finally, in CHAPTER VI, the conclusion of this work and the future directions of the 

work that author has designed for will be discussed. To facilitate this, preliminary data supporting 

the future work will be illustrated.  

1.7 Physical Methods  

The comprehensive details of all the physical methods of characterization used in this work 

have been previously described by others. This section is presented to describe briefly the 

principles of each technique, and to explain the usefulness to the current work. References to more 

in-depth descriptions for the methods used are given in the appropriate sections. Unless otherwise 

stated, all the physical measurements described in this dissertation are performed by the author 

except the elemental analyses and single crystal X-ray diffraction studies. Acknowledgments 

regarding these and the others will be made in the appropriate sections. 

1.7.1 Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) is normally a powerful spectroscopic tool available to 

chemists for determining molecular structures in solution. However, unlike the single crystal X-

ray crystallography, it cannot normally provide any detailed information regarding bond angles or 

distances. In the current work, NMR is primarily used to confirm the purity of the ligands and 

transition metal complexes. It has also been used to investigate solution structures of the 

supramolecular donor-acceptor complexes.  NMR is based on measuring the absorbance of 

electromagnetic radiation in the radio-frequency region of about 4 to 900MHz. Unlike electronic 

and vibrational spectroscopies, in NMR the atomic nuclei absorb electromagnetic radiation when 

the sample is placed in the intense magnetic field because of the energy level splitting that is 

induced by the magnetic field (for detail see reference 138).138 
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1.7.2 Fourier Transform Infrared (FTIR) Spectroscopy  

Fourier Transform Infrared (FTIR) spectroscopy can be used to measure specific molecular 

vibrations within materials. This technique is useful for confirming the metal/ligand coordination 

in the complexes isolated in this work. Infrared (IR) spectra can also provide some limited 

information on the nature of the bridging ligands present in these complexes and charge transfer 

properties of integrated donor-acceptor stacking complexes. Most importantly, IR spectra hereby 

provides Metal-Metal vibration frequencies in far-IR region supporting metal-metal bonding seen 

in crystal structures. Nakamoto has provided detailed explanations of the principles of IR, the 

usefulness of the technique to inorganic chemists, and a review of some complexes exhibiting 

interesting IR behavior.139 Both Far- and Mid- infrared (IR) spectra were collected using Fourier 

Transform-Infrared (FT-IR) spectroscopic with a smart diamond attenuated total reflectance 

(ATR) accessory by firmly pressing the neat sample on to the diamond plate of the ATR accessory.  

1.7.3 UV-VIS-NIR Absorbance and UV-VIS-NIR Diffuse Reflectance (DR) Spectroscopy  

An obvious difference between certain molecules can be seen by only observing their color. 

To understand why some molecules are colored and others are not, one must conduct an accurate 

measurement of light absorption at different wavelengths usually ultraviolet (UV), Visible (VIS) 

and Near-Infrared (NIR) portions of electromagnetic spectrum using commercially available 

spectrophotometers. The energy associated with UV-VIS-NIR wavelength of electromagnetic 

spectrum are sufficient enough to promote or excite a molecular electron from the lower energy 

orbital called highest occupied molecular orbital (HOMO) to the higher energy orbital called 

lowest unoccupied molecular orbital (LUMO) and the resulting molecular species are called 

excited state molecular species. This physical method is also called electronic spectroscopy. When 

sample molecules are exposed to light having an energy that matches a possible electronic 
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transition within the molecule, some of the light energy will be absorbed to promote an electron to 

a higher energy orbital. This absorption is always recorded as an absorption spectrum displaying 

absorbed wavelength by the molecules.  

Quantitatively, the absorbance of a sample is proportional to the number of absorbing 

molecules and it is necessary to correct the absorbance value and other operational factors, to 

compare the spectra of different molecular species in a meaningful way. The corrected absorption 

value is called molar absorptivity, and is particularly useful when comparing the spectra of 

different molecular species or part of the molecular species (called chromophore) to determine the 

relative strength of light absorbing functions. Mathematically, molar absorptivity (ɛ) is defined as: 

 

The electronic spectroscopy can be used to study the solution as UV-VIS-NIR 

absorption spectroscopy (UV-VIS-NIR Spectroscopy) and solid state materials as UV-VIS-NIR 

Diffuse Reflectance Spectroscopy (UV-VIS-NIR DRS). Depending on the molecular species, 

several absorptions wavelengths may occur that provide information on the relative energies of 

various electronic transition states. This includes σ- σ* and π- π*, in the case of organic 

chromophores, whereas in transition metal complexes, these relative energies can provide 

quantitative information about different electronic transitions ,such as ligand-to-metal-charge-

transfer (LMCT), metal-to-ligand-charge-transfer (MLCT), intra-ligand-charge-transfer (ILCT), 

d-d transitions.  Importantly in this work, it can provide evidence for specific supramolecular 
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chemistry and existence of intermolecular interactions. A comprehensive treatment of the 

electronic spectroscopy of transition metal complexes can be found in Lever’s text.140 

1.7.4 Photoluminescence Measurement  

Photoluminescence (PL) is the spontaneous emission of light from the materials of all three 

phases, solid, liquid and gas, following optical excitation. It is a powerful technique to probe 

discrete energy levels and to extract valuable information about potential implications of molecular 

species in emission based molecular devices and sensors, semiconductor sample composition, 

quantum well thickness or quantum dot sample monodispersity. Generally, in the 

photoluminescence process of molecular species, an electron that has been excited above the 

ground state energy level (higher energy level called excited state) will fall back non-radiatively, 

to the lowest available vibrational energy level of this excited state, thus losing some energy as a 

phonon, and eventually fall back radiatively to the ground state. While in the case of resonance 

emission of an atomic species, the optical excitation energy and the emission energy will stay the 

same. These radiative and non-radiative transitions, leading to the observation of molecular 

photoluminescence, is typically illustrated by an energy level diagram, called a Jablonski diagram 

as shown in Fig. 1.2 below. 
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Fig. 1.2: The partial Jablonski diagram to explain the absorption and emission mechanisms in the 

molecular species, where S0 is the ground state, S1 and S2 are excited singlet states, and T1 is an 

excited triplet state.  

The diagram shown in Fig.1.2 explains the mechanism of light emission for most of the 

organic and inorganic luminophors. The ground state is denoted by S0, which is normally a singlet 

state, and the excited states are denoted by either S1, S2 for singlet states or T1 for triplet state. The 

absorption of light occurs extremely fast, thus, always resulting in a “vertical” transition that is 

supported by the Frank-Condon principle, and usually preserve, the spin multiplicity of ground 

state as dictated by selection rules for the electronic transitions. The excited molecules relax 

rapidly to the lowest vibrational level of the excited electronic states which is non-radiative in 

nature called vibrational relaxation processes. The molecular species that are excited to a higher-
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energy states can also relax rapidly to the lowest-energy excited state of the same spin state non-

radiatively, and this is called internal conversion. Similarly, the non-radiative relaxation is possible 

between the excited states of different spin multiplicity, known as intersystem crossing. This 

process is more important in molecules containing metal ions in inorganic luminophors, as in this 

dissertation, due to the large spin-orbit coupling. The radiative processes of photoluminescence on 

the other hand, can occur through two different processes, namely fluorescence and 

phosphorescence. The fluorescence refers to the emission of light from the excited electronic state 

that has the same spin multiplicity (shorter than µs lifetimes) as the ground electronic state.  

Phosphorescence refers to the emission of light from an excited electronic state that has a different 

spin multiplicity (µs and/or longer than µs lifetimes) from that of the ground electronic state. 

According to spin selection rule for electronic transitions, fluorescence is the spin-allowed 

transition and phosphorescence is spin-forbidden transition.  

Photoluminescence technique can be used to gain the information about the excited state 

geometry of a molecular system, such as the bonding properties, that includes the excited state 

distortion. Quantitatively, excited state distortion can be either estimated as the Stokes shift that is 

equal to the energy difference between excitation and emission peak maxima of the same electronic 

transition or full-width-at-half-maximum (fwhm). Due to the excited state distortion, an emission 

spectrum looks much broader and Gaussian like shaped instead of vibronic structures. The 

magnitude of fwhm is calculated as the energy difference between the spectrum positions that have 

intensities equal to one half the peak maximum when a Gaussian shape is obtained for the emission 

spectrum. The Stokes’ shifts and fwhm are especially suitable to measure the excited state distortion 

for the metal-centered emission where the emission spectrum is usually structure less as in this 

study. 
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The photoluminescence spectroscopy (Spectrofluorometer) has been broadly used to study 

the properties of the molecules of interest, as it has been in this work. In particular, the steady-state 

excitation and/or emission, lifetime, absolute quantum yield and temperature-dependent 

photoluminescence studies are conducted to substantiate the findings of this work. In fact, 

photoluminescence technique is utilized as the key physical method in this dissertation to elucidate 

the molecular systems involving the photoluminescence property - the most essential property to 

fabricate display devices. Thorough descriptions of photoluminescence techniques are available in 

many text books such as one in reference 141.141    

1.7.5 X-ray Diffraction 

Two types of X-ray diffraction studies were utilized in this work; single crystal diffraction 

and powder diffraction. Single crystal X-ray diffraction is the most desired means of obtaining 

solid state structural information on molecular compounds that requires macroscopic single 

crystals. In this current work, most of the materials were obtained as single crystals. Single crystal 

X-ray diffraction utilizes an X-ray beam that is directed at a crystal. Depending on the orientation 

of the crystal relative to the beam, the crystal will diffract the X-rays at fixed angles. A detector is 

used to measure the intensities of the diffracted beam and the structure is subsequently determined 

by mathematical treatment of the data. Whereas a powder is often comprised of a vast number of 

microcrystals which, like a macroscopic single crystal, diffract X-ray beams. However, the 

diffraction pattern obtained from a powder sample provides much less information than a 

corresponding single crystal pattern. In this work, powder diffraction patterns are used to compare 

powder, thin-film and single crystal forms and photoluminescence spectra of phosphors for 

screening study to fabricate OLEDs. Thorough descriptions of X-ray diffraction techniques are 

readily available in reference 142.142 
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1.7.6 Elemental Analysis 

Elemental analysis is an essential tool used to confirm the purity and composition of the 

materials described in this dissertation. It provides the relative percentages of analyzed elements 

from which an empirical formula can be determined.  

1.8 Significance of This Dissertation  

This dissertation covers the work that shares interest of chemists, physicists, material 

scientists, and technologists. The monovalent coinage metal-based functional coordination 

compounds described herein have been designed with an anticipation of using them in molecular 

devices and have successfully synthesized. These materials comprise of  interesting, and possibly 

useful properties associated with  the molecular devices such as organic light-emitting diodes 

(OLEDs), organic field-effect transistors (OFETs) and/or organic thin-film transistors (OTFTs), 

photovoltaic solar cells, and photocatalytic molecular hydrogen production.  

Recent tendency in phosphorescence technology has paved the way for the practical use of 

organic light emitting diodes (OLEDs) in flat panel displays and solid-state lighting applications. 

This is due to the fact that fluorescent emitters are limited by the low theoretical ratio of singlet 

excitons to triplet excitons, whereas phosphorescent emitters have both the singlet and triplet 

excitons contributing to the electroluminescent emission, therefore allowing an internal quantum 

efficiency up to 100% compared to 25% for fluorescent emitters. The presence of room-

temperature solid-state phosphorescence quantum yield of unity in coinage transition metal(I) 

complexes studied in Chapter II, can be societally-useful, highly-efficient, cost-effective, Ir-/rare-

earth-free phosphorescent-organic-light-emitting-diode (PhOLED)/phosphor-converted-

inorganic-light-emitting-diode (pcLED) emitters for more-environmentally-friendly lighting 

and/or video-display products. The supramolecular binary donor-acceptor adducts studied in 
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Chapter IV, not only highlight the ability of cyclic trimetallic coinage metal(I) complexes to form 

integrated stacks with organic donor/acceptor molecules, but also  demonstrate  remarkable 

magento-opto-electronic properties, associated with these new class of donor-acceptor complexes.  

These new class of functional materials can potentially be used in molecular electronics, including 

solar cells, (super)conductors, magnetic switching devices, and organic field effect transistors 

(OFETs). Furthermore, the trinuclear Au(III) complexes have been studied in Chapter V, which 

are capable of harvesting near-UV to near-IR region of solar spectrum.  Therefore, the energy-

harvesting potential demonstrated by these Au(III) complexes can be ultimately used to 

photocatalytically produce molecular iodine through an inner-sphere mechanism as a blueprint to 

search for better photo-catalysts that can produce molecular hydrogen through water-splitting.  

The invention, development and deployment of new materials studied in this dissertation 

are for the potential of designing better molecular optoelectronic devices. This includes LEDs, and 

OLEDs to reduce the current energy consumption, better solar cells to harvest cheap energy and 

better (photo)electro catalysts to produce molecular iodine and ultimately molecular hydrogen that 

will hopefully assist to address the current energy challenge with secure, carbon-neutral, and 

plentiful of cheap and green energy.
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1.9 Highlights of This Dissertation 

Some of the unprecedented findings of this dissertation are as follows: 

1) A genuine d10-d10 polar-covalent bond with ligand-unassisted Cu(I)-Au(I) distances of 

2.875 Å each – the shortest such an intermolecular distance ever between any two d10 

centers so as to deem it a “metal-metal bond” vis-à-vis “metallophilic interaction” is 

reported. 

2) The shortest ever intermolecular aurophilic distances of 3.066 Å in monovalent cyclic 

metal(I) complex is reported. 

3) Largest ever luminescence thermochromism of 10,164 cm-1 is reported, spanning the 

near-UV/Violet/Blue region at one end to the Orange/Red/Near-IR at the other end. 

4) A synthesis method of novel heterobimetallic Cu(I)/Au(I) complexes comprising near-

unity photoluminescence quantum yield (PLQY) is reported. 

5) “Black absorbers” capable of harvesting all visible portion of sunlight have been obtained 

by oxidative addition of I2 on the Au(I) centers of the cyclic trimetallic gold(I) carbeniate 

and imidazolate complexes. The oxidative addition of diiodide on all three Au(I) centers 

of cyclic trimetallic Au(I) imidazolate complexes are reported for the first time.  

6) A facile synthetic method of metallic and semiconducting d-π supramolecular binary 

donor-acceptor adducts of monovalent cyclic trimetallic coinage metal(I) complexes with 

organic molecules  is reported. 
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CHAPTER II 

21ST CENTURY ALCHEMY: CUPRIPHICATION OF GOLD TO SENSITIZE 

d10 - d10 METAL-METAL BONDS AND NEAR-UNITY 

PHOSPHORESCENCE QUANTUM YIELDS* 

2.1 Introduction 

Seminal work by Cotton and co-workers addressed “the question raised by many 

compounds in which short metal-metal distances might be taken to imply the existence of M-M 

bonds…, the answer depending on the degree of participation of outer (s,p) valence 

orbitals….Although the metal-metal distances are short (Cu-Cu = 2.497(2) and Ag-Ag = 2.705(1) 

Å), we conclude that there is little or no direct metal-metal bonding.”1 Here, we show that outer 

4s (CuI) and 6s (AuI) orbitals can admix with the respective valence 3d and 5d orbitals to sensitize 

a bona fide polar-covalent metal-metal bond between two d10 centers manifest by two quanta of a 

rather short, 2.8750(8) Å, Cu(I)-Au(I) distance without any ligand-bite-size assistance. Other 

complexes of the same family did not exhibit such a bond but, instead, favored cupro-aurophilic 

intermolecular interactions to either cuprophilic or aurophilic analogues in their supramolecular 

structures. The reduced symmetry in this family of complexes is also shown to impart higher 

                                                 
* This entire chapter is adpted from the submitted manuscript to Proc. Nat. Acad. Sci. U. S. (# 

2017-00890). Rossana Galassi, Mukunda M. Ghimire, Brooke M. Otten, Simone Ricci, Roy N. 

McDougald Jr., Ruaa M. Almotawa, Dieaa Alhmoud, Joshua F. Ivy, Abdel-Monem M. Rawashdeh, 

Vladimir N. Nesterov, Eric W. Reinheimer, Lee M. Daniels, Alfredo Burini, and Mohammad A. 

Omary, “21st Century Alchemy: Cupriphication of Gold to Sensitize d10-d10 Metal-Metal Bonds 

and Near-Unity Phosphorescence Quantum Yields.”  
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extinction coefficients and phosphorescence quantum yields than those attained by the parent 

homometallic precursor complexes. 

Heterometallic complexes are remarkable molecules due to the fact that they exhibit a 

variety of unique catalytic2 and optoelectronic3 properties. In particular, the heterometallic gold-

containing species are receiving immense attention because of their unusual structural and 

photophysical properties,4 largely due to metallophilic interactions between gold atoms and other 

metal centers, such as silver, copper, thallium, mercury, etc.5 Several strategies can be used to 

synthesize this class of compounds with different nuclearity, including dinuclear,6 trinuclear,7 

tetranuclear derivatives,8 higher-nuclearity molecules,9 or even extended heteropolynuclear 

systems.10 The most direct manner to obtain trinuclear heterobimetallic complexes employs 

tridentate ligands that utilize selective coordination. For example, the incorporation of a gold atom 

into the diiridium complex [Ir2X2(CO)(dpma)2] (dmpa = 

bis(diphenylphosphinomethyl)phenylarsine) with [Au(CO)Cl] leads to the trinuclear derivative 

[AuIr2X2(CO)2(dpma)2][BPh4], where X = Cl, Br, or I.11 Another useful strategy to obtaining 

heterobimetallic complexes is through Lewis acid-base reactions. Laguna et al. reported a reaction 

between the basic gold compound NBu4[Au(C6Cl5)2] with the acidic thallium salt TlPF6 in the 

presence of ketones to give the tetranuclear butterfly-type complexes 

[Au2Tl2(C6Cl5)4]•(CH3)2CO,12 [Au2Tl2(C6Cl5)4]•PhCH3CO,13 and [Au2Tl2(C6Cl5)4]•acacH (acacH 

= Pentane-2,4-dione).13 Fackler and co-workers described the synthesis and structural 

characterization of the mixed-metal silver-gold trinuclear complexes [Au(µ-C(OR)=NR’)Ag2(µ-

3,5-Ph2pz)2]2 and [Au2(µ-C(OR)=NR’)2Ag(µ-3,5-Ph2Pz)]2, which were obtained as dimeric 

products from mixing solutions of the basic gold(I) carbeniate trimer [Au(µ-C(OR)=NR’)]3 (R = 

Et; R’ =p-tolyl) with the acidic silver(I) pyrazolate trimer [Ag(µ-3,5-(Ph)2pz)]3 (3,5-(Ph)2pz = 3,5-
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diphenylpyrazolate) in their respective stoichiometric ratios.14 Both complexes show luminescence 

thermochromism with green luminescence at room temperature and a yellow luminescence at 

liquid nitrogen temperatures (77 K). 

A recent example reported by Catalano et al. shows that the trinuclear 

[Au(Im(CH2py)2)2(Cu(MeCN)2)2](PF6)3 complex acts as a luminescent vapochromic sensor.15 

This compound was obtained by the addition of two equivalents of [Cu(MeCN)4]PF6 to 

[Au(Im(CH2py)2)2]PF6 in acetonitrile. The crystal structure reveals a nearly-linear Au(I) center 

coordinated to two N-heterocyclic carbene (NHC) ligands whose picolyl arms bridge two 

[Cu(MeCN)2]
+ moieties with a stretched Au(I)···Cu(I) separation of ∼ 4.6 Å. This solid compound 

exhibits blue luminescence (λmax = 462 nm) under UV excitation at room temperature but, when it 

reacts with either liquid methanol or methanol vapors, the complex 

[Au(Im(CH2py)2)2(Cu(MeOH))2](PF6)3 is afforded and exhibits green luminescence (λmax = 520 

nm) at room temperature. The crystal structure reveals two short Au(I)···Cu(I) interactions of 

2.7195(7) Å, with the Au(NHC)2 core acting as an additional ligand near each copper center to 

complete its tetrahedral coordination mode. The introduction of 

[Au(Im(CH2py)2)2(Cu(MeOH))2](PF6)3 to atmosphere produces a partial loss of MeOH 

accompanied by a luminescence color change to yellow (λmax = 543 nm), whereas the exposure to 

vacuum affords a complete loss of MeOH and the emission further red-shifts to a yellow-orange 

(λmax = 573 nm) color. Chemical vapors have been tested on these complexes, such as 

[Au(Im(CH2py)2)2(Cu(MeOH))2](PF6)3 reacting with acetone and H2O vapors, leading to species 

that produce a yellow-orange (λmax = 591 nm) and green (λmax = 519 nm) luminescence emissions, 

respectively. Dichloromethane and tetrahydrofuran vapors have no effect on the emission 

wavelength in the corresponding luminescence spectrum. These luminescence changes result from 



46 

 

the “on-off” Au···Cu interactions induced by a ligand exchange reaction between the solid material 

and the solvent vapors, therefore allowing the sensing of chemical vapors. 

The vapochromic behavior is also an interesting characteristic in heteropolynuclear gold-

thallium complexes of [AuTl(C6Cl5)]n.
16 This product consists of a perfectly-linear chain built via 

unsupported Au···Tl interactions of ca. ∼ 3.0 Å. The thallium centers are in contact with chlorine 

atoms of adjacent linear chains forming cavities that are parallel to the z-axis (as long as 10 Å). 

This structural characteristic, as well as the absence of ancillary ligands bonded to the thallium 

centers, allows them to become electronically capable of reacting with other basic molecules, even 

occurring in the solid–gas phase.  

 Unlike the numerous heterobimetallic silver-gold complexes,5a,5g,10i,10j,17only few 

examples of heterobimetallic copper-gold clusters are described in the literature.5a,8a,9a,15,17f,18 In 

this work, heterobimetallic complexes Au4Cu2 {[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-(CF3)2Pz)]2, (4a)}, 

Au2Cu {[Au2(μ-C2,N3-BzIm)2Cu(µ-3,5-(CF3)2Pz)], (1) and [Au2(μ-C2,N3-MeIm)2Cu(µ-3,5-

(CF3)2Pz)], (3a)}, AuCu2 {[Au(μ-C2,N3-MeIm)Cu2(µ-3,5-(CF3)2Pz)2], (3b) and [Au(μ-C2,N3-

EtIm)Cu2(µ-3,5-(CF3)2Pz)2], (4b)} and stacked Au3/Cu3 {[Au(μ-C2,N3-BzIm)]3[Cu(µ-3,5-

(CF3)2Pz)]3, (2)} form upon reacting Au3 {[Au(μ-C2,N3-(N-R)Im)]3 ((N-R)Im = imidazolate; R = 

benzyl/methyl/ethyl = BzIm/MeIm/EtIm)} with Cu3 {[Cu(μ-3,5-(CF3)2Pz)]3 (3,5-(CF3)2Pz = 3,5-

bis(trifluoromethyl)pyrazolate)} as shown in scheme 2.1.Through this work, synthesis of novel 

heterobimetallic Au4Cu2, Au2Cu and AuCu2 complexes is reported for the first time. This paper 

documents the unprecedented formation of a bona fide polar-covalent, ligand-unassisted d10-d10 

bond between Cu(I) and Au(I) atoms of an Au4Cu2 hexanuclear complex. Moreover, 

cupriphication of gold in Au4Cu2 and Au2Cu species leads to near-unity photoluminescence 

quantum yields and higher extinction coefficients vs Au3 and Cu3 precursors, challenging 
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stereotypical Alchemy-based perceptions and paving the way for utilizing such novel materials in 

optoelectronic devices for which we have successfully demonstrated the fabrication of functional 

thin-film forms. Novel scientific phenomena enabling societally-useful technologies are 

discovered, embodied by counterintuitive metal-metal bonds and high-efficiency, Ir-/rare-earth-

free phosphorescent-organic-light-emitting-diode (PhOLED)/phosphor-converted-inorganic-

light-emitting-diode (pcLED) emitters of use in more-environmentally-friendly lighting and/or 

video-display products. 

2.2 Experimental Methods 

2.2.1 Materials and Methods 

2.2.1.1 General Information 

The starting complexes [Cu(µ-3,5-(CF3)2Pz)]3, [Au(μ-C2,N3-BzIm)]3,[Au(μ-C2,N3-

MeIm)]3 and [Au(μ-C2,N3-EtIm)]3 were prepared by following a procedure  described in 

literature.19 Solvents were purchased from Aldrich and distilled with conventional drying agents. 

All glassware was oven-dried at 150 °C overnight prior to use. Synthetic manipulations were 

carried out under a purified nitrogen atmosphere using standard Schlenk techniques. 

2.2.1.2 Physical Measurements 

1H NMR spectra were recorded on an Oxford-400 Varian spectrometer (400.4 MHz for 

1H). Chemical shifts, in ppm, for the 1H NMR spectra are relative to an internal Me4Si standard. 

Elemental analyses (C, H, and N) were performed in-house with a Fisons Instruments 1108 CHNS-

O Elemental Analyzer. Melting points were taken on an SMP3 Stuart Scientific Instrument. IR 

spectra were recorded from 4000 to 600 cm-1 with a Perkin-Elmer SPECTRUM ONE System FT-
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IR instrument; the far-IR measurements were carried out using a Nicolet 6700 Analytical FTIR 

Spectrometer equipped with a Smart Orbit high-performance diamond single bounce accessory for 

attenuated total reflectance (ATR) measurements on neat powder samples. IR annotations used: br 

= broad, m = medium, s = strong, sh = shoulder, w = weak.
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2.2.1.2.1 Luminescence Measurements 

Photoluminescence studies have been carried out for all four complexes isolated in this 

work, namely 1, 2, 3a, 3b, 4a, and 4b. The luminescence measurements were carried out for 

microcrystalline materials examined for purity for all four complexes and verified to represent the 

luminescence of the single crystals (which were examined with a hand-held dual-wavelength UV 

lamp) for complexes 3a and 1. Steady-state luminescence spectra were acquired with a PTI Quanta 

Master Model QM-4 scanning spectrofluorometer equipped with a 75-watt xenon lamp, emission 

and excitation monochromators, an excitation correction unit, a PMT detector, and an integrating 

sphere for direct quantum yield measurements. The emission and excitation spectra were corrected 

for the wavelength-dependent response of the detector and xenon arc lamp, respectively. 

Temperature-dependent studies were acquired with an Oxford optical cryostat using liquid 

nitrogen (down to 77 K) as a coolant. Lifetime data were acquired using a xenon flash lamp as a 

phosphorescence sub-system add-ons to the PTI instrument and the irradiation signal was de-

convoluted using the resonance signal of the incident light upon the crystal. Processing of OLED 

thin films was performed via either vacuum sublimation of neat powders, utilizing a 12-source 

Trovato Model 300C vacuum deposition system, or drop-casting from nearly-saturated solutions 

of the two representative high-quantum-yield materials 3a and [Cu(μ-3,5-(CF3)2Pz)]3.  

2.2.1.2.2 Single Crystal X-Ray Crystallographic Determination  

Crystal structure determination for compounds 1 and 3a were carried out using a Bruker 

SMATR APEX2 CCD-based X-ray diffractometer equipped with a low temperature device and 

Mo-target X-ray tube (wavelength = 0.71073 Å). Measurements were taken at 100(2) K. Data 

collection, indexing, and initial cell refinements were carried out using APEX2,20 frame integration 
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and final cell refinements were done using SAINT.21 An absorption correction was applied using 

the program SADABS.22 All non-hydrogen atoms were refined anisotropically. The hydrogen 

atoms in the compounds were placed in idealized positions and were refined as riding atoms. In 

both compounds the large residual electron density located close to the Au and Cu atoms (< 1.0 

Å) is attributed to imperfect absorption corrections frequently encountered in heavy-metal atom 

structures. Structure solution, refinement, graphic and generation of publication materials were 

performed by using SHELXTL software.23 The final refinement of the 3a crystal was performed 

using the Au : Cu ratio that was obtained from the elemental analysis (2 : 1). 

Crystal structure determination for compound 4a however, was carried out on a Rigaku 

Oxford Diffraction SuperNova X-ray diffractometer equipped with a Pilatus P200K Hybrid Photon 

Counting Detector. A pale yellow, plate-like crystal of dimensions 0.24 x 0.10 x 0.04 mm3 was 

secured to a cryoloop using Paratone oil. Reflections were collected at 100(2) K using graphite-

monochromated Mo Kα1 radiation ( = 0.71073 Å) using a data collection strategy calculated 

within CrysAlisPro to ensure desired data redundancy and percent completeness.24 Unit cell 

determination, initial indexing, data collection, frame integration, Lorentz-polarization corrections 

and final cell parameter calculations were carried out using CrysAlisPro. A numerical absorption 

correction was performed using the SCALE3 ABSPACK algorithm embedded within CrysAlisPro. 

The structure was solved via the intrinsic phasing methodology using ShelXT,25 refined using 

ShelXL26 in the AutoChem 2.1 graphical user interface27 and had its space group unambiguously 

verified by PLATON.28 The final structural refinement included anisotropic temperature factors 

on all non-hydrogen atoms. All hydrogen atoms were attached via the riding model at calculated 

positions using appropriate HFIX commands. Crystal data and refinement details are summarized 

in Table 2.1 for 1, 3a, and 4a.  
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2.2.1.2.3 Thin Film and Powder X-ray Diffraction (XRD) Analysis 

For XRD analysis, the powder and thin film samples of 3a, 4a and Cu3 were characterized 

at room temperature on Rigaku D/Max 2200PC Ultima III X-ray diffractometer using K-beta 

filtered Cu- Kradiation ( = 1.5406 Å). Glass substrates were used to analyze the powder sample 

whereas the thin films were prepared using quartz substrates by drop-casting saturated 

dichloromethane solutions. Simulated powder XRD patterns of single crystals were generated 

using Mercury software. 

2.2.1.2.4 Computational Methodology 

Geometry optimization and single-point calculations were performed for 4a and 

derivatives thereof using the Gaussian 09 suite of programs.29 As opposed to the ubiquitous 

B3LYP hybrid functional, we elected to utilize the M06 meta-hybrid30-31 functional – in 

conjunction with the CEP-31G(d)(6,7) basis set where d signifies the addition of a d-polarization 

function to main group elements.32 Although other methods exist, we adopted M06 as 

recommended by Truhlar and co-workers to be most suitable as a universal density functional 

(dubbed “a desert island” functional by Truhlar)31b in the study of systems that may include 

significant non-covalent interactions,31a as needed herein to distinguish metallophilic/non-covalent 

Cu(I)…Au(I) and Au(I)…Au(I) interactions from polar-covalent Cu(I)-Au(I) bonds.  

2.2.2 Syntheses 

The heterobimetallic complexes of this work are obtained by reacting cyclic trimetallic 

coinage metal(I) complexes [Au(μ-C2,N3-BzIm)]3,[Au(μ-C2,N3-MeIm)]3 or [Au(μ-C2,N3-EtIm)]3 

(where BzIm = 1-benzylimidazolate, MeIm = 1-methylimidazolate and EtIm = 1-ethylimidazolate) 

with the trinuclear copper(I) pyrazolate [Cu(μ-3,5-(CF3)2Pz)]3 (where 3,5-(CF3)2Pz = bis-3,5-
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trifluoromethyl-pyrazolate) in specific stoichiometric ratios and are contingent on the targeted 

complex. 

Synthesis of [Au2(μ-C2,N3-BzIm)2Cu(µ-3,5-(CF3)2Pz)], (1)  

To a stirring dichloromethane (4 mL) solution of [Au(μ-C2,N3-BzIm)]3 (0.080 g; 0.075 

mmol), solid [Cu(µ-3,5-(CF3)2Pz)]3 (0.030 g: 0.037 mmol) was added. The resulting colorless 

solution was stirred for 2 hours. X-ray diffraction quality single crystals were grown together with 

a white microcrystalline powder during the slow diffusion of hexane into the dichloromethane 

mixture reaction. The product isolated was not soluble in most organic solvents. Yield: 80%. M.p. 

235 °C with decomposition. IR (cm-1): 3133 (w), 3064 (w), 3030 (w), 1541 (m), 1507 (m), 1495 

(m), 1441 (m), 1415 (m), 1389 (m), 1351 (m), 1267 (s), 1241 (m), 1163 (m), 1127 (vs), 1031 (s), 

991 (m), 817 (m), 787 (w), 759 (m), 729 (m), 707 (s), 685 (m), 628 (m). Elemental analysis for 

C25H19Au2CuF6N6: Calc’d. C, 30.80%; H, 1.96%; N, 8.62%. Found: C, 30.44%; H, 1.85%; N, 

8.23%.  

Synthesis of [Au(μ-C2,N3-BzIm)]3[Cu(µ-3,5-(CF3)2Pz)]3, (2) 

To a stirring dichloromethane (4 mL) solution of [Cu(µ-3,5-(CF3)2Pz)]3 (0.040 g; 0.050 

mmol), solid [Au(μ-C2,N3-BzIm)]3 (0.026 g; 0.025 mmol) was added. The colorless solution was 

stirred for 2 hours then 3 mL of hexane was layered on top. After a few days a white powder was 

collected. The crude product was washed with hexane (2 x 3 mL) and dichloromethane (2 x 2 mL) 

to eliminate traces of the starting materials. Yield 70%. M.p. 245 °C with decomposition. 1H-NMR 

(CD2Cl2. 298 K): δ 7.30 – 7.23 (m, 15 H, C6H5), 6.98 (s, 3H, pzCH), 6.82 (s, 3H, 4-ImCH) 6.56 

(s, 3H, 5-ImCH), 5.26 (s, 6H, CH2-Im). IR (cm-1): 3151 (w), 3063 (w), 3031 (w), 2928 (w), 1606 

(w), 1549 (m), 1533 (m), 1508 (m), 1497 (m), 1446 (m), 1416 (m), 1363 (m), 1261 (s), 1227 (s), 
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1131 (vs), 1123 (vs), 991 (m), 902 m), 813 (m), 771 (m), 758 (m), 719 (s), 709 (s) 692 (m), 680 

(m). Elemental analysis for C45H30Au3Cu3F18N12: Calc’d.: C, 29.02%; H, 1.62%; N, 9.03%. Found: 

C, 28.94%; H, 1.44%; N, 8.52%. 

Synthesis of [Au2(μ-C2,N3-MeIm)2Cu(µ-3,5-(CF3)2Pz)], (3a) 

 Separately, 0.043 g (0.052 mmol) of [Au(μ-C2,N3-MeIm)]3 was dissolved in 2 mL of 

dichloromethane and 0.021 g (0.026 mmol) of [Cu(µ-3,5-(CF3)2Pz)]3 was dissolved in 2 mL of 

dichloromethane. The latter solution was transferred by cannula into the solution containing the 

gold metallocycle. After few minutes, a white precipitate formed and the resulting suspension was 

stirred for 2 hours. The white precipitate (3b) was filtered and washed with hexane (2 x 2 mL). 

The remaining dichloromethane solution was exposed to hexane vapors and after 3 weeks white 

crystals of (3a) suitable for X-ray diffraction were obtained. Yield 25%. M.p. 190 °C with 

decomposition. IR (cm-1): 3161 (w), 3128 (w), 2948 (w), 1644 (w), 1532 (m), 1507 (m), 1407 (m), 

1376 (m), 1263 (s), 1232 (sh), 1119 (vs), 1030 (s), 991 (m), 815 (s), 758 (m), 714 (s), 694 (m), 

679 (m). Elemental analysis for C13H11Au2CuF6N6 Calc’d.: C, 18.98%; H, 1.35%; N, 10.21%. 

Found: C, 19.29%; H, 1.10%; N, 9.70%. 

Synthesis of [Au(μ-C2,N3-MeIm)Cu2(µ-3,5-(CF3)2Pz)2], (3b) 

Separately, 0.040 g (0.050 mmol) of [Cu(µ-3,5-(CF3)2Pz)]3 was dissolved in 2 mL of 

dichloromethane and 0.021 g (0.025 mmol) of [Au(μ-C2,N3-MeIm)]3 was dissolved in 2 mL of 

dichloromethane. The latter solution was transferred by cannula into the solution containing the 

copper metallocycle. After few minutes, a white precipitate formed and the mixture was stirred for 

2 hours. The white precipitate was filtered and washed with hexane (2 x 2 mL) to give the 

analytical sample 3b. Yield 45%. M.p. 228.6 – 230 °C with decomposition. IR (cm-1): 3148 (m), 
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3130 (sh), 2963 (m), 1662 (w), 1622 (w), 1548 (m), 1536 (sh), 1506 (m), 1446 (m), 1409 (m), 

1380 (m), 1364 (m), 1258 (s), 1219 (s), 1118 (vs), 1029 (vs), 989 (m), 967 (m), 803 (m), 759 (m), 

726 (s), 708 (m), 694 (m), 677 (m). Elemental analysis for C14H7AuCu2F12N6 Calc’d.: C, 20.73%; 

H, 0.87%; N, 10.36%. Found: C, 20.16%; H, 0.64%; N, 9.96%. 

Synthesis of [Au4(μ-C2,N3-EtIm)4Cu2(µ-3,5-(CF3)2Pz)2], (4a)  

Separately, 0.050 g (0.060 mmol) of [Au(μ-C2,N3-EtIm)]3 was dissolved in 2 mL of 

dichloromethane and 0.024 g (0.030 mmol) of [Cu(µ-3,5-(CF3)2Pz)]3 was dissolved in 2 mL of 

dichloromethane. The latter solution was transferred by cannula into the solution containing the 

gold metallocycle. After few minutes, a white precipitate formed and the resulting suspension was 

stirred for 2 hours. The white precipitate (4a) was filtered and washed with hexane (2 × 2 mL). 

The remaining dichloromethane solution was left for slow evaporation and after a week yellowish 

white crystals of (4a) suitable for X-ray diffraction were obtained. Yield 75 %. M.p. 170 °C with 

decomposition. IR (cm-1): 3152 (w), 3124 (w), 2921 (w), 2852(w) 1582 (w), 1539 (m), 1503 (w), 

1463(m), 1447 (m), 1418(w), 1374(w) 1259 (s), 1231 (sh), 1124 (vs), 1029 (s), 990 (m), 811 (s), 

757 (m), 713 (s), 683 (m).  

Synthesis of [Au(μ-C2,N3-EtIm)Cu2(µ-3,5-(CF3)2Pz)2], (4b) 

Separately, 0.050 g (0.063 mmol) of [Cu(µ-3,5-(CF3)2Pz)]3 was dissolved in 2 mL of 

dichloromethane and 0.026 g (0.031 mmol) of [Au(μ-C2,N3-EtIm)]3 was dissolved in 2 mL of 

dichloromethane. The latter solution was transferred by cannula into the solution containing the 

copper metallocycle. After few minutes, a white precipitate formed and the mixture was stirred for 

2 hours. The white precipitate was filtered and washed with hexane (2 × 2 mL) to give the 

analytical sample 4b. Yield 70%. M.p. 203°C with decomposition. IR (cm-1): 3143 (w), 3128 (sh), 
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2923 (m), 2855(sh), 1582 (w), 1541 (w), 1507 (m), 1506 (m), 1461 (m), 1443 (m), 1412 (m), 1374 

(m), 1258 (s), 1231 (s), 1123 (vs), 1027 (vs), 989 (m), 815 (m), 749 (m), 721 (s), 675 (m). 

2.3 Results and Discussion 

2.3.1 Synthetic Chemistry 

Reacting π-basic [Au(μ-C2,N3-BzIm)]3, [Au(μ-C2,N3-EtIm)]3, or [Au(μ-C2,N3-MeIm)]3 

with π-acidic [Cu(μ-3,5-(CF3)2Pz)]3 attains new metal clusters, composition of which is sensitive 

to precursor stoichiometry (Scheme 2.1 and Reaction 1).  

 

Scheme 2.1: Synthesis and solid-state luminescence of homometallic complexes, heterobimetallic 

and stacking product complexes. The stacking product does not exhibit detectable luminescence 

at room temperature. 
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Different strategies can be used to obtain heterobimetallic complexes. For instance, Fackler 

et al. reported synthetic strategy to obtain new mixed-metal silver/gold complexes based on the 

reaction of π-basic trinuclear gold(I) carbeniate or imidazolate complexes with trinuclear silver(I) 

pyrazolate compounds.14 From the same manner, herein, we have reacted the π-basic trinuclear 

gold(I) complexes [Au(μ-C2,N3-BzIm]3, [Au(μ-C2,N3-EtIm)]3 and [Au(μ-C2,N3-MeIm)]3 with the 

π-acid trinuclear copper(I) pyrazolate [Cu(μ-3,5-(CF3)2Pz)]3 complex. Mixing dichloromethane 

solutions of [Au(μ-C2,N3-BzIm)]3 or [Au(μ-C2,N3-MeIm)]3 with [Cu(μ-3,5-(CF3)2Pz)]3 in a 2 : 1 

or 1 : 2 stoichiometric ratios complexes 1, 3a, and 3b have been obtained. 

Reaction 1: Syntheses of all heterobimetallic complexes of this work were completed in 

dichloromethane at ambient conditions. 

 

Similarly, a colorless solution is formed by mixing solutions of [Au(μ-C2,N3-BzIm)]3 and 

[Cu(μ-3,5-(CF3)2Pz)]3, in a 2 : 1 stoichiometric ratio. Crystals of complex 1 grew by the slow 

diffusion of hexane into the reaction mixture. With the reverse stoichiometry, a colorless solution 

is again obtained, followed by the formation of a white microcrystalline precipitate, corresponding 

to complex [Au(μ-C2,N3-BzIm)]3[Cu(µ-3,5-(CF3)2Pz)]3, 2, which crystallizes after a few days by 

slow diffusion of hexane into the reaction mixture. The formation of complex 2 suggests that the 

first step of the reaction likely entails the formation of -acid--base stacking complex, afterwards 

leading to ligand and metal exchanges depending upon the stability of the stacking adduct. The 
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reaction between [Au(μ-C2,N3-MeIm)]3 and [Cu(μ-3,5-(CF3)2Pz)]3 exhibits a different behavior, 

whereby the products are unaffected by 2 : 1 vs 1 : 2 stoichiometric ratio variation. In either 

stoichiometric ratio, a white solid (complex 3b) precipitates after few minutes. In the 2:1 

stoichiometric reaction attempt, thin white crystals of complex 3a grow after a few weeks upon 

slow diffusion of hexane into the mother liquor of the reaction. All the complexes have been 

isolated in medium to good yield (65 – 80%). Each complex exhibits good stability in the solid 

state and has been characterized by IR, 1H NMR, 13C NMR, single crystal X-ray analysis and 

elemental analysis when applicable. The single crystal X-ray diffraction analysis was performed 

for complexes 1 and 3a which indeed confirms the formation of the heterobimetallic Cu(I) / Au(I) 

complexes. In the crystal structures of 1 and 3a, it is interesting to note that the bridging ligands 

have been special provisions with respect to the starting precursor homometallic complexes; which 

is fundamentally similar with the behavior observed in the trinuclear mixed-metal Ag(I)/Au(I) 

complexes.14 

In the mid-IR spectra, the characteristic bands for azoles have been found in the ranges of 

3100-3170 cm-1 (C-H stretching), 1550-1650 cm-1 (C=C stretching), and 1450-1510 cm-1 (C=N 

stretching). Small shifts are recorded for the bands attributed to the vibrational modes of the CF3 

groups while major shifts are observed for the methyl and methylene groups of the corresponding 

N-substituted imidazoles with respect to their bands in the starting trinuclear complexes. The 1H 

NMR spectrum of complex 1 was not recorded as the crystals have not been found to be soluble. 

On the contrary, complex 2 is very soluble in chlorinated and aromatic solvents and its 1H NMR 

spectrum is indicative of the probable formation of a stacking product. In fact, the 1H NMR 

spectrum highlights that the integrals of the imidazole protons and pyrazole protons are in proper 

ratio for a 1:1 complex. Therefore, we can hypothesize that this new compound is not a mixed 
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metal 2Cu:1Au complex but is a stacking product between the starting trinuclear complexes, 

although we have been unable to grow single crystals of such a stacked product. Furthermore, the 

elemental analysis for compound 3b is compatible with a mixed metal 2Cu:1Au complex and the 

yield increases when the reaction is performed in the correct stoichiometric ratio. 

Crystals of complexes 1 and 3a show a bright green photoluminescence when irradiated 

with UV light, whereas complex 3b exhibits a yellow emission. Complex 2 does not display any 

visible luminescence at room temperature but at 77 K it exhibits a bright yellow emission. A more 

detailed analysis of the luminescence properties is discussed below for complexes 1 and 3a. 

When the same reaction was attempted using R1 = Et (instead of Me or benzyl) and the 

same R2 (CF3), we have managed to obtain products 4a and 4b exclusively so the stacked products 

was not obtained using this combination, similar to the outcome of the R1 = Me and R2 = CF3 

combination. The stoichiometric ratio of 2Au:1Cu or 2Cu:1Au used during the reaction was 

retained in the corresponding product 4a or 4b, respectively; and the reaction yield was 75% and 

70%, respectively. Single crystals of 4a were obtained by slow evaporation of a saturated CH2Cl2 

solution. 

In summary, the four product categories are heterobimetallic Au4Cu2, [Au2(μ-C2,N3-

EtIm)2Cu(µ-3,5-(CF3)2Pz)]2 (4a), Au2Cu [Au2(μ-C2,N3-BzIm)2Cu(µ-3,5-(CF3)2Pz)] (1) and 

[Au2(μ-C2,N3-MeIm)2Cu(µ-3,5-(CF3)2Pz)] (3a), and AuCu2 [Au(μ-C2,N3-MeIm)Cu2(µ-3,5-

(CF3)2Pz)2] (3b) and [Au(μ-C2,N3-EtIm)Cu2(µ-3,5-(CF3)2Pz)2] (4b) complexes and the -acid/-

base Au3/Cu3 stacked complex [Au(μ-C2,N3-BzIm)]3 [Cu(µ-3,5-(CF3)2Pz)]3 (2). Either [Au(μ-

C2,N3-MeIm)]3 or [Au(μ-C2,N3-EtIm)]3 react with [Cu(μ-3,5-(CF3)2Pz)]3 in a 2:1 or 1:2 

stoichiometric ratio to affords 3a, 4a, 3b, or 4b, respectively, whereas 2:1 and 1:2 reactions of 
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[Au(μ-C2,N3-BzIm)]3 and [Cu(μ-3,5-(CF3)2Pz)]3 yielded 1 and 2, respectively. Formation of 2 

hypothesizes that the first step in the other reactions might entail an -acid/-base stacked 

intermediate preceding stable heterobimetallic products according to the concept of hard and soft 

acids and bases (HSAB) proposed by Pearson in 1973,33 which states that metal ions prefer ligands 

of the same kind (soft–soft or hard–hard) over those of different kinds (soft–hard) when forming 

coordinated bonds. Such metal–ligand interactions play an important role here in rationalizing the 

reactions of stable products relevant to the ligand/metal position. Therefore, Cu(I) – being the hard 

acid of the heterobimetallic products – is always coordinately-bonded through nitrogen, whereas 

Au(I) prefers carbon in the imidazolate ligands.  Moreover, crystallographic evidence (vide infra) 

supports these ligand/metal provisions in heterobimetallic complexes vs the homometallic Au3 and 

Cu3 precursors whereby Au(I) has always displayed bonding affinity for organometallic chemistry 

compared to Cu(I) that has for inorganic chemistry unlike Au(I) as expected. This chemistry is not 

fundamentally different than the behavior seen for analogous Ag(I)/Au(I) complexes14 that has 

essentially supported our hypothesis of ligand exchange-mechanism. Hence, the heterobimetallic 

Au(I)/Cu(I) complexes herein, are successfully synthesized by mixing the homometallic Au3 and 

Cu3 complexes due to the lability of Au-N and Cu-N bonds and the stability of Au-C bonds. 

Crystals of 1, 3a and 4a show bright-green photoluminescence vs yellow for 3b and 4b (Scheme 

2.1), with no detectable luminescence for stack 2 at room temperature (bright-yellow at 77 K; Fig. 

2.14). 
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2.3.2 Crystal Structures 

Table 2.1 summarizes the structural parameters for compounds 1, 3a, and 4a, whereas Figs. 2.1-

2.3 illustrate their respective crystal structures.  

Table 2.1: Crystallographic Data, and Refinement Parameters for 1, 3a, and 4a. 

 Complex 1 Complex 3a Complex 4a 

Empirical formula C25 H19 Au2 Cu F6 N6 C13 H11 Au2 Cu F6 N6 C30H30Au4Cu2F12N12 

Molecular weight 974.94 822.75 1701.60 

Crystal system Orthorhombic Monoclinic Triclinic 

Space group Pbcn C2/c P-1 

a (Å) 27.205 (16) 19.094(2) 8.09925(14) 

b (Å) 12.118 (7) 12.486 (1) 10.7781(2) 

c, (Å) 7.937 (5) 7.8003(6) 12.8747(3) 

α (°) 90 90 114.6079(19) 

β (°) 90 102.329(1) 92.4118(16) 

γ (°) 90 90 92.7737(15) 

V (Å3) 2617(3) 1816.7(3) 1018.22(4) 

Z 4 4 1 

T (K) 100(2) 100(2) 100(2) 

ρcalcd (mg/m3) 2.475 3.008  2.775 

µ (mm-1) 12.063 17.342 15.476 

F(000) 1808 1488 776 



61 

 

Reflections 

collected 

19771 10607 

12099 

Independent 

reflections 

2317 1918  

4155 

Rint 0.1778 0.0260 0.0334 

    

aR1 [I > 2σ(I)] 0.0508 0.0386 0.0235 

bwR2 [I > 2σ(I)] 0.1152 0.0966 0.0507 

a R1 = Σ||Fo| − |Fc||/Σ|Fo|. 
b wR2 = {Σ[w(Fo 

2 –wFc 
2)2/Σ[w(Fo 

2)2]}1/2 

 

The heterobimetallic gold-copper complex 1 crystallizes in an orthorhombic crystal system 

with the space group Pbcn wherein the molecule occupies a special position in the crystal structure 

(Fig. 2.1). The two gold atoms N,N-bridged by the pyrazolate ligand with the copper bound to the 

N3 and N3A of the two imidazolates exhibit a metal framework showing an isosceles triangular 

geometry, where the base is the Au1-Au1A bond at a distance of 3.303 Å and the sides are at two 

3.432 Å bond distances for Au1-Cu1 and Au1A-Cu1. The Cu-N bond length is 1.860 Å while the 

Au-N and Au-C distances are 2.079 and 2.007 Å, respectively. The C-Au-N angle is 177.6° while 

the angle in the copper side, N3-Cu1-N3A, is 175.7°. Both angles, therefore, deviate slightly from 

linearity.  
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Fig. 2.1: ORTEP plot for a) crystal structure for one molecule of complex 1, b) dimer-of-trimer 

formation found in the stacking of 1, and c) fragment of crystal packing of 1 along the b axis.  

The angles around gold are larger than those reported for the C-Au environments of the 

starting homonuclear trinuclear Au3 compound, [Au(μ-C2,N3-BzIm)]3,
 in which C-Au-N bond 

angles of 176.1, 175.5 and 174.33 were found.34 Also the angle around copper undergoes slight 

narrowing if compared to the starting Cu3 compound, [Cu-N,N-(CF3)2Pz]3, in which N-Cu-N 

angles of 178.39° and 178.58° were found.35 However, we caution that this comparison does not 

take into consideration the fact that, during the reaction, a ligand exchange takes place such that 

the nitrogen atoms coordinated to the Cu1 center are the N3 atoms of two imidazolate ligands vis-
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à-vis the N1 and N2 atoms of two pyrazolate ligands. In the crystal packing of the system, there are 

intermolecular Au…Cu contacts with a distance of 3.317 Å that links cyclotrimer molecules along 

the c axis, dimer-of-trimer as shown in Fig. 2.1 (b) and forming extended stacks as shown in Fig. 

2.1(c).  

In the next-neighbor dimer-of-trimer units of compound 1, the Cu2Au4 metal framework 

adopts a chair-like configuration with two equal intertrimer Cu···Au separations of 3.317 Å each 

as shown in Fig. 2.1 (c). Remarkably, these intertrimer separations are significantly shorter than 

the intratrimer Cu···Au distances of 3.432 Å, suggesting that the Cu2Au4 entities are integrated 

hexanuclear units, as opposed to two weakly-interacting trinuclear units. Indeed, the strong 

intertrimer Cu···Au separation being manifest in an infinite-chain supramolecular structure 

suggests the cooperativity of this heteroatomic metallophilic bonding such that the solid material 

may potentially possess an electronic structure commensurate of semiconductors as opposed to 

molecules, a premise discussed further in the photophysics section below. The configuration of 

hexanuclear units in 1 is not atypical for non-covalently-bonded Au6 dimer-of-trimer metallophilic 

structures; e.g., it is similar to that of [Au-C,N-(ethoxy)(p-tolyl)carbeniate]3 or [Au(μ-3,5-

(CF3)2Pz)]3.
36 The columnar stacking of compound 1 undergoes a torsion to form a helix with a 

pitch angle of 117.6° (torsion angle through the atoms: Au-Cu-Au-Au).
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Table 2.2: Selected Bond Lengths (Å), Intramolecular Contacts (Å) and Angles (°) for 1, 3a, and 

4a. 

Complex 1 

Au(1)-N(1) 2.079(11) 

Au(1)-C(4) 2.007(14) 

Au(1)···Au(1A)#1a 3.303(2) 

Cu(1)-N(3) 1.860(12) 

Cu(1)···Au(1) 3.432(2) 

Cu(1)···Au(1A)#1a 3.432(2) 

N(1)-Au(1)-C(4) 177.6(5) 

Au(1)-C(4)-N(2) 126(1) 

Au(1)-C(4)-N(3) 123(1) 

N(3)-Cu(1)-N(3A)#1a 175.7(7) 

Cu(1)-N(3)-C(4) 123(1) 

Cu(1)-N(3)-C(6) 131(1) 

  

Complex 3a 

Au(1)-C(4) 2.021(15) 

Au(1)-N(1) 2.077(7) 

Au(1)···Au(1A)#2a 3.253(7) 

Au(1)···Cu(2) 3.510(7) 

Cu(2)-N(2) 1.781(14) 



65 

 

C(4)-Au(1)-N(1) 175.4(4) 

N(2A)#2a-Cu(2)-N(2) 168(1) 

Cu(1)···Au(2) 3.501(7) 

Cu(1)···Cu(1A)#2a 3.425(7) 

Cu(1)-N(2') 1.91(3) 

Cu(1)-N(1) 1.88(2) 

Au(2)-C(4') 2.24(3) 

C(4'A)-Au(2)-C(4')#2a 172(2) 

N(2')-Cu(1)-N(1) 171(1) 

  

Complex 4a 

Au(1)-Cu(1)‡ 2.8750(8) 

Au(1)···Au(2)‡ 3.4883(8) 

Au(1)···Au(2)* 3.4220(3) 

Au(1)···Cu(1)* 3.3745(7) 

Au(1)···Cu(2)* 3.3081(7) 

Au(1)-C(13) 1.983(6) 

Au(1)-N(1) 2.051(5) 

Au(2)-C(3) 1.973(6) 

Au(2)-N(3) 2.056(5) 

Cu(1)-N(4) 1.889(5) 

Cu(1)-N(5) 1.866(5) 

N(5)-Cu(1)-N(4) 167.5(2) 
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C(13)-Au(1)-N(1) 173.4(2) 

C(3)-Au(2)-N(3) 176.4(2) 

C(8)-N(4)-Cu(1) 131.2(4) 

C(11)-N(5)-Cu(1) 130.6(4) 

C(13)-N(5)-Cu(1) 121.0(4) 

C(3)-N(1)-Au(1) 117.3(4) 

C(1)-N(1)-Au(1) 133.8(4) 

N(5)-C(13)-Au(1) 122.1(4) 

N(6)-C(13)-Au(1) 130.9(4) 

C(6)-N(3)-Au(2) 133.6(4) 

aSymmetry transformations to generate equivalent atoms: #1 -x+1, y,-z+3/2; #2: -x + 1, y, -z +1/2. 

‡Intermolecular separation. *Intramolecular separation. 

The heterobimetallic gold-copper compound 3a crystallizes in the monoclinic crystal 

system with the space group C2/c and occupies a special position in the crystal as shown in Fig. 

2.2 (a). The Au and Cu metal centers as well as both N-methylimidazolate heterocycles are found 

disordered between all coordination sites sharing their positions (with stoichiometry between soft 

metals crystallographically determined as 2Au:1Cu in the best structural refinement made 

according to the elemental analysis). There are four intermolecular Au∙∙∙Cu contacts for each 

molecule, with two interactions above and two below the molecules; this allows an extended chain 

formation in a staircase chair-like configuration as in Figs.  2.2 (b) and (c). In the crystal packing, 

the molecules form stacks along the c axis. 
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Fig. 2.2: ORTEP plot for a) Crystal structure for one molecule of complex 3a, b) dimer-of-trimer 

formation found in the stacking of 3a, and c) crystal packing of complex 3a along the c axis.  

In compound 3a, the Au1-C4 bond length is 2.021 Å while the Au1-N1 bond length is 

2.077 Å. These distances are slightly shorter than those found in compound 1, whereas the Cu-N 

bond lengths range between 1.78 Å and 1.91 Å, rendering them in the longer extreme range vs 

those obtained in compound 1. According to the disorder found in the packing of 3a, the angles 

around copper centers range among values of 167.8° for N2-Cu2-N2A to 170.6° in N1-Cu1-N2A, 

whereas the C4-Au1-N1 angle is 175.4°, which is in the range of those observed in compound 1 

and in the starting Au3 cyclotrimer.  
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The repeating trimer units in the packing of 3a can be described as two Au2Cu triangular 

frameworks sandwiching another Au2Cu arrangement in a disordered fashion. In this arrangement, 

the copper atom in the sandwiched unit can be located in two vertices of the triangle with a 50% 

probability. The consequent intertrimer M…M non-covalent metallophilic interactions in adjacent 

dimer-of-trimer units entail two Cu…Au separations of are 3.235 Å (Au1…Cu2A) and 3.055 Å 

(Au2···Cu1B) considering one disorder position, whereas the other position leads to Cu…Cu and 

Au…Au intertrimer separations of 3.064 Å and 3.198 Å, respectively.  Notwithstanding the 

disorder, the discussion above regarding the cooperativity of supramolecular metallophilic 

interactions in 1 is also valid for 3a crystals. The torsion angle corresponding to the first disorder 

position is 119.0° and for the second is 117.9°. Overall, the two structures herein underscore the 

significance of heterobimetallic Cu(I)…Au(I) interactions akin to that of Ag(I)…Au(I) interactions, 

and that these interactions are manifest remarkably strongly in extended-chain supramolecular 

structures, not merely intramolecularly, in the two compounds investigated herein. Further 

computational and experimental electronic structure studies are worthwhile to investigate the 

relative strength of such Cu(I)…Au(I) interactions vs Ag(I)…Au(I) and the corresponding 

homometallic interactions, as well as to understand the relative contribution of electrostatic forces 

that strengthen the former interactions, on the one hand, vs correlation and relativistic effects that 

weaken them vis-à-vis the more prevalent and well-studied Au(I)…Au(I) interactions among d10 

species, on the other hand. 
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2.3.3 Covalent d10- d10 Metal-Metal Bonding 

The specific situation for 4a merits a multi-faceted discussion of structural, spectral, and 

computational data analyses to scrutinize its possible 3d10-5d10 polar-covalent metal-metal bonds. 

 

Fig. 2.3: ORTEP plot for a) crystal structure for half the molecule, representing each monomer-

of-trimer unit, of complex 4a, b) crystal structure for one full molecule of complex 4a, c) a 

fragment of the crystal packing along the a-axis, and d) extended crystal packing of 4a molecules 

along the a-axis. 
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2.3.3.1 Crystallographic Considerations 

The principal piece of evidence to validate such a bond is the presence of two quanta of a 

ligand-unassisted short distance of 2.875 Å between the two crystallographically-equivalent Cu(1) 

atoms with their next-neighbor two crystallographically-congruent Au(1) atoms in the adjacent 

cyclotrimer, as shown in the crystal structure of complex 4a in Fig. 2.3 (b) and (d) in lieu of the 

shortest such an intermolecular distance ever reported between any two d10 centers so as to deem 

it a “metal-metal bond” vis-à-vis “metallophilic interaction”. The affinity of copper to gold is 

manifest by a rather significant under-deviation from linearity in the N(4)-Cu(1)-N(5) angles of 

167 in the two adjacent cyclotrimers to effect attractive shortening of the two Cu(1)-Au(1) ligand-

unassisted covalent bonds (Fig. 2.3 (b) and Table 2.2). This is exactly opposite to the situation in 

Cotton’s work on M2(form)2 systems (M = Cu(I) or Ag(I); form = N,N’-di-p-formamidinate) 

whereby the N(1)-Cu-N(2) or N(1)-Ag-N(2) angles of 185.5 and 191.2, respectively, over-

deviated from linearity to effect repulsive elongation of Cu…Cu or Ag…Ag ligand-assisted non-

covalent bonds/interactions beyond what the bite size allows with linear bonds.1 The situation here, 

represents a greater affinity of copper to gold than it does gold to copper, given the smaller 

deviation from linearity in the C(13)-Au(1)-N(1) angle of 173 (which is an attractive under-

deviation nonetheless). By the same token, the pair of C(3)-Au(2)-N(3) angles of 176 each 

associated with the Au(2)…Au(2) interaction comprise the least deviation from linearity among the 

three metal centers in each 4a molecule. The attractive deviation from linearity can be used to 

substantiate the involvement of 3d-5d component of the Cu(I)-Au(I) (or d10-d10) bonding claimed 

herein for the Cu(1)-Au(1) ligand-unassisted polar-covalent bonds in 4a crystals – in addition to 

the 3d-5d component – in the same manner by which Cotton et al. have justified the opposite 

repulsive deviation to imply the lack of involvement of nd orbitals in M-M bonding in favor of 
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M-L -bonding in M2(form)2 species.(1) Additional theoretical insights for 3d-5d /3d-5d/3d-

5d bonding are addressed based on dispersive DFT computations (vide infra). To end this 

crystallographic argument, however, we draw attention to the recently-discovered quintuple M-M 

bond by Power and co-workers for trigonal Cr(I) d5 centers37 and the related less-than-quintuple 

M-M bonds in trigonal paddlewheels of non-d5 systems that nonetheless involve the use of all five 

d orbitals in M-M bonding, as commented upon and reviewed very recently by Murillo, on the 

heels of the 50th anniversary of the delta bond.38 The reduction of symmetry from tetragonal to 

trigonal (idealistically D4h to D3h) allows stronger d-d orbital mixing when the number of bridging 

ligands were reduced, liberating d(x2-y2) – indeed all d orbitals with x and y components – to render 

them available for M-M bonding instead of being used solely for M-L bonding.39 In a similar 

manner, the symmetry reduction from an idealized D∞h to C2v in the coordination sphere of 

specially the Cu1 atom in 4a crystals renders stronger mixing of 3d// orbitals with the 

corresponding 5d// orbitals of the Au1 atom in the next-neighbor molecule at the expense of 

mixing with the orbitals of the two pyrazolate ligands or the Au2 and Au1 atoms in the same 

molecule. Additionally, there is significant deviation from planarity of the Cu and Au atoms with 

respect to the centroid plain defined by the four N and two C atoms of the Im and Pz ligands in 

each monomer-of-trimer unit as displayed in Fig. 2.3 (a); this deviation also acts to facilitate the 

Cu(I)-Au(I) intertrimer interaction. To quantify the deviation from planarity experienced by the 

Cu1 atom, we define three independent centroids. Centroid 1 (c1) is calculated between atoms C3 

and N1 as this position was ortho to the copper atom in the trimetallic cluster. Centroid 2 (c2) 

corresponds to the plane defined by the atoms Au1, Au2, C3, C13, N1, N3, N4 and N5, which 

define the primary region of planarity within the cluster except for the Cu1 atom in question. The 

final centroid calculated (c3) is located between atoms N4 and N5 and is superimposed upon the 
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position occupied by Cu1 within the trimetallic cluster. The angle between the three centroids is 

178.123(10) while the angle between c1, c2, and Cu1 is 173.012(19)°. The nearly 5° deviation 

from approximate linearity, together with a rather significant 0.204 Å separation between c3 and 

Cu1, both offer further crystallographic support for the position of Cu1 to be clearly out of the 

primary plane of the cluster, hence making it available to bond with the Au1 atom of the adjacent 

cyclotrimer. The deviation from planarity and linearity no longer keeps Cu(I) and Au(I) as linear, 

2-coordinate centers but, indeed, closer to 3-coordinate trigonal-planar and T-shaped centers, 

respectively, while taking into consideration the bond with one another. This is akin to the metal 

geometries in bona fide covalent M-M bonds; for example, the Au(II)-Au(II) bond is part of the 

square-planar arrangement as in typical d9 systems.39   

The pertinent situation herein is somewhat akin to three other literature systems with 

varying degrees of similarity in M-M’ distances found in complex 4a. The first analogy – albeit 

less extensively – is with respect to the rather strong Pt(II)-Tl(III) polar-covalent bonding in 

Tl[(NC)5Pt-Tl(CN)n]
n- complexes discovered by Glaser and co-workers to attain exceptionally 

short distances of 2.60(1), 2.62(1), and 2.64(1) Å for n = 1-3, respectively.40 The electronegativity 

gradient and corresponding orbital mismatch between the Pt(II) and Tl(III) centers therein are 

greater than those for Cu(I) and Au(I) centers herein of complex 4a, leading to a much greater 

shortening of the M-M’ distances than those allowed by the summed van der Waals radii in the 

former situation 3.68 Å for Pt(II)-Tl(III) and 3.06 Å for Cu(I)-Au(I)).41 Clearly, however, the 

interaction is significantly “softer” and less electrostatic in nature in our situation given the smaller 

concentration of charge on two monovalent metals vs a divalent and trivalent metals. A closer 

similarity perhaps exists vs the Tl(I)-Pt(0) polar covalent bonding discovered by Catalano and co-

workers for [Pt(PPh2py)3Tl]X complexes, which led to Tl(1)-Pt(1) bond distances of 2.8888(5) 
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and 2.8653(4) Å with X = NO3
- and C2H3O2

-, respectively.42 Both the distances and 

“softness”/electrostatic compatibility between the M-M’ centers are rather similar for the Catalano 

system and 4a herein, despite the drastic difference in the coordination geometries of the 

corresponding M and M’ centers. At the other extreme, we finally draw attention to the similarity 

with AgAu(MTP)2 (MTP = diphenylmethylenethiophosphinate) described by Fackler and co-

workers as an Ag(I)…Au(I) heterobimetallic argento-aurophilic interaction (as opposed to polar-

covalent bonding) type, whereby the Ag atom exhibited attractive deviation from linearity of its 

S-Ag-S coordination so as to intramolecularly interact with the Au atom in the bridged-dimer 

molecule, leading to an Ag…Au distance of 2.9124(13) Å.43 This ligand-assisted Ag(I)…Au(I) 

intramolecular distance is longer than the ligand-unassisted Cu(I)-Au(I) intermolecular distance in 

4a and, likewise, the attractive deviation from linearity is less extensive for the M…M’ centers 

(171.71(13) for S1-Ag-S1A and 179.1(6) for C1-Au-C1A in AgAu(MTP)2 vs 167.5(2) for N5-

Cu1-N4 and 173.4(2) for C13-Au1-N1 in 4a). The analogous ligand-unassisted intermolecular 

argento-aurophilic interaction in AgAu(MTP)2 is much weaker at 3.635 Å (i.e., > 1 Å longer than 

the polar-covalent intertrimer bond distance of 2.875 Å in 4a). 

In terms of literature comparisons with relevant homometallic M…M metallophilic and/or 

M-M covalent bonding systems, we start with the two most direct precedents – cyclotrimeric 

Au(I)-imidazolate and Cu(I)-pyrazolate analogues of the systems herein. Although some of us and 

our scientific ancestors have been studying the same compound for decades,44 it took until 2010 

for the Rawashdeh-Omary group to publish the crystal structure of [Au(μ-C2,N3-BzIm)]3; it 

exhibited a semi-prismatic conformation with one long (3.558 Å) and two short (3.346 Å) 

intertrimer distances to manifest its strong aurophilic interactions.34 The copper precursor for 1-4 

has been studied by Dias, Omary, and co-workers and revealed rather long Cu(I)…Cu(I) 
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cuprophilic separations of 3.813 and 3.987 Å; other partially-fluorinated analogues likewise 

showed similar separations in loosely-connected extended chains, whereas alkylated analogues 

exhibited non-covalent dimer-of-trimer structures with much shorter separations of ca. 2.95-3.00 

Å while aryl-substituted congeners attain segregated trimers.35  Expanding beyond Au(I)-

imidazolate and Cu(I)-pyrazolate to include cyclotrimers with other bridging ligands, the strongest 

intertrimer metallophilic interactions are manifest by two Au(I)-carbeniate complexes: the 

hexagonal polymorph of [Au3(MeN=COMe)3] described originally by the Balch group in 1997,45a 

and a recent modification thereof, [Au3(MeN=COnBu)3], reported by Omary and co-workers,46 

which exhibited strongly-connected extended chains with three quanta of intertrimer aurophilic 

interactions of ca. 3.34 Å and 3.44 Å, respectively; the latter also exhibited reinforcing N=C…C=N 

electrostatic attractions to strengthen the intermolecular/supramolecular interactions. A 

significantly shorter Au…Au separation of ca. 3.22 Å was exhibited by  triclinic  of 

[Au3(MeN=COMe)3] that nonetheless represented weaker aurophilic interaction vs its hexagonal 

polymorph, given that the supramolecular structure of the triclinic polymorph exhibited two 

instead of three quanta of that short separation in dimer-of-trimer units that are more loosely-

separated from one another by a single quantum of a much longer Au…Au distance of ca. 3.53 

Å.45b Even with partial oxidation upon reaction with organic electron acceptors, some of the 

aforementioned cyclotrimers exhibited shortened Au…Au intertrimer distances that nevertheless 

remained > 3.15 Å,(22,23) which are still much longer than the two 2.875 Å  “intertrimer” 

separations (or CuI-AuI “bonds” within the hexanuclear cluster) in 4a herein. Likewise, the Cu(I) 

precursor for 1-4 herein, exhibit colossal shortening of Cu…Cu intertrimer and interplanar 

separations by ca. 0.56 Å and 0.65 Å, respectively, upon photo-excitation according to an elegant 

time-resolved diffraction study by Coppens and co-workers; nevertheless, the resulting separations 
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remained too long to be deemed a “metal-metal bond” as the shortest Cu…Cu intertrimer distance 

in the resulting excimer was 3.46(1) Å – given that the longer ground-state distance that was > 4.0 

Å was the one to shrink.47 Although de-population of a formally anti-bonding highest-occupied 

molecular orbital, HOMO, occurs in these redox/photoexcitation examples (concomitant with 

population of a formally bonding lowest-unoccupied molecular orbital, LUMO, in the latter 

example), the resulting M-M bonding enhancement is distributed among multiple quanta of 

adjacent metal atoms in the hexanuclear dimer-of-trimer cluster as opposed to classical metal-

metal bonding situations whereby the bonding exists in a single M-M bond. Bona fide single bonds 

in such “simple” systems exist upon full oxidation to Au(II) attain ligand-assisted separations of 

anywhere between 2.4752(9) Å, as described by Fackler and co-workers for [Au2(hpp)2Cl2] (hpp 

=1,3,4,6,7,8-hexahydro-pyrimido[1,2-a]pyrimidinate),44 and up to 2.977(10) Å in [Au2(i-

MNT)2]
2- species (i-MNT = 1,1-dicyanoethene-2,2-dithiolate), whereas more rare ligand-

unassisted versions with ca. 2.49-2.64 Å have been described and validated theoretically by 

Pyykkö and co-workers.48 The two quanta of 2.875 Å intertrimer Cu(I)-Au(I) separations in 4a 

herein are each within the range of the longest such Au(II)-Au(II) single bonds and other 

conventional, well-established systems (i.e., 2.96-2.99 Å known for Mo-Mo and W-W single 

bonds from their nd-2 electronic configuration).49 

2.3.3.2 Vibrational Spectral Considerations  

Fig. 2.4 shows the infrared spectrum of a neat solid powder of 4a in the far-IR region. The 

strong, broad main bands at ca. 470 and 270 cm-1 are easily assignable to vM-L (vCu-N; vAu-C; vAu-AN) 

and L-M-L/MLL (N-Cu-N; C-Au-N; Cu-N-C; Au-C-N; Cu-N-N; Au-N-C; etc.) vibrations, respectively, as 

this is the general spectral region for M-L bond vibrations;50-52 animation of our DFT simulations 

on 4a models substantiated both this assignment. We have scrutinized the bands at < 200 cm-1 to 
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evaluate whether they exhibit significant vCu-Au contribution based on the Harvey-Gray method of 

correlating the crystallographic M-M distance to the corresponding force constant,52 as well as 

based on DFT simulations (vide infra). The infrared spectrum of 4a shown in Fig. 2.4 entails 

multiple bands within 65-200 cm-1 that are potentially assignable to vCu-Au vibrations within the 

rectangular Cu1-Au1’…Au1-Cu1’ cluster (primes designate the adjacent trimer). The general 

pattern of such far-IR bands, comprising doublets each of which with a stronger and weaker 

component, is consistent with a group theory analysis for a D2h symmetry of such a tetranuclear 

metal cluster rectangle, which entails one IR-allowed (B2u) and one IR-forbidden (B1g) vCu-Au band; 

the “forbidden” B1g band gains intensity due to the symmetry reduction from D2h when one 

considers the rest of the hexanuclear dimer-of-trimer molecule besides the rectangular cluster. 

Utilizing the Harvey-Gray method,52 the crystallographic Cu1-Au1’ distance of 2.875 Å gives rise 

to a force constant of 0.8287 mdyn/Å or 82.87 N/m, which corresponds to a vCu-Au value of 171.0 

cm-1 – in very good agreement with the band at 173.6 cm-1 in the experimental spectrum of the 

neat solid of 4a in (Fig. 2.4) as well as the computational data shown in Fig. 2.6. This estimation 

corresponds to our modification of the Harvey-Gray method by utilizing the Woodruff formula for 

4d-4d vM-M homometallic vibrations – given the absence of such correlations for 3d-5d vM-M’ or 

any heterometallic vibrations – on the premise that the average or reduced mass is similar between 

the two types of bonds; obviously, we have used the accurate reduced mass for the Cu-Au bond. 

(Indeed, this reduced mass falls well-within the range of reduced masses of the diatomic species 

used in the 4d-4d vM-M homometallic correlation).52 We have also validated this correlation by 

applying it to the vAg-Ag homometallic vibrations in TlAg(CN)2, for which Patterson and co-

workers reported Raman bands in the ca. 85-130 cm-1 region with varying spectral resolution vs 

temperature, which they have assigned to vAg-Ag.
50 Applying the same Woodruff formula we used 
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here for TlAg(CN)2 attains vAg-Ag values of 99.60 cm-1 for a dimer and 122.0 cm-1 for a trimer of 

Ag atoms separated by 3.110 Å; these are in excellent agreement with the experimental Raman 

spectral bands at ca. 98.7 cm-1 (average position of the broad band for room and cryogenic 

temperature data) and 119.5 cm-1 (average of the higher-energy peaks in the resolved spectra at 

cryogenic temperatures), respectively.50,52 We have attempted to likewise investigate the effect of 

clustering on the calculated position of the vCu-Au band, by making the correlation to be between 

two Cu-Au reduced masses separated by the crystallographic intra-trimer separation of 3.3745 Å.  

 

Fig. 2.4: Infrared spectrum of a neat solid powder of 4a in the far-IR region. Most bands at < 200 

cm-1 have significant vCu-Au contribution based on animations and high reduced masses shown in 

the DFT simulations or based on the Gray-Harvey correlation method. 

Unfortunately, however, the pertinent Woodruff formula is not applicable at such long 

separations. On the one hand, clustering further decreases the reduced mass so as to increase vCu-

Au whereas the large separation between the two Cu-Au intertrimer bonds should decrease the vCu-
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Au frequency. We, therefore, settle to considering the problem associated with the 171.0 cm-1 

Woodruff formula prediction vs the corresponding 173.6 cm-1 closest experimental band for 4a to 

be a problem between two orthogonal Cu-Au intertrimer polar-covalent bonds separated by non-

covalent Cu…Au cupro-aurophilic intratrimer interactions. The broadness of the relevant 

experimental band in Fig. 2.4 (spanning the 150-212 cm-1 range) coupled with the “estimation” 

nature of the Harvey-Gray method, 50-52 the two aforementioned opposing factors for the clustering 

effect, temperature effects (given the IR spectrum is gathered at ambient temperature vs 100 K for 

the crystal structure) – all are factors that beg for theoretical strengthening of this assignment. 

2.3.3.3 Theoretical Considerations 

Dispersive DFT computations using Truhlar’s M06 “desert island” functional,30-31 which 

we have demonstrated its ability to describe both weak metallophilic d10-d10 interactions and 

chemisorption interactions in our previous collaborative work,53 is used to substantiate the polar-

covalent bonding in 4a.  
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Fig. 2.5: Dispersive DFT (M06/CEP-31G(d)) optimized structure of 4a.  

The computed structure shown in Fig. 2.5 is, overall, in good agreement with the 

experimental structural data shown in Fig. 2.3 and Table 2.2. This is so not only for the 

coordination sphere of the Cu(I) and Au(I) centers but also for the two pertinent Cu(I)-Au(I) 

intertrimer bonds, both quanta of which have been attained with an excellent qualitative and 

reasonable quantitative agreement with the crystal structure – within 0.02 Å from experiment 

(2.9039 Å vs 2.8750 Å). In addition to the bond distance, the large deviation from planarity in the 

N-Cu-N bond angle was also reproduced reasonably well (within 3.5, 171.0 vs 167.5) and 

likewise for the N-Au-C bonds that are engaged in the Cu-Au bond (within 0.6, 172.8 vs 173.4), 

which is significantly greater than the deviation from planarity for the other N-Au-C bonds that 

are not engaged in the Cu-Au bond (within 0.2, 176.7 vs 176.4) – again in good overall 

agreement with experiment – at least qualitatively – given the density-functional level of theory 
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employed; a higher-level ab initio method, such as MP2 or CCSD(T), will likely attain a closer 

agreement to experiment in such structural parameters but at the expense of a much higher 

computation cost for such a large hexanuclear dimer-trimer model with a very large number of 

atoms (90), valence electrons explicitly treated (408), and basis functions (1020). 

 

Fig. 2.6: Potential energy surface plot upon varying only the vertical intertrimer separation in the 

optimized structure of a full {[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-(CF3)2Pz)]}2 hexanuclear dimer-of-

trimer model of 4a. Bonding and spectroscopic constants are given with main vs (parenthesized) 

e and exe values given based on the reduced masses of CuAu atoms vs (entire molecule). Also 

shown are the Kohn-Sham contours of the nine Cu-Au strongly-bonding molecular orbitals in the 

full 4a molecule (isodensity = 0.01 for the zoomed-out H-21 and 0.02 for all others). Orbital 
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notation is given to describe the relative energy (e.g., H-35 = the occupied molecular orbital that 

lies 35th below the HOMO). See below for a more comprehensive illustration of molecular orbitals. 

The M06/CEP-31G(d)32 density-functional computations quite conservatively given the 

aforementioned merely qualitative agreement with the structural bonding parameters, estimate the 

Cu(I)-Au(I) bond energy in 4a as ca. 30-35 kcal/mol. We have derived this binding energy by two 

methodologies: (a) full optimization of the hexanuclear dimer-of-trimer model to attain the 

structure in Fig. 2.5 then subtracting from its total energy the summed energies of two units of an 

independently-fully-optimized monomer-of-trimer molecule; and (b) potential energy surface 

(PES) scan calculations whereby the vertical separation is varied between the two monomer-of-

trimer half-molecular units that comprise the hexanuclear dimer-of-trimer optimized structure. 

Method (a) gives rise to -31.5 kcal/mol, whereas method (b) attains -34.8 kcal/mol or De = 12,178 

cm-1 (Fig. 2.6). Further analysis of the PES, by fitting it to a Morse function, attains a stretching 

frequency for this vertical motion, presumed as inter-trimer symmetric vCu-Au, of 179 cm-1, hence 

validating the estimation based on the modified Harvey-Gray correlation method in the preceding 

section. Indeed, the under-description of the Cu(I)-Au(I) polar-covalent bonding in 4a surmised 

from the crystallographic arguments in the previous paragraph leads us to speculate that the 

computed De and vCu-Au values from the PES analysis in Fig. 2.6 is a lower limit. Hence, if we 

were to assign the experimental vCu-Au value as the stronger 198.6 cm-1 peak (IR-allowed B2u) 

instead of the weaker 173.6 cm-1 shoulder (IR-forbidden B1g) in Fig. 2.5 – although the weaker 

shoulder was in a better agreement with the DFT and Harvey-Gray values – then we would 

estimate the experimental De as ca. 15,000 cm-1 or 43 kcal/mol, given the quadratic relationship 

between the stretching frequency and De. The longer DFT-computed Re vs experiment and the 

aforementioned limitations of DFT methods are also consistent with this assignment of higher vCu-
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Au and De values. With or without this “adjustment”, such values of 12,000-15,000 cm-1 or 34-43 

kcal/mol are commensurate with the bond energies of bona fide single M-M covalent bonds such 

as those in Cotton’s classical d1-d1 or d9-d9 ground-state species,49 more recent manifestations of 

the latter such as the (halo)pyridyl Au(II)-Au(II) dimers, for which Pyykkö calculated De values 

of 15,000-17,000 cm-1 via GGA/TZ2P (SR-ZORA) ADF calculations,48 and excimeric group 12 

ligand-free neutral metallic dimers, for which Wilson and co-workers calculated De values of ca. 

8,000-10,000 cm-1 via CCSD(T)/complete basis set limit ab initio calculations of their 

phosphorescent 3∑+ state.32b,54 The aforementioned calculated vCu-Au of ~179 cm-1 is found to be 

insensitive as to whether one considers three alternative approaches: (a) The one employed in Fig. 

2.6 whereby the Morse potential is assembled for the symmetric vertical inter-trimer vibration of 

the two monomer-of-trimer units in the hexanuclear dimer-of-trimer 4a but using an “effective 

reduced mass” corresponding to only the Cu and Au atoms (akin to the insensitivity of vC=C in a 

diene such as cyclobutadiene or 1,5-cyclooctadiene vs ethylene; considering the reduced mass of 

the two cyclotrimer molecules gives rise to ~61 cm-1, which also accounts for the experimental 

peak at ~ 65 cm-1 in Fig. 2.4). (b) Another set of scan calculations whereby we varied only the out-

of-plane Cu-Au distance in the proximity of the optimized geometry by displacing both Cu and 

Au atoms of each intermolecular bond equally; this attains a pure vCu-Au of 182 cm-1 via Dunham 

analysis,55 very similar to the value from approach (a) and, indeed, identical – within 0.1 cm-1 – to 

the value obtained by subjecting selected Fig. 2.6 data near the potential minimum to the same 

Dunham analysis for approach (a) instead of fitting the entire dataset to a Morse potential – see 

Table 2.3 for additional details. (c) A third set of scan calculations whereby we varied only the 

out-of-plane Cu-Au distance in the proximity of the optimized geometry by displacing only the Cu 

atom of each intermolecular bond to approach a stagnant Au atom in the next molecule; this attains 



83 

 

an asymmetric vCu-Au of 173 cm-1 via Dunham analysis, again very similar to the frequency from 

both approaches (a) and (b). 

Table 2.3: Morse Potential Fitting (MPF) and Dunham Analysis (DA) of Selected Vibrational 

Frequencies in the Full {[Au2Im’2CuPz’)]}2 Hexanuclear Dimer-of-Trimer (DOT) Model Upon 

Selected Vertical Vibrations in Its Two-Component Monomer-of-Trimer (MOT) Units.  

Vibration Method  (a.u.) Re (Å) e (cm-1) exe (cm-1) 

vCuAu(symm) in 

MOT  MOT  

MPF 48* 2.9039 179 0.658  

vMOTMOT (symm) MPF 425 2.9039  61.2 0.077  

vCuAu(symm) in 

MOT  MOT 

DA 48* 2.9036 182.3  3.14  

vMOTMOT (symm) DA 425 2.9036 61.3 0.35  

Pure 

vCuAu(symm) 

DA 48 2.9020 182.3  44.67 

Pure 

vCuAu(asymm) 

DA 48** 2.9019 172.7  31.8  

*: Effective reduced mass assumed to be that of the Cu and Au atoms within the symmetric 

intertrimer vibration of the two entire MOT units. See vibrations designated “Pure” for analogous 
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values from scan calculations whereby only the metal atoms were motioned in the intertrimer 

vibration while the rest of two MOT units remained stagnant. 

**: Effective reduced mass assumed to be that of the Cu and Au atoms within the asymmetric 

intertrimer vibration whereby only the two Cu atoms were motioned towards the two 

corresponding Au atoms, which remained stagnant. 

 

Scheme 2.2: Orbital mixing models that postulate Cu(I)…Au(I) polar-covalent metallophilic 

bonding formalism in an isolated [CuAu]2+ diatomic unit. Orbital energies are taken from DFT 

computations at the crystallographic geometry of 4a for the Cu(I)-Au(I) diatomic model. The 

asymmetric splitting of the  and  orbitals is attributed to the lowering of the * and * energy 
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levels due to interaction with the 4s and 4p vacant orbitals of Cu(I); however, these (and *) remain 

anti-bonding in nature so the lowering is interpreted as metallophilic stabilization without 

increasing the formal bond order from zero in this naked [CuAu]2+ heteronuclear diatomic model. 
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Scheme 2.3: Orbital mixing models that postulate Cu(I)-Au(I) polar-covalent bonding formalism 

of the Pz’Cu-AuIm’ interaction in: (a) [Pz’Cu-AuIm’]2 tetranuclear cluster, and (b) the full 

{[Au2Im’2CuPz’)]}2 hexanuclear dimer-of-trimer (DOT), comprising two [Au2Im’2CuPz’)] 

monomer-of-trimer (MOT) units, where Im’ = μ-C2,N3-EtIm and Pz’ = µ-3,5-(CF3)2Pz. Orbital 

energies are taken from DFT computations at the crystallographic geometry of 4a for the [Pz’Cu-

AuIm’]2 model and its CuPz’ and AuIm’ components but at the fully-optimized geometry of the 

MOT and full {[Au2Im’2CuPz’)]}2 hexanuclear DOT model. The strong orbital mixing of the d-

based filled atomic orbitals with the 6s and 6p vacant orbitals of Au(I) as well as 4s and 4p vacant 
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orbitals of Cu(I) in these ligand-containing models alter the nature of at least one formally anti-

bonding orbital from the formalism in Scheme 2.2 above to render it bonding instead, resulting in 

a total of at least 6 strongly-bonding orbitals – instead of 5 – in both models (designated in maroon 

colors for orbital energy levels and labeled orbital energy values; see highlighted orbitals in Fig. 

2.7 below). The full hexanuclear DOT model exhibits 3 additional bonding orbitals due to 

additionally-strengthened (n+1) outer-shell orbital mixing for MOT molecular orbitals with dxy, 

dx2-y2, and (to a lesser extent) dz2 -character of each trigonal planar molecule; this results in 3 

additional strongly-bonding orbitals for a total of 9 strongly-bonding orbitals in the hexanuclear 

DOT (designated in maroon colors for orbital energy levels and labeled orbital energy values; see 

highlighted orbitals in Fig. 2.9 below as well as Fig. 2.4 insets above). 

Additional theoretical considerations must be accounted for besides the computational 

validation of the short Re and high vCu-Au and De values in order to ascertain the polar-covalency 

of the Cu-Au bonds in the crystal structure of 4a. While the covalency of a d10-d10 “bond” is 

certainly counterintuitive, the discrepancy in electronegativity between not only the Au+ and Cu+ 

atomic ions but also the heavily-fluorinated 3,5-(CF3)2Pz- and alkylated EtIm- ligands bonded to 

them, respectively, greatly alters the otherwise perfectly-matched energies of nd and (n+1)s 

orbitals between two identical metal atoms. Schemes 2.2 and 2.3 show that this leads to important 

distinctions between polar vs non-polar covalent M-M bonds. Two manifestations of this 

distinction are exhibited even by the simple Cu(I)-Au(I) ligand-free or “naked” model, namely: 

(a) the (n+1)s/p orbital mixing is more likely to occur as one between the 6s/p orbitals of Au(I) on 

the one hand with the 3d orbitals of Cu(I) instead of 4s/p (Cu)/5d(Au) orbital mixing; and (b) the 

 bond, which is generally accepted to be the “weakest link” in Cotton’s M-M bonding scheme, 

so much so  orbitals are often described as non-bonding molecular orbitals,49 is greatly 
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strengthened such that the * orbital is no longer the first anti-bonding orbital and the -* orbital 

splitting (0.664 eV) is almost on par with the -* splitting (0.761 eV) – as illustrated in Scheme 

2.2. This situation is akin to that for (n)p bonding orbitals becoming lower in energy than (n)p 

bonding orbitals in the bonding scheme of heteronuclear vs homonuclear diatomics of main-group 

elements due to greater (n)p/(n)s orbital mixing in the former, as postulated in typical inorganic 

chemistry textbooks.56 Such influences of polar covalency are magnified in ligand-containing 

models of 4a, including the full {[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-(CF3)2Pz)]}2 hexanuclear dimer-

of-trimer model and the [Au2(μ-C2,N3-EtIm)2Cu2(µ-3,5-(CF3)2Pz)2] tetranuclear cluster model of 

inter-connected corner units; see Scheme 2.3. As a consequence, the anti-bonding dz2-dz2 * in 

Cotton’s M-M bonding scheme becomes a non-bonding orbital when one considers, as a second 

step, the interaction of this molecular orbital with the (n+1)s/pz atomic orbital of the second atom. 

As a result, the formal bond order becomes 1 instead of 0 in the resulting heterobimetallic 

molecule. Although we shall address the formal bond order in a follow-up theoretical investigation, 

the Kohn-Sham frontier molecular orbital contours of the two-aforementioned ligand-containing 

models of 4a clearly bear out this formalism. Fig. 2.7 show that, whilst all 6 Cu-Au bonding 

molecular orbitals demonstrate a rather unmistakable strongly-bonding character based on both 

the strong electron density in bonding regions and their rather low relative energy below the 

HOMO, the other occupied molecular orbitals with strong metal contributions include a significant 

number of either non-bonding (i.e., HOMO-1 and HOMO-16) or only weakly-anti-bonding (i.e., 

HOMO-9 and HOMO-15) orbitals of the [Au2(μ-C2,N3-EtIm)2Cu2(µ-3,5-(CF3)2Pz)2] tetranuclear 

cluster model. The same conclusion holds true for the full {[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-

(CF3)2Pz)]}2 hexanuclear dimer-of-trimer model, indeed to a greater extent, as manifest by the 

strongly-bonding nature of nine occupied molecular orbitals that exhibit such a clear Cu-Au 
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bonding character (Fig. 2.6 insets) vs only three exhibiting a clear Cu-Au anti-bonding character 

among frontier molecular orbitals that are occupied and exhibit strong metal contribution. The 

comprehensive illustration of molecular orbitals for both the full {[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-

(CF3)2Pz)]}2 hexanuclear dimer-of-trimer model are given in the Fig. 2.8 and 2.10  and the [Au2(μ-

C2,N3-EtIm)2Cu2(µ-3,5-(CF3)2Pz)2] tetranuclear cluster model are given in Fig. 2.7 and 2.9. The 

Cu-Au bonding formalism in the full hexanuclear dimer-of-trimer model of 4a involves initial 

metal-metal bonding within a monomer-of-trimer that leads to equally-occupied bonding and anti-

bonding orbitals with a formal 0 bond order, as a 1st step.  
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Fig. 2.7: Kohn-Sham contours of frontier molecular orbitals with significant electron density on metal atoms in a [Cu2Pz’2Au2Im’2] 

tetranuclear cluster model, where Im’ = μ-C2,N3-EtIm and Pz’ = µ-3,5-(CF3)2Pz. Orbital energies are taken from DFT computations at 

the crystallographic geometry of 4a. Orbital notation is given to describe both the relative energy (e.g., HOMO = highest occupied 

molecular orbital; HOMO-24 = the occupied molecular orbital that lies 24th below the HOMO) and absolute energy, given in atomic 

HOMOab -0.2518LUMOb -0.1228 HOMO-1ab -0.2600 HOMO-10b -0.2980 au HOMO-13ab (w) -0.3137 HOMO-14nb -0.3145

HOMO-15ab (w) -0.3147 HOMO-16ab (w) -0.3166 HOMO-17ab (w) -0.3137 HOMO-18b -0.3291 HOMO-19b -0.3326 HOMO-20ab -0.3403

HOMO-22b (w) -0.3568 HOMO-24b -0.3634HOMO-23b -0.3612 HOMO-25b -0.3635 HOMO-26b (w) -0.3681 HOMO-27nb -0.3690

HOMO-28nb -0.3706 HOMO-29nb -0.3709 HOMO-30nb -0.3758 HOMO-31b (w) -0.3797 HOMO-32nb -0.3833 HOMO-33nb -0.3848
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units next to orbital designations, as well as the Cu-Au bonding character (superscripts “b”, “nb”, “ab”, and “ab (w)”  indicate bonding, 

non-bonding, anti-bonding, and weakly- anti-bonding, respectively). The 6 occupied orbitals that exhibit a particularly strong Cu-Au 

bonding character are highlighted. The isodensity = 0.01 for all orbitals.
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Fig. 2.8: Kohn-Sham contours of frontier molecular orbitals with significant electron density on metal atoms in the full 

{[Au2Im’2CuPz’)]}2 hexanuclear dimer-of-trimer model, where Im’ = μ-C2,N3-EtIm and Pz’ = µ-3,5-(CF3)2Pz. Orbital energies are 

taken from DFT computations of the optimized geometry of 4a shown in Fig. 2.5. Orbital notation is given to describe both the relative 

energy (e.g., HOMO = highest occupied molecular orbital; HOMO-35 = the occupied molecular orbital that lies 35th below the HOMO) 

HOMO-13 ab -0.2851 HOMO-14nb -0.2867 HOMO-15ab (w) -0.2873 HOMO-16ab -0.2884 HOMO-17nb -0.2887 HOMO-18nb -0.2901

HOMOab -0.2193 HOMO-6ab -0.2495
HOMO-7b -0.2567 HOMO-10b (w) -0.2644

HOMO-12ab -0.2838HOMO-11ab -0.2819

HOMO-19b (w) -0.2901 HOMO-20nb -0.2941
HOMO-21 
-0.2942b

HOMO-24ab (w) -0.3010
HOMO-29b -0.3120

HOMOb-30 -0.3127 HOMO-31b -0.3149 HOMO-32b -0.3164 HOMO-33b -0.3173 HOMO-35b -0.3196 HOMO-39b -0.3266

HOMO-23nb -0.2998
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and absolute energy, given in atomic units next to orbital designations, as well as the Cu-Au bonding character (superscripts “b”, “nb”, 

“ab”, and “ab (w)”  indicate bonding, non-bonding, anti-bonding, and weakly- anti-bonding, respectively). The 9 occupied orbitals that 

exhibit a particularly strong intertrimer Cu-Au bonding character are highlighted. The isodensity = 0.01 for the zoomed out HOMO-21 

and 0.02 for all other orbitals.  

 

HOMO -0.2518LUMO -0.1228 HOMO-1 -0.2600 HOMO-2 -0.2654 HOMO-3-0.2657 HOMO-4 -0.2694

HOMO-5 -0.2706 HOMO-6 -0.2743 HOMO-7 -0.2748 HOMO-8 -0.2856 HOMO-9 -0.29115 HOMO-10 -0.2980

HOMO-12 -0.3104HOMO-11 -0.3060 HOMO-13 -0.3137 HOMO-14 -0.3145 HOMO-15 -0.3147 HOMO-16 -0.3166

HOMO-17 -0.3137 HOMO-18 -0.3291 HOMO-19 -0.3326 HOMO-20 -0.3403 HOMO-21 -0.3408 HOMO-22 -0.3568
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Fig. 2.9: Kohn-Sham contours of all occupied frontier molecular orbitals (from the HOMO down to HOMO-37) plus the lowest 

unoccupied molecular orbital (LUMO) in a [Cu2Pz’2Au2Im’2] tetranuclear cluster model, where Im’ = μ-C2,N3-EtIm and Pz’ = µ-3,5-

(CF3)2Pz. Orbital energies are taken from DFT computations at the crystallographic geometry of 4a. Orbital notation is given to describe 

both the relative energy (e.g., HOMO = highest occupied molecular orbital; HOMO-32 = the occupied molecular orbital that lies 32nd 

below the HOMO) and absolute energy, given in atomic units next to orbital designations. The isodensity = 0.01 for all orbitals. 

HOMO-24 -0.3634HOMO-23 -0.3612 HOMO-25 -0.3635 HOMO-26 -0.3681 HOMO-27 -0.3690 HOMO-28 -0.3706

HOMO-29 -0.3709 HOMO-30 -0.3758 HOMO-31 -0.3797 HOMO-32 -0.3833 HOMO-33 -0.3848 HOMO-34 -0.3887

HOMO-36 -0.40336HOMO-35 -0.3889 HOMO-37 -0.40338
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LUMO -0.0327 HOMO -0.2193 HOMO-1 -0.2208 HOMO-2 -0.2288 HOMO-3 -0.2309 HOMO-4 -0.2352

HOMO-5 -0.2417 HOMO-6 -0.2495 HOMO-7 -0.2567 HOMO-8 -0.2603 HOMO-9 -0.2624 HOMO-10 -0.2644

HOMO-12 -0.2838HOMO-11 -0.2819 HOMO-13 -0.2851 HOMO-14 -0.2867 HOMO-15 -0.2873 HOMO-16 -0.2884

HOMO-17 -0.2887 HOMO-18 -0.2901 HOMO-19 -0.2901 HOMO-20 -0.2941 HOMO-21 -0.2942 HOMO-22 -0.2981
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Fig. 2.10: Kohn-Sham contours of occupied all frontier molecular orbitals (from the HOMO down to HOMO-43) plus the lowest 

unoccupied molecular orbital (LUMO) in the full {[Au2Im’2CuPz’)]}2 hexanuclear dimer-of-trimer model, where Im’ = μ-C2,N3-EtIm 

and Pz’ = µ-3,5-(CF3)2Pz. Orbital energies are taken from DFT computations of the optimized geometry of 4a shown in Fig. 2.5. Orbital 

notation is given to describe the relative energy (e.g., H = highest occupied molecular orbital (HOMO); H-41 = the occupied molecular 

orbital that lies 41st below the HOMO) and absolute energy, given in atomic units next to orbital designations. The isodensity = 0.01 for 

all orbitals. 

HOMO-24 -0.3010HOMO-23 -0.2998 HOMO-25 -0.3025 HOMO-26 -0.3059 HOMO-27 -0.3070 HOMO-28 -0.3090

HOMO-29 -0.3120 HOMO-30 -0.3127 HOMO-31 -0.3149 HOMO-32 -0.3164 HOMO-33 -0.3173 HOMO-34 -0.3191

HOMO-36 -0.4387HOMO-35 -0.3196 HOMO-37 -0.3203 HOMO-38 -0.3233 HOMO-39 -0.3266 HOMO-40 -0.3355

HOMO-41 -0.3370 HOMO-42 -0.3370 HOMO-43 -0.3373
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Upon intertrimer Cu-Au bonding in the hexanuclear dimer-of-trimer as a 2nd step, however, 

one needs to consider two factors: (a) the interaction of the two “corner units” considered hitherto 

for the [Au2(μ-C2,N3-EtIm)2Cu2(µ-3,5-(CF3)2Pz)2] tetranuclear cluster model, which generates 6 

Cu-Au bonding orbitals (Fig. 2.7); and (b) given that crystal field theory considerations dictate 

stronger intratrimer interactions for dxy and dx2-y2 orbitals as well as, albeit to a lesser extent, dz2 

orbitals of the two Au(I) and one Cu(I) atoms in the trigonal-planar monomer-of-trimer model to 

initially form three  bonding orbitals and three * anti-bonding orbitals, the latter approach the 

(n+1) shell such that they become subject to more energy-favorable orbital mixing upon the 

intertrimer interactions in the hexanuclear dimer-of-trimer within the 2nd step, hence reversing 

their bonding characters to become bonding with respect to the intertrimer Cu-Au bonds pertinent 

herein for 4a. While this formalism justifies the presence of nine Cu-Au strongly-bonding 

molecular orbitals shown in (Fig. 2.6 insets; Figs. 2.8 and 2.10), additional rigorous theoretical 

scrutiny (bond order calculation schemes; breakdown of bonding forces via projections, 

corresponding orbitals, constrained variations, etc.) is warranted. 

2.3.4 Photophysical Studies 

Table 2.4 summarizes the photophysical data for homometallic and heterobimetallic 

complexes studied while Figs. 2.11-2.17 compile the detailed electronic spectra. The spectral 

profiles are relatively simple for 4a crystalline powder (Fig. 2.12), showing a single emission in 

the green region with a peak maximum at 510 nm for the broad, unstructured band, and a single 

excitation feature at 330 nm that is independent to temperature or excitation wavelength. These 

are assignable to T1→S0 phosphorescence emission and S0→T1 spin-forbidden excitation, 

respectively, whereas the rise in the blue edge of the excitation spectrum is the S0→S1 spin-allowed 
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absorption given the microsecond lifetimes (6-7 s) and the higher-energy solution absorption at 

max ≤ 300 nm (Table 2.4 and Fig. 2.11).  

Table 2.4: Summary of photophysical parameters for homometallic and heterobimetallic 

complexes in this study a 

Complex  (M-1cm-1) PL (%)  (s) 

[Au (μ-C2, N3-MeIm)]3 4 800 56.88±3.58 11.5 (298 K) 34.6 & 15.4 (77 K) 

Au (μ-C2, N3-BzIm)]3 7 880 N/A N/A 

[Cu(μ-3,5-(CF3)2Pz)]3 2 600 82.17± 0.16 N/A 

[Au2(μ-C2,N3-BzIm)2Cu(µ-

3,5-(CF3)2Pz)] (1) 

11 560 85.16±1.57 12.2 (298 K) 47.0 & 38.3 (77 K) 

[Au2(μ-C2,N3-MeIm)2Cu(µ-

3,5-(CF3)2Pz)] (3a) 

20 590 97.13± 0.80 12.3 (298 K) 10.8 & 11.2 (77 K) 

[Au(μ-C2,N3-MeIm)Cu2(µ-

3,5-(CF3)2Pz)2] (3b) 

2 850 17.51± 0.25 26.2 & 4.88 (298K) & 179.7 & 

95.7 (77 K) 

{Au(μ-C2,N3-BzIm)}3{Cu(µ-

3,5-(CF3)2Pz)}3 (2) 

N/A N/A 61.5 & 22.5 (77 K) 

[Au4(μ-C2,N3-EtIm)4Cu2(µ-

3,5-(CF3)2Pz)2]  (4a) 

17 260 90.31± 0.70 6.92 (298 K) & 6.57 (77 K) 

[Au(μ-C2,N3-EtIm)]3 3 950 N/A 11.8 (298 K) & 59.8 (77 K) 
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a: Notation:  = extinction coefficient at 268 nm for dilute (ca. 0.1 M) solutions. PL = 

photoluminescence quantum yield in the solid-state powder form.  = photoluminescence lifetime 

at the characteristic max. Some entries are designated with “N/A” for "Not Applicable" because 

the emission is too weak to measure its lifetime or quantum yield, or the extinction coefficient 

could not be measured in solution due to lack of solubility. 

 

Fig. 2.11: Absorption spectra of 10-5 M dichloromethane solution of starting materials and 

heterobimetallic complexes.  

This assignment gives rise to a genuine Stokes’ shift of 10,700 cm-1 suggesting a large 

excited state distortion of a dodecanuclear tetramer-of-trimer unit whereby the aurophilic 
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interactions undergo excimeric contraction of Au(I)…Au(I) distances from 3.488 Å to significantly 

shorter distances. If the excited state distortion were due to the contraction of the polar-covalent 

Cu(I)-Au(I) bond, instead, a much smaller Stokes’ shift than the > 1.3 eV value would be expected, 

as it is hard to envision such a bond shortening way beyond 2.875 Å as supported by an elegant 

work by Coppens and co-worker using time-resolved X-ray diffraction;47 such studies would be 

needed to ascertain or refute the speculation herein about the analogous excited state structure of 

solid 4a. 

 



101 

 

Fig. 2.12: Steady-state photoluminescence spectra for a crystalline powder sample of 4a (i and ii), 

3a (iii and iv), and 1 (v and vi) at 298 K (left) and 77 K (right).  

The photoluminescence spectra of complexes 3a and 1 show multiple 

temperature/excitation-dependent emission bands (Fig. 2.12). Also, the large intensity difference 

in excitation spectra (3a; ex ~ 350 nm and ex < 300 nm; e.g., ex = 280 nm and 1; ex ~ 325 nm 

and ex < 300 nm; e.g., ex = 280 nm) indicates the involvement of spin-forbidden (S0→T1) and 

spin-allowed (S0→S1) transitions.  The 298 K lower-energy emission of 3a (λmax = 510 nm, 

T1→S0) undergoes thermal broadening at 77K and an additional higher-energy band (λmax  = 400 

nm, T2→S0) appears. This T2 band disappears at room temperature via internal conversion process 

to T1 state, given the lifetime data in microseconds regime for both bands which are metal-centered 

excimeric in nature without a clear vibronic structure.35 Similarly, the emission spectra of complex 

1 at 298K (λmax = 540 nm, T2→S0) becomes dual emission bands at 77K (λmax = 680 nm, T1→S0; 

violet-emission, 400 nm, T3→S0) through either by modest compression of Au(I)∙∙∙Cu(I) 

intertrimer distances across the entire stack of chains leading to a higher-energy T3 band or by a 

strong compression of Au(I)∙∙∙Cu(I) intertrimer distances leading to lower-energy T1 band as 

described in our previous work.46 The benzyl groups in complex 1 provide a steric effect that could 

cause an increase in Cu∙∙∙Au intermolecular distances which explains the slight increase in the 

Stokes’ shift for the 540 nm green-emission band at 298 K for this complex when compared to the 

corresponding green-emission that appears at 510 nm in the methyl imidazolate analogue complex 

3a. 
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Fig. 2.13 Photoluminescence spectra for a solid powder sample of [Au(MeIm)Cu2((CF3)2Pz)2], 

3b, at 298 K (Left) and 77 K (right). Excitation and emission wavelengths used in the emission 

and excitation spectra, respectively, are labeled on each trace. 

                               

Fig. 2.14: Shows the steady state photoluminescence for a solid sample of 

{[Au(BzIm)]3[Cu((CF3)2Pz)]3} at 77 K. Excitation and emission wavelengths used in the emission 

and excitation spectra, respectively, are labeled on each trace. 



103 

 

The luminescence data for complexes 3b and 2, are shown in Table 2.4, Figs. 2.13 and 

2.14 respectively. The solid of both 3b and 2 have a low-energy excitation (3b; λmax = 330 nm and 

2; 325 nm). The emission profile of the complex 3b at 298 K shows a band with λmax = 575 nm 

which is red shifted to λmax = 600 nm at 77 K and complex 2 shows an emission band with λmax = 

575 nm at 77K. Both 3b and 2 exhibits long lifetimes (in µs) with significantly large Stokes’ shift 

suggesting excimeric excited states with contracted intertrimer M…M distances vs the 

corresponding ground state of either solid complex 3b or 2.  

 

Fig. 2.15: The comparison of normalized-emission spectra used for the absolute quantum yield. 

The inset shows the zoomed-out emission spectra within 300-850 nm for clarity purposes. 
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Fig. 2.15 shows absolute PL spectral data acquired by using an integrating sphere 

technique proposed by Kawamura et al.57 for solid samples of selected complexes and the standard 

reference material quinine sulfate (1N sulfuric acid/ethanol solution, PL of 55%).(45) The 

heterobimetallic complexes 1 (~85%), 3a (~97%), and 4a (~90%) exhibit extremely high quantum 

yields (Table 2.4) that is supported by the temperature-independent emission intensity (Fig. 2.16) 

and lifetimes of 4a and 3a.  

 

Fig.2.16: A comparison of the steady state photoluminescence data (excitation spectra, emission 

spectra, and lifetimes) at room temperature vs 77 K for a solid sample of 4a. Excitation and 

emission wavelengths used in the emission and excitation spectra, respectively, are labeled on each 

trace. Note the near indifference of emission intensity and lifetime to temperature, consistent with 

the high PL found for this complex at ambient temperature. 
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We believe that these higher quantum yields are bestowed by the lowered symmetry from 

D3h in the homometallic species to C2v in the heterobimetallic species by cuprophication of gold 

to lead to enhanced extinction coefficients in solution (Fig. 2.11) and sensitized PL in the solid 

state, respectively at both the molecular and supramolecular levels.58 

 

Fig. 2.17: Demonstration of the processability into OLED functional thin-film forms and the 

indifference of the photoluminescence spectra thereof vs powder forms for [Cu(μ-3,5-(CF3)2Pz)]3 

at 298K. 
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Fig. 2.18: Demonstration of the processability into OLED functional thin-film forms and the 

indifference of the photoluminescence spectra thereof vs powder and single crystal forms for 4a at 

298 K. 

Finally, we have subjected three representative high-quantum-yield complexes analyzed in 

this work to a screening study aimed to assess their possible use in optoelectronic devices such as 

organic light-emitting diodes (OLEDs). Both the heterobimetallic; 3a and 4a as well as 

homometallic [Cu(μ-3,5-(CF3)2Pz)]3 complexes have demonstrated their processability into OLED 

functional thin-film forms by thermal evaporation (vacuum sublimation) and/or solution drop-

casting with identical photoluminescence spectra to those for single crystal and/or microcrystalline 

powder forms of the same material, as illustrated in Figs. 2.19 (a), 2.17 and 2.18. Thin film and 

powder X-ray diffraction (XRD) analysis confirms that the polymorphic form in the single crystals 

is sustained, given the overall similarity in the XRD patterns for all three solid forms of each of 

these three high-PLQY materials, as shown in Figs. 2.19 (b), 2.20 and 2.21.  
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Fig. 2.19: (a) Demonstration of the processability into OLED functional thin-film form and the 

indifference of the photoluminescence spectra thereof vs powder and single-crystal forms for 3a 

and XRD patterns of heterobimetallic complex 3a and (b) XRD pattern of powder sample on glass 

substrate (top), simulated single-crystal powder XRD pattern using Mercury software (middle) and 

XRD pattern of thin-film prepared by drop-casting method on quartz substrate of dichloromethane 

solution (bottom).  

As illustrated in Fig. 2.19 (b) for 3a, the diffraction pattern from a single crystal (middle) 

shows a theoritical data set assuming randomly-oriented crystallites/particles, hence all possible 

peaks are present – representing different hkl faces. In the powder (top) or thin film (bottom) 

diffraction patterns, some peaks are enhanced or diminished due to preferred orientation. The 

crystallites are usually more oriented in their preferred direction when a thin film is deposited as 
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represented by the most enhanced peak at around 9.48° for 3a with hkl face of (2,0,0), whereby 

the broad peak (hump) at around 21° is from the amorphous glass substrate. These findings are 

encouraging for pursuing the use of the high-quantum-yield solid materials in this work into high 

efficiency phosphorescent Ir-free OLED device architectures as well as down-conversion 

phosphors for inorganic LEDs to replace rare earth-based phosphor materials.  

 

Fig. 2.20: The XRD patterns of homometallic [Cu(μ-3,5-(CF3)2Pz)]3.  XRD pattern of powder 

samples on glass substrate(Top), simulated single-crystal powder XRD pattern using Mercury 

software (middle) and XRD pattern of thin-film prepared by drop-casting method on quartz 

substrate of dichloromethane solution (Bottom).  

 The actual powder XRD pattern for homometallic [Cu(μ-3,5-(CF3)2Pz)]3 (Top), the peak 
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missing or diminished, demonstrating that the actual powder has preferred orientation of (2,2,2) at 

around 22.45 degrees. The simulated diffraction pattern of single-crystal data (middle) shows a 

theoretical data assuming randomly oriented crystallites/particles, thus shows all possible peaks 

with different faces of all the hkls. The thin film XRD pattern has been enhanced in orientation 

along the peak at around 9.43 degree (0,1,1). The crystallites usually get more oriented in their 

preferred direction in a thin film. The broad peak around 21 degrees is the amorphous hump from 

the quartz substrate. 

 

Fig. 2.21: XRD patterns of heterobimetallic complex 4a.  XRD pattern of powder samples on glass 

substrate (top), simulated single-crystal powder XRD pattern using Mercury software (middle) and 

XRD pattern of thin-film prepared by drop-casting method on quartz substrate of dichloromethane 

solution (bottom).  
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Similarly, in the actual powder XRD pattern of heterobimetallic complex 4a (top), the 

enhanced peak at around 8.83 degrees is demonstrating that the actual powder has preferred 

orientation along (0,1,1) while some of the peaks at higher angles are either missing or diminished. 

The simulated diffraction pattern of single-crystal data (middle) shows a theoretical data assuming 

randomly oriented crystallites/particles, thus shows all possible peaks with different faces of all 

the hkls. The thin film XRD pattern shows highly enhanced orientation along the peak at around 

8.83 degrees (0,1,1) because the crystallites usually get more oriented in their preferred direction 

in a thin film. The broad peak around 21 degrees is the amorphous hump of the quartz substrate. 

2.4 Conclusions  

In conclusion, synthesis method for the preparation of novel heterobimetallic Au4Cu2, 

Au2Cu, Cu2Au and stacking complexes is hereby documented and discussed for the first time. Data 

from crystallographic, far-IR, and dispersive DFT methods  reinforce the formation of a bona fide 

polar-covalent bond between Cu(I) and Au(I) atoms of the {[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-

(CF3)2Pz)]}2 hexanuclear dimer-of-trimer 4a, whereas the analogous [Au2(μ-C2,N3-BzIm)2Cu(µ-

3,5-(CF3)2Pz)] (1) and [Au2(μ-C2,N3-MeIm)2Cu(µ-3,5-(CF3)2Pz)] (3a) species are found to exhibit 

cupro-aurophilic as opposed to aurophilic or cuprophilic non-covalent metal…metal interactions. 

The reaction mechanism occurring is not completely understood but it likely proceeds via π-acid/π-

base interactions - a well-known chemistry for this type of complexes. The reduced symmetry in 

the Au2Cu compounds has been demonstrated to attain greater extinction coefficient in solution 

and higher solid-state photoluminescence quantum yield than those for the homometallic 

complexes, indeed approaching unity for 3a and 4a, which opens promising applications of such 

materials in OLEDs as light-emitting layers and/or inorganic LEDs as down-conversion 

phosphors.  
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CHAPTER III 

AUROPHILICITY, STRUCTURAL-PHOTOLUMINESCENCE AND VIOLET-TO-RED 

LUMINESCENCE THERMOCHROMISM IN GOLD (I)  

CYCLIC TRIMETALLIC COMPLEXES 

3.1 Introduction 

Cyclic trimetallic coinage metal(I) complexes have captivated the imagination of 

researchers in a variety of applications due to their solid-state photoluminescence, photo-induced 

energy, and electron transfer properties. The complexes containing gold(I) as the coordination 

center have received the most attention among others.1 This might be due to their rich 

photophysical properties with promising photonic applications, commonly associated with the 

presence of Au…Au “aurophilic interactions” that dominate the gold(I) solid-state chemistry.2-5 

Extensive synthetic, structural, theoretical and photophysical studies have been performed on a 

variety of gold(I) cyclic trimetallic complexes including pyrazolates, imidazolates, carbeniates, 

triazolates, and all of them consistently demonstrate the importance of aurophilic interactions in 

solid state for observations of their reactivity, luminescence properties, and potential electronic 

and sensor devices. Moreover, these classes of d10 coinage metal complexes have augmented the 

novel concept of chemical bonding such as metalloaromaticity, metallophilic and excimeric 

bonding, and π- acid/base interactions.6-7 One important property of the Au(I) complexes is that 

they are often intensely luminescent,8-11 making them attractive functional materials with respect 

to possible applications in luminescent lighting or display devices12 and sensors.13 For instance, 

Balch et al. have reported multiple distinct polymorphs of Au3(MeN=COMe)3 that display the 

effects of altering aurophilic interactions in cyclic trimetallic Au(I) complexes with each form 

signifying a distinct photoluminescence spectrum, depending on the aurophilic interactions present 
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in the solid-state crystal structure.14 The hexagonal polymorph of Au3(MeN=COMe)3 shows a 

unique solvoluminescence phenomenon (spontaneous emission upon prior near-UV irradiation 

followed by solvent contact) that has been attributed to energy storage in its unique columnar solid-

state crystallographic structure. The two other polymorphs, namely triclinic and monoclinic 

phases, do not display the same phenomenon, nor do other complexes in the same and other studies 

of the same Au(I)-carbeniate cyclotrimers upon alkyl/alkoxy group variations and corresponding 

supramolecular aurophilic structure alteration; this is so even when another prismatic stack was 

ultimately discovered by McDougald et al.15 in Au3(MeN=COBun)3 – substantiating the role of the 

disordered stack in Au3(MeN=COMe)3 for the energy storage in solvoluminescence. Other 

example includes luminescence thermochromism, luminescence solvatochromism, luminescence 

rigidochromism and concentration luminochromism that are displayed by cyclic trimetallic Cu(I) 

complexes.16-17 Another separate study reports a sulfur-capped cyclic trimetallic Au(I) complex 

that aggregates into a hexamer with a staggered geometry in the solid state and undergoes a 

reversible phase transition at 150 K between a low temperature monoclinic phase and a high 

temperature orthorhombic phase.18 At the transition to the monoclinic phase, the hexamer resolves 

into two crystallographically-independent sites as opposed to the one present at high temperature. 

The two hexamers have dramatically different intermolecular aurophilic interaction with 

Au(I)…Au(I) distances of approximately 3.72 Å and about 3.38 Å, if averaged, as opposed to 

approximately 3.56 Å in the high-temperature phase. This change in aurophilic interaction accords 

with changes in the emission spectra where the single band emission at 678 nm of the high 

temperature phase resolves into two different emission peaks at 490 nm and 680 nm that are 

associated with one of the two hexamers in the low temperature phase. 
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Therefore, the sensitivity of these complexes to external stimuli has already extended the 

discoveries of scientists towards solvoluminescence, luminescence rigidochromism, and 

luminescence vapochromism. However, temperature-dependent luminescence color change, a 

phenomenon described by Hardt19 as “luminescence thermochromism”, is much less-developed 

on these systems, compared to most notably reported tetranuclear Cu(I)-iodide/N-base “cubane” 

cluster systems.20 The luminescence thermochromic property of transition-metal complexes, is 

often associated with  the alteration in their phase or structures. Whereas Cu (I) cluster systems 

show dual emission with high-energy (HE) emission bands originating from cluster-centered 

transitions and low energy (LE) emission bands due to halide-to-ligand charge-transfer processes 

indicating the possibility of change in the origin of the photophysical process at the different 

temperature.20 

Intermolecular aurophilic interactions have shown to be highly sensitive to conditions such 

as temperature, with several examples of gold (I) trimers. Coppens and Omary et al. have 

investigated triazolate-based trimer which displays a shift in emission wavelength upon cooling 

from approximately 725 nm at 280 K (λex = 280 nm) to 755 nm at 90 K.21 Fackler, Burini and his 

co-workers have demonstrated luminescence thermochromism in several adducts of Ag+ and Tl+ 

with cyclic trimetallic Au(I) complexes.22 Recently, Raithby and co-workers have reported the 

aurophilic interaction-dependent luminescent thermochromism in cyclic trimetallic Au(I) 

pyrazolate complexes.23 In their systematic investigation of the solid-state luminescence and 

intermolecular Au(I)…Au(I) interactions in a series of pyrazolate-based cyclic trimetallic Au(I) 

complexes, they have demonstrated the red-shift of the emission spectra when increasing the 

pressure and  a good correlation between the high temperature and low pressure. The luminescent 

thermochromism in Au(I)-Cu(I) phosphine-pyridine complexes have  also been reported by 
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Catalano and his co-worker where they have concluded that low temperature emission is due to 

luminescent rigidochromic properties but a phase change is responsible for the high temperature 

emission.24 The photophysical and electronic properties of cyclic trimetallic Au(I) complexes can 

be sensitized by solid-state intermolecular interactions that are facilitated by aurophilic Au…Au 

interactions.25-27 These intermolecular interactions can also be controlled by varying the ligand 

substituents (R, R′). Altering the substituents, may hinder or improve intertrimer interactions, 

yielding structures of single molecule, dimers of trimers, loose extended chains and compact 

extended chain structures in the solid state. In the first part of this Chapter, our key focus will be 

to discuss synthetic methods and photophysical properties of cyclic trimetallic gold(I) carbeniates 

complexes as shown in Fig. 3.1. While the second part will explore the novelty of gold(I) ethyl 

imidazolate cyclic trimetallic complex (Fig. 3.1) towards solid-state intermolecular aurophilic 

interactions as well as luminescence thermochromism by describing the synthesis, 

characterization, temperature-dependent crystal structure, and photophysical properties. 

                       

Fig. 3.1: Cyclic trimetallic monovalent coinage transition metals complexes; [Au3(C
2,N3-R-  

imidazolate; RIm)3] (left), and [Au3(C(OR’)=NR; Cb)3] (right). R = -alkyl/-aryl, and R’ = -alkyl 

group. 
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Moreover, the results provided in this study insights the design of Au(I) cyclic trimetallic 

phosphors comprising of different visible emission colors with carbeniates and other related 

asymmetric N,C-exobidentate ligands. This study suggests that by varying the steric on ligand 

substituents (R, R’), alteration of the aurophilic interaction is possible when engineering functional 

coordination phosphors for the lighting and display devices.   

3.2 Experimental Methods  

3.2.1 Materials and Methods 

3.2.1.1 General Information 

Unless otherwise noted, all the air-sensitive synthesis steps were performed under Argon 

atmosphere using Standard Schlenk technique. Glassware was oven-dried at 150 °C overnight, 

prior to use and solvents were dried before use. Tetrahydrofuran (THF) was dried over and stored 

on sodium with benzophenone under vacuum. Dichloromethane (DCM) was washed with 

concentrated sulfuric acid, deionized water, and saturated sodium bicarbonate, then pre-dried over 

anhydrous calcium chloride, refluxed and distilled from phosphorus pentoxide under nitrogen, and 

stored over phosphorus pentoxide under vacuum. Methanol was distilled by conventional drying 

agents and degassed with argon. All other reagents were used directly from the vendors. The 

reported chemical shifts in NMR spectra were referenced to residual solvent peaks.28 (CDCl3, 

1HNMR: 7.26 ppm, 13CNMR: 77.18 ppm). (THT)AuCl29, Au(PPh3)Cl,30 and methyl isocyanide31 

were synthesized according to previously reported literature procedures. Elemental analyses were 

performed by Intertek Pharmaceutical Services, Whitehouse, New Jersey. The phenylethyl 

isocyanide, benzyl and cyclopentyl isocyanides were purchased from Acros Organics. The N-

ethylimidazole was purchased from TCI America. p-methoxybiphenyl isocyanide was provided 

by Slaughter group at UNT. 
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3.2.1.2 Physical Measurements 

1H and 13C nuclear magnetic resonance (NMR) spectra for deuterated chloroform (CDCl3) 

solutions of complexes at ambient temperature, were recorded with a Varian-NMR spectrometer 

operating at 500 MHz. The samples (15-20mg) were dissolved in CDCl3 (~0.75mL) and placed in 

a standard NMR tube. The chemical shifts for the 1H and 13C NMR spectra are reported relative to 

tetramethylsilane in CDCl3. Both Far- and Mid- infrared (IR) spectra were collected on a Thermo 

Scientific Nicolet-6700 Fourier Transform-Infrared (FT-IR) spectroscopic with a smart orbit 

diamond attenuated total reflectance (ATR) accessory by firmly pressing the neat sample on to the 

diamond plate of the ATR accessory. An Electrothermal Mel-Temp melting point apparatus was 

used to determine the melting point of each complexes.  

The photoluminescence spectra were collected for single crystals and microcrystalline 

materials that have been examined for purity and verified to represent the photoluminescence of 

the single crystal. Steady-state photoluminescence spectra were collected with a PTI Quanta 

Master Model QM-4 scanning spectrofluorometer equipped with  75-watt xenon lamps (flash and 

arc), emission and excitation monochromators, excitation corrections unit, and PMT detectors 

(Steady-state and Lifetimes). The emission spectra were corrected for the detector wavelength-

dependent response. Temperature-dependent studies were attained with an Oxford optical cryostat 

using either liquid nitrogen (77 K) or liquid helium (4 K) as the cryogen. Lifetime data was 

collected with a xenon flash lamp or a tunable dye N2-laser interfaced with 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 solution of the organic continuum laser dyes in order to attain the excitations 

needed to generate the lifetimes and time-resolved data. 
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3.2.1.3 X-ray Crystallographic Determination 

Crystal structure determination for all complexes were carried out using a Bruker SMART 

APEX2 CCD-based X-ray diffractometer equipped with a low temperature device and Mo-target 

X-ray tube (wavelength = 0.71073 Å). The crystals were mounted with epoxy resin in glass fiber. 

Data was collected using SMART and was corrected for decay and polarization effects. 

Measurements were taken at 100(2) K and 298 K. Data collection, indexing, and initial cell 

refinements were carried out using APEX232frame integration and final cell refinements were done 

using SAINT. 33 A multiple absorption correction was applied using the program SADABS.34 All 

non-hydrogen atoms were refined anisotropically. The hydrogen atoms in the complexes were 

placed in idealized positions and were refined as riding atoms. Structure solution, refinement, 

graphic and generation of publication materials were performed by using SHELXTL software. 35 

3.2.2 Syntheses 

The carbeniate Au3Cb3; {Au[µ-C(OR’)=N(R)]}3 complexes (where, R = p-OMeBiphen; p-

methoxybiphenyl, Phet; phenylethyl, cPen; cyclopentyl and Me; methyl, Bz; benzyl: R’ = Me; 

methyl, cPen and cyclopentyl) namely {Au[µ-C(OMe)=N(p-OMeBiphen)]}3; 1a, {Au[µ-

C(OMe)=N(Phet)]}3, 1b , {Au[µ-C(O cPen)=N(cPen)]}3, 1c , {Au[µ-C(O cPen)=N(Me)]}3, 1d and 

{Au[µ-C(OMe)=N(Bz)]}3, 1e  complexes were synthesized by following the modified procedures 

reported previously by Parks et al. for the [Au(CO(Me))=(NMe)]3 cyclic trimetallic gold 

complex36 whereas the {[Au(μ-C2,N3-(N-R)Im)]3 (where, (N-R)Im = imidazolate; R = Et; ethyl)} 

complex namely {[Au(μ-C2,N3-(N-EtIm)]3; 2  was prepared from the modified procedures reported 

by Bonati et al. for the [Au(MeIm)]3 complex.37 
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Synthesis of {Au[µ-C(OMe)=N(p-OMeBiphen)]}3, 1a 

35 mg (0.62 mmol) of potassium hydroxide and 130 mg (0.62 mmol) of p-

methoxybiphenyl isocyanide were dissolved in 15 mL of dry methanol and stirred for 30 minutes 

at 0 °C, in an ice bath. After half an hour, 200 mg (0.62 mmol) of Au(THT)Cl is added to the 

stirring solution containing ligands. The solid starting material, Au(THT)Cl dissolves immediately 

and a white precipitate forms. The resulted suspension is continuously stirred for an hour at 0 °C. 

The solvent is then evaporated under reduced pressure. The remaining solid is dissolved in DCM 

and filtered through a bed of celite, in order to remove any decomposed material and salt by-

products. The solvent is then evaporated under reduced pressure and a crude white material 

obtained. This crude material was recrystallized by dissolving the complex in a minimum amount 

of DCM, followed by the addition of excess acetonitrile and filtration of the precipitated white 

solid. The final white solid product was dried under vacuum overnight. {Au[µ-C(OMe)=N(p-

OMeBiphen)]}3: M.p. 164 °C (decomposition), yield 70%, IR spectrum: ν(C=N) 1508 cm-1, 1H 

NMR (δ in CDCl3): 4.006 ppm, 3.800 ppm, 7.010-8.891 ppm. 13C NMR (δ in CDCl3): 203.551 

ppm, 174.090 ppm, 159.231 ppm, 154.332 ppm, 149.215 ppm, 138.210 ppm, 59.240 ppm, 47.021 

ppm. Anal. Calcd. for C45H42Au3N3O6: C, 41.20; H, 3.23; N, 3.20. Found: C, 41.03; H, 2.94; N, 

3.11. 

Synthesis of {Au[µ-C(OMe)=N(Phet)]}3, 1b 

35 mg (0.62 mmol) of potassium hydroxide and 0.09 mL (0.62 mmol) of phenylethyl 

isocyanide were dissolved in 15 mL of dry methanol and stirred for 30 minutes at 0 °C, in an ice 

bath. After half an hour, 200 mg (0.62 mmol) of Au(THT)Cl is added to the stirring solution 

containing ligands. The solid starting material, Au(THT)Cl dissolves immediately and a white 

precipitate forms. The resulting suspension is continuously stirred for an hour at 0 °C. The solvent 
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is then evaporated under reduced pressure. The remaining solid is dissolved in DCM and filtered 

through a bed of celite, in order to remove any decomposed material and salt by-products. The 

solvent is then evaporated under reduced pressure and a crude white material obtained. This crude 

material was recrystallized by dissolving the complex in a minimum amount of DCM, followed 

by the addition of excess acetonitrile and filtration of the precipitated white solid. The final white 

solid product was dried under vacuum overnight. {Au [µ-C(OMe)=N(Phet)]}3 : M.p. 181 °C, yield 

68%, IR spectrum: ν(C=N) 1537 cm-1, 1H NMR (δ in CDCl3): 3.996 ppm, 2.862 ppm, 1.910 ppm, 

7.170-7.982 ppm. 13C NMR (δ in CDCl3): 198.333 ppm, 179.213 ppm, 174.724 ppm, 172.510 

ppm, 68.292 ppm, 56.871 ppm, 39.308 ppm. Anal. Calcd. for C30H36Au3N3O3: C, 33.44; H, 3.37; 

N, 3.90. Found: C, 33.14; H, 3.09; N, 3.47. 

Synthesis of {Au[µ-C(O cPen)=N(cPen)]}3, 1c  

35 mg (0.62 mmol) of potassium hydroxide and 0.07 mL (0.62 mmol) of cyclopentyl 

isocyanide were dissolved in 15 mL of dry cyclopentanol and stirred for 30 minutes at 0 °C, in an 

ice bath. After half an hour, 200 mg (0.62 mmol) of Au(THT)Cl is added to the stirring solution 

containing ligands. The solid starting material, Au(THT)Cl dissolves immediately and a white 

precipitate forms. The resulting suspension is continuously stirred for an hour at 0 °C. The solvent 

is then evaporated under reduced pressure. The remaining solid is dissolved in DCM and filtered 

through a bed of celite, in order to remove any decomposed material and salt by-products. The 

solvent is then evaporated under reduced pressure and a crude white material obtained. This crude 

material was recrystallized by dissolving the complex in a minimum amount of DCM, followed 

by the addition of excess acetonitrile and filtration of the precipitated white solid. The final white 

solid product was dried under vacuum overnight. {Au[µ-C(O cPen)=N(cPen)]}3: M.p. 174 °C 

(decomposition), yield 65%, IR spectrum: ν(C=N) 1524 cm-1, 1H NMR (δ in CDCl3): 3.651 ppm, 
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1.814 ppm, 1.734 ppm, 1.463 ppm. 13C NMR (δ in CDCl3): 189.225 ppm, 73.945 ppm, 23.359 

ppm, 10.337 ppm, 39.217 ppm. Anal. Calcd. for C33H54Au3N3O3: C, 35.02; H, 4.81; N, 3.71. 

Found: C, 34.77; H, 4.49; N, 3.33. 

Synthesis of {Au[µ-C(O cPen)=N(Me)]}3, 1d 

35 mg (0.62 mmol) of potassium hydroxide and 0.03 mL (0.62 mmol) of methyl isocyanide 

were dissolved in 15 mL of dry cyclopentanol and stirred for 30 minutes at 0 °C, in an ice bath. 

After half an hour, 200 mg (0.62 mmol) of Au(THT)Cl is added to the stirring solution containing 

ligands. The solid starting material, Au(THT)Cl dissolves immediately and a white precipitate 

forms. The resulting suspension is continuously stirred for an hour at 0 °C. The solvent is then 

evaporated under reduced pressure. The remaining solid is dissolved in DCM and filtered through 

a bed of celite, in order to remove any decomposed material and salt by-products. The solvent is 

then evaporated under reduced pressure and a crude white material obtained. This crude material 

was recrystallized by dissolving the complex in a minimum amount of DCM, followed by the 

addition of excess acetonitrile and filtration of the precipitated white solid. The final white solid 

product was dried under vacuum overnight. {Au[µ-C(O cPen)=N(Me)]}3: M.p. 185 °C 

(decomposition), yield 57%, IR spectrum: ν(C=N) 1528 cm-1, 1H NMR (δ in CDCl3): 4.401 ppm, 

1.881 ppm, 1.779 ppm, 1.629 ppm,  1.183 ppm. 13C NMR (δ in CDCl3): 199.183 ppm, 62.2 ppm, 

59.244 ppm, 38.744 ppm, 23.703ppm. Anal. Calcd. for C21H36Au3N3O3: C, 26.02; H, 3.74; N, 

4.33. Found: C, 25.93; H, 3.21; N, 4.09. 

Synthesis of {Au[µ-C(OMe)=N(Bz)]}3, 1e  

35 mg (0.62 mmol) of potassium hydroxide and 0.08 mL (0.62 mmol) of benzyl isocyanide 

were dissolved in 15 mL of dry cyclopentanol and stirred for 30 minutes at 0 °C, in an ice bath. 

After half an hour, 200 mg (0.62 mmol) of Au(THT)Cl is added to the stirring solution containing 
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ligands. The solid starting material, Au(THT)Cl dissolves immediately and a white precipitate 

forms. The resulting suspension is continuously stirred for an hour at 0 °C. The solvent is then 

evaporated under reduced pressure. The remaining solid is dissolved in DCM and filtered through 

a bed of celite, in order to remove any decomposed material and salt by-products. The solvent is 

then evaporated under reduced pressure and a crude white material obtained. This crude material 

was recrystallized by dissolving the complex in a minimum amount of DCM, followed by the 

addition of excess acetonitrile and filtration of the precipitated white solid. The final white solid 

product was dried under vacuum overnight. {Au[µ-C(OMe)=N(Bz)]}3: M.p. 174 °C 

(decomposition), yield 64%, IR spectrum: ν(C=N) 1537 cm-1, 1H NMR (δ in CDCl3): 3.871 ppm, 

2.966 ppm, 7.477 ppm, 7.230 ppm, 7.271 ppm. 13C NMR (δ in CDCl3): 188.447 ppm, 160.226 

ppm, 145.517 ppm, 143.781 ppm, 69.052 ppm, 62.001 ppm. Anal. Calcd. for C27H30Au3N3O3: C, 

31.32; H, 2.92; N, 4.06. Found: C, 30.97; H, 2.57; N, 3.70. 

Synthesis of {[Au (μ-C2, N3-(N-EtIm)]3, 2 

To a stirring solution of N-ethyl-imidazole (0.25 mL; 2.5 mmol) in 15 mL of freshly 

distilled THF at -40°C (a dry ice and acetonitrile slush bath), a stoichiometric quantity of 1 mL 

(2.5 mmol) of n-butyllithium (2.5 molar in hexanes), was added drop wise and the resulting 

mixture was continually stirred for 1.5 hours. After 1.5 hours, 1.25g (2.5 mmol) of Au(PPh3)Cl is 

added to the stirring solution at -40 °C and stirred additional one hour at room temperature. 1 mL 

of MeOH is added to the resulted brownish mixture and evaporated it to dryness under reduced 

pressure. The residue is extracted with 15 mL of DCM and the brown extract is washed with water 

until neutral. The resulting DCM solution is dried over sodium sulfate and the solvent is again 

evaporated under reduced pressure. The remaining solid was left stirring overnight in 10 mL of 

hexanes to remove any residual triphenylphosphine. The final pure product was obtained through 
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recrystallization of crude product by dissolving it in a minimum amount of DCM, adding excess 

hexanes and filtering the precipitate. {[Au(μ-C2,N3-(N-EtIm)]3: M.p. 256 °C (dec.), yield 43%, IR 

spectrum: ν(C=N) 1519cm-1, 1H NMR (δ in CDCl3): 7.201 ppm, 7.023 ppm, 4.102 ppm, 1.793 

ppm. 13C NMR (δ in CDCl3): 163.071 ppm, 129.161 ppm, 121.407 ppm, 41.204 ppm, 19.527 ppm. 

Anal. Calcd. for C15H21Au3N6: C, 20.56; H, 2.42; N, 9.59. Found: C, 22.10; H, 2.26; N, 8.97. 

3.3 Results and Discussions 

3.3.1 Synthetic Chemistry 

The reaction of -alkyl and/or -aryl isocyanides in alcoholic potassium hydroxide with the 

gold starting precursor consisting of a labile ligand i.e. chloro(tetrahydrothiophene)gold(I) as 

shown in Reaction 1, yields trimetallic metal cluster complexes (1a-1e).   Reaction was carried 

out at 0°C and complexes 1a-1e were isolated in good percentage yields and characterized 

spectroscopically.  

Reaction 1:

S

Au

Cl

+ R-NC R'OH KOH KCl H2O

S

+ + + + +

Complexes; (1a-1e)

C

N C

N

N C

Au Au

Au

R'O

OR'R

R OR'

R
0 0C

 The 

stability of complexes (1a-1e) could be due to back-donation, from filled 5d orbitals of gold, to 

unfilled π* orbitals of the C=N bond, and/or due to overlap,38 among pz-orbitals on C, N, and Au 

atoms. Both phenomena are producing electron delocalization in the planar nine-membered ring 

but the nitrogen atom of the –C(OR’)=NR group comprises a good donor character which is likely 

to be more important effect.39 
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The -C(OR’)=NR group can indeed, be replaced by an imidazolato-N ligand, affording 

comparable coordination complex [Au(N-alkylimidazolato-C2, N3)]3; as shown in Reaction 2. N-

alkylimidazolato ligands will provide an additional stability to this complex by the pseudo-

aromatic ring, compared to the -C(OR)=NR’ ligands. In view of this result, it was decided to try a 

stronger donor imidazolato-C2, N3 as a mono-negative and exo-bidentate (bidentate and bridging) 

ligand that is also sterically and electronically comparable with a pyrazolato-N, N’ 

ligand.However, it is likely to be a stronger donor, in the same way as with metal derivatives since 

an alkyl is a better nucleophile than an amide. In addition to this, a C-derivative is expected to be 

a softer donor than a similar N-derivative, and its interaction with gold(l), a very soft acceptor40, 

is expected to be favored.  

N

N
Li+

N

N Li
+

Ph3PAuCl

N

AuAu

N

Au

N

N

N

N
-420C

THF
+ + LiCl + PPh3

Reaction 2:

250C

Complex; (2)  

As shown in Reaction 2, the reaction of the 1-ethyl-2-lithium-imidazole, Li(N-EtIm), with 

Ph3PAuCl yielded the corresponding {[Au(μ-C2,N3-(N-EtIm)]3 complex 2 as air- and light-stable 

colorless solid which was characterized spectroscopically.  

3.3.2 Crystal Structures 

Crystals of complexes 1a-1e suitable for the X-ray diffraction analysis, were grown from 

the slow evaporation of CH2Cl2 solutions to give colorless needles, whereas crystals of complex 2 

were grown by slow evaporation of hexanes layered saturated CH2Cl2 solution to get small 

colorless crystals. X-ray crystallographic data for these complexes were collected by Dr. Vladimir 

N. Nesterov at UNT, who also provided the description of the crystallographic details as well as 
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crystallographic data in Figs. 3.2-3.7, 3.14 and Tables 3.1-3.3. X-ray crystallographic analyses on 

these complexes were performed on a Bruker SMART APEX2 CCD-based single crystal 

diffractometer as described in the experimental section above.  

Table 3.1: Crystallographic Data and Refinement Parameters for cyclic trimetallic Au(I) 

complexes 1a-1e. 

 1a 1b 1c 

Formula C45H42Au3N3O6 C30H36Au3N3O3 C33H54Au3N3O3 

MW 1311.72 1077.52 1131.69 

T (K) 100(2) 100(2) 220(2) 

cryst syst Triclinic Monoclinic Triclinic 

space group P -1 P 21/c P – 1 

a (Å) 12.0683(6) 13.2200(8) 11.3871(3) 

b (Å) 12.8393(6) 22.9099(13) 13.2927(3) 

c (Å) 13.9240(7) 10.7107(6) 14.1495(4) 

α (deg) 82.4660(10) 90° 63.0090(10) 

β (deg)        88.3870(10) 112.2680(10) 67.5650(10) 

γ (deg) 74.8000(10) 90° 70.6270(10) 

V (Å3) 2064.01(17) 3002.0(3) 1731.04 

Z 2 4 2 

Dcalcd (Mg m-3) 2.111 2.384  2.171 

µ (mm-1) 10.688  14.660 12.717 

reflns measured 21245 40261 58598 

reflns unique [Rint] 9079 [0.0253] 6613 [0.0472] 10686 [0.0431] 
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R1, wR2 [I > 2σ(I)] 0.0204, 0.0464 0.0312, 0.0831 0.0388, 0.0928 

R1, wR2 (all data) 0.0243, 0.0476 0.0434, 0.0912 0.0557, 0.1014 

 1d 1e 2 

Formula C21H36Au3N3O3 C27H30Au3N3O3 C15H21Au3N6 

MW 969.43 1035.44 876.28 

T (K) 296(2) 296(2) 100(2) 

cryst syst Monoclinic Monoclinic Monoclinic 

space group P 21/n P 21 P 21/c 

a (Å) 9.0453(13) 6.0599(14) 17.9243(12) 

b (Å) 18.555(3) 34.883(8) 13.7999(9) 

c (Å) 15.845(2) 13.155(3) 15.7244(11) 

α (deg) 90 90 90 

β (deg) 105.311(3) 92.782(5) 103.1120(10) 

γ (deg) 90 90 90 

V (Å3) 2565.1(6) 2777.4(11) 3788.1(4) 

Z 4 4 8 

Dcalcd (Mg m-3) 2.510 2.476 3.073 

µ (mm-1) 17.141 15.840 23.189 

reflns measured 44250 36332 49796 

reflns unique [Rint] 8215 [0.0814] 13668 [0.0729] 8348 [0.0542] 

R1, wR2 [I > 2σ(I)] 0.0481, 0.0940 0.0725, 0.1638 0.0221, 0.0524 

R1, wR2 (all data) 0.1103, 0.1134 0.1590, 0.2440 0.0288, 0.0551 
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Where, R1 = Σ||Fo| − |Fc||/Σ|Fo| and wR2 = {Σ[w(Fo 
2 –wFc 

2)2/Σ[w(Fo 
2)2]}1/2 

 

Table 3.2: Selected intramolecular distances and angles for complexes 1a-1e and 2. 

 1a 1b 1c 1d 1e (A)  

Au-C (Å) 1.991(4) 2.000(9) 1.997(6) 1.977(10) 2.01(3)  

 1.990(3) 1.986(7) 1.999(6) 1.973(10) 2.014(16)  

 1.994(3) 2.002(8) 1.982(7) 1.995(10) 1.96(3)  

Au-N (Å) 2.066(3) 2.063(6) 2.056(5) 2.041(7) 2.01(2)  

 2.061(3) 2.065(5) 2.052(5) 2.047(7) 2.01(3)  

 2.065(3) 2.050(6) 2.051(5) 2.054(7) 2.03(2)  

C=N (Å) 1.290(4) 1.269(9) 1.278(8) 1.274(1) 1.34(4)  

 1.300(4) 1.303(9) 1.281(8) 1.301(11) 1.408(18)  

 1.297(4) 1.288(9) 1.306(8) 1.273(10) 1.418(18)  

Au-Au (Å) 

(intra) 

3.2812(2) 3.3390(4) 3.2764(4) 3.2915(5) 3.331(2) 

 

 3.3200(2) 3.3355(4) 3.2767(3) 3.2937(7) 3.321(2)  

 3.3434(2) 3.2759(4) 3.2840(3) 3.3006(6) 3.272(19)  

C-Au-N (°) 178.20(13) 176.7(3) 178.9(2) 173.7(3) 177.5(11)  

 178.45(13) 177.2(4) 178.8(2) 179.2(4) 177.0(10)  

 172.76(13) 178.3(3) 178.0(2) 174.4(3) 175.9(11)  
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Complex {Au[µ-C(OMe)=N(p-OMeBiphen)]}3, 1a crystalizes in the triclinic crystal 

system with P-1 space group (Table 3.1) and exists in the solid state as a discrete trimeric molecule 

as shown in Fig. 3.2 (a), with selected bond distances and interbond angles given in Table 3.2. 

The nine-member inorganic and/or organometallic ring of gold, nitrogen and carbon atoms are 

essentially planar. The three Au(I) position define a triangle with intramolecular Au(I)…Au(I) 

distances and internal angles of 3.281 Å, 3.343 Å, 3.320 Å and 58.99°, 60.15°, 60.86° respectively. 

 1e (C) 2 (A) 2 (C) 

Au-C (Å) 2.11(3) 1.975(6) 1.979(5) 

 2.13(3) 1.982(5) 1.992(5) 

 1.98(3) 1.996(5) 1.979(6) 

Au-N (Å) 2.096(17) 2.037(5) 2.051(4) 

 1.99(3) 2.036(5) 2.059(5) 

 2.05(3) 2.050(5) 2.035(5) 

C=N (Å) 1.403(18) 1.347(7) 1.357(7) 

 1.22(4) 1.343(7) 1.321(7) 

 1.30(4) 1.362(7) 1.349(7) 

Au-Au (Å) 

(intra) 

3.299(19) 3.488 3.483 

 3.339(2) 3.438 3.444 

 3.280(19) 3.479 3.471 

C-Au-N (°) 176.3(12) 173.70(19) 173.5(2) 

 177.8(12) 175.4(2) 176.06(19) 

 179.2(14) 175.9(2) 174.2(2) 
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Neglecting the weak intramolecular Au-Au interactions, each gold atom exhibits a two-coordinate 

linear geometry from one nitrogen and one carbon atom of each of the two p-

methoxybiphenylisonitrile ligands. The average N-Au-C bond is 175.80° with the observed Au-N 

and Au-C bond lengths between 2.061-2.066 Å and 1.990 – 1.994 Å. It is noted that these lengths 

and angles are very similar to those found in other related complexes except the C-Au-N dihedral 

of 172.76°. The deviation of this angle from linearity could be due to the strain generated by the 

bulky substituents of the ligands. This bulky biphenyl moieties of the molecules go away from the 

nine-membered molecular planes and stays perpendicular to this plane, unlike in the series of 

alkylisonitriles complexes recently reported where the bulky substituents run parallel to the nine-

membered rings.15  

Individual molecule of 1a aggregates in the solid state to form a discrete dimer of trimer 

units as shown in Fig.3.2 (b) by pairwise aurophilic interactions with Au—Au distance of 3.578 

Å (Table 3.3), which is on the range of usual aurophilic interactions, typically found between 3.2 

and 3.7 Å. The intermolecular Au…Au distances are longer than that of the intramolecular Au---

Au distances for this molecule. 
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Fig. 3.2: ORTEP plot for a) crystal structure for one molecule of complex {Au[µ-C(OMe)=N(p-

OMeBiphen)]}3, 1a, and b) dimer-of-trimer formation found in the stacking of {Au[µ-

C(OMe)=N(p-OMeBiphen)]}3, 1a. 

 The complex {Au[µ-C(OMe)=N(Phet)]}3,1b, on the other hand, crystalizes in the 

monoclinic crystal system with p21/c space group (Table 3.1), and exists in the solid state as a 

discrete trimeric molecule as shown in Fig. 3.3 (a). The selected bond distances and bond angles 

are given in Table 3.2. The core nine-membered ring of gold, nitrogen and carbon atoms are 

essentially planar. The three Au(I) position define a triangle with intramolecular Au(I)…Au(I) 

distances and internal angles of 3.339 Å, 3.336 Å, 3.276 Å and 60.55°, 58.79°, 60.96° respectively. 

Neglecting the weak intramolecular Au…Au interactions, each gold atom exhibits a two-coordinate 

linear geometry from one nitrogen and one carbon atom of the phenylethylisonitrile ligands. The 

average N-Au-C bond is 175.80° with the observed Au-N and Au-C bond lengths between 2.050-

2.065 Å and 1.986 – 2.002 Å. It is noted that these lengths and angles are very similar to those 
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found in other related complexes. All three bulky phenyl moieties of the molecules run 

perpendicular to the nine member molecular planes. 
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Fig. 3.3: ORTEP plot for a) crystal structure for one molecule of {Au[µ-C(OMe)=N(Phet)]}3, 1b, 

b) dimer-of-trimer formation found in the stacking of {Au[µ-C(OMe)=N(Phet)]}3, 1b, and c) 

fragment of crystal packing of {Au[µ-C(OMe)=N(Phet)]}3, 1b. 

Individual molecule of 1b stacks in the solid state to form an extended-stack of monomeric 

units in stair-step conformation as shown in Fig. 3.3 (b) and (c), by a single aurophilic interactions 

with Au…Au distance of 3.494 Å (Table 3.3). This is on the range of usual aurophilic interactions 

of 3.2-3.7 Å. The intermolecular Au…Au distances are longer than that of the intramolecular 

Au…Au distances for this molecule. The intermolecular aurophilic interactions are possibly 

hindered by the bulky ligands and its free rotation resulting the single Au…Au interactions to intact 

the monomer of trimer to form loose-extended chain structures. 

Like complex 1a, the complex {Au[µ-C(O cPen)=N(cPen)]}3, 1c, crystalizes in the triclinic 

crystal system with P-1 space group (Table 3.1) and exists in the solid state as a discrete trimeric 

molecule as shown in Fig. 3.4 (a) with selected bond distances and interbond angles given in Table 

3.2.  
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Fig. 3.4: ORTEP plot for a) Crystal structure for one molecule of complex {Au[µ-C(O 

cPen)=N(cPen)]}3, 1c, and b) Monomer-of-trimer found in the crystal packing of {Au[µ-C(O 

cPen)=N(cPen)]}3, 1c. 

The nine-membered inorganic and/or organometallic ring of gold, nitrogen and carbon 

atoms are essentially planar. The three Au(I) positions define a triangle with intramolecular 

Au(I)…Au(I) distances and internal angles of 3.276 Å, 3.277 Å, 3.284 Å and 60.15°, 59.93°, 

59.92°, respectively. Neglecting the weak intramolecular Au…Au interactions, each gold atom 

exhibits a two-coordinate linear geometry from one nitrogen and one carbon atoms of each of the 

two cyclopentylisonitrile ligands. The average N-Au-C bond is 178.57° with the observed Au-N 

and Au-C bond lengths between 2.051-2.056 Å and 1.982 – 1.999 Å, very similar to those found 

in other related complexes.  
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In solid-state crystallographic packing the individual molecule of 1c exists as monomer-of 

trimer and the shortest distance between neighboring monomer-of-trimer is 5.310 Å, which is well 

beyond the usual aurophilic interaction (3.2-3.7 Å). Therefore, there is no significant aurophilic 

interaction in complex 1c that could be due to the steric of cyclopentyl groups, perpendicular to 

the core nine-membered ring.  

 The crystal structure of complex {Au[µ-C(O cPen)=N(Me)]}3;1d on the other hand, 

reveals that complex 1d crystalizes in the monoclinic crystal system with p21/c space group (Table 

3.1) and exists in the solid state as a discrete trimeric molecule as shown in Fig. 3.5 (a). The 

selected bond distances and interbond angles are given in Table 3.2. The core nine-membered ring 

of gold, nitrogen and carbon atom are essentially planar. The three Au(I) positions define a triangle 

with intramolecular Au(I)…Au(I) distances and internal angles of 3.292 Å, 3.294 Å, 3.301 Å and 

60.16°, 59.89°, 59.95° respectively. Neglecting the weak intramolecular Au-Au interactions, each 

gold atom exhibits a two-coordinate linear geometry from one nitrogen and one carbon atom of 

each of the two phenylethylisonitrile ligands. The average N-Au-C bond is 175.77° with the 

observed Au-N and Au-C bond lengths between 2.041-2.054 Å and 1.973 – 1.995 Å. All three of 

the cyclopentyl groups are out of plane to the core nine-membered ring. 
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Fig. 3.5: ORTEP plot for a) Crystal structure for one molecule of {Au[µ-C(O cPen)=N(Me)]}3, 

1d, b) Dimer-of-trimer formation found in the stacking of {Au[µ-C(O cPen)=N(Me)]}3, 1d, and c) 

Fragment of crystal packing of {Au[µ-C(O cPen)=N(Me)]}3, 1d. 
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The solid-state crystal packing of complex 1d shows that each molecule interacts with one 

other molecule, forming a dimer of trimers. Each dimer-of-trimers has two Au···Au contacts with 

a long Au···Au distance of 3.428 Å and a short Au···Au distance of 3.419 Å to neighboring 

molecules. This makes extended-stacks in chair conformation. Recently reported {Au[µ-

C(OMe)=N(cPen)]}3
15 complex shows that each molecule interacts with another molecule, 

forming a dimer of trimers that has Au…Au distance of 3.466 Å and has a long Au----Au distance 

of 4.438 Å (considerably longer than typical aurophilic interactions of 3.2-3.7 Å) to neighboring 

molecules. The difference in the aurophilic interaction on these complexes are believed to be due 

to the alteration of steric effect on the core nine-membered ring. For the previously reported 

complex, the cyclopentyl group is directly bonded to the N atom of the core nine-membered ring 

which retard the aurophilicity due to the steric hindrance. But in the case of complex 1d of this 

study, where the cyclopentyl group is not directly bonded to the nine-membered ring hence, the 

aurophilicity is enhanced (compared to the previously reported {Au[µ-C(OMe)=N(cPen)]}3) 

complex due to the decrease in steric hindrance. The crystal structure of complex {Au[µ-

C(OMe)=N(Bz)]}3; 1e however, reveals that complex 1e crystalizes in the monoclinic crystal 

system with p21 space group (Table 3.1) and exists in the solid state as a discrete trimeric molecule 

as shown in Fig. 3.6 (a) and (c). The selected bond distances and interbond angles are given in 

Table 3.2. The core nine-membered ring of gold, nitrogen and carbon atoms is essentially planar. 

Single crystal X-ray crystallographic results of complex {Au[µ-C(OMe)=N(Bz)]}3; 1e shows that 

there are two independent molecules in the asymmetric unit as shown in Fig. 3.6 (a) and (c). Each 

molecule has similar structure and is similarly situated on the crystallographic mirror plane, but 

are different in intra- and inter- molecular environments including aurophilic interactions. The 

three Au(I) positions in the structure of this molecule as shown in Fig. 3.6 (a), define a triangle 
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with intramolecular Au(I)…Au(I) distances and internal angles of 3.299 Å, 3.339 Å, 3.280 Å and 

59.21°, 61.01°, 59.77°, respectively. Neglecting the weak intramolecular Au…Au interactions, 

each gold atom exhibits a two-coordinate linear geometry from one nitrogen and one carbon atom 

of each of the two benzylisonitrile ligands. The average N-Au-C bond is 177.77° with the observed 

Au-N and Au-C bond lengths between 1.99-2.096 Å and 1.98 – 2.13 Å. All three of the benzyl 

groups are out of the plane to the core nine-membered ring. This molecule in Fig 3.6 (a) is 3.905 

Å away from the neighboring molecule in stair-step extended chain conformation (Fig. 3.6 (b) and 

(e)) without any significant aurophilic interactions between the molecules.  
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Fig. 3.6: ORTEP plot for a) crystal structure for one molecule A of complex {Au[µ-

C(OMe)=N(Bz)]}3; 1e, b) dimer-of-trimer formation found in the stacking of molecule A of 

{Au[µ-C(OMe)=N(Bz)]}3; 1e, c) crystal structure for one molecule C of complex {Au[µ-

C(OMe)=N(Bz)]}3, 1e d) dimer-of-trimer formation found in the stacking of molecule C of {Au[µ-
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C(OMe)=N(Bz)]}3, 1e  e) extended-chain structure of molecule A of {Au[µ-C(OMe)=N(Bz)]}3, 

1e  f) extended-chain structure of molecule C of {Au[µ-C(OMe)=N(Bz)]}3, 1e 

Similarly, the three Au(I) positions in molecule in Fig. 3.6 (c) define a triangle with 

intramolecular Au(I)-Au(I) distances and internal angles of 3.331 Å, 3.321 Å, 3.272 Å and 58.93°, 

60.39°, 60.68° respectively. Neglecting the weak intramolecular Au…Au interactions, each gold 

atom exhibits a two-coordinate linear geometry from one nitrogen and one carbon atom of each of 

the two benzylisonitrile ligands. The average N-Au-C bond is 176.80° with the observed Au-N 

and Au-C bond lengths between 2.010-2.030 Å and 1.960 – 2.014 Å. All three of the benzyl groups 

are out of plane to the core nine-membered ring. This molecule in Fig 3.6 (c) is 3.960 Å apart from 

the neighboring molecule in stair-step extended chain conformation (Fig. 3.6 (d) and (f)) without 

any significant aurophilic interactions between the molecules. 

The special situation has been observed in the crystallographic results of complex {[Au (μ-

C2, N3-(N-EtIm)]3, 2, and comprehensive elucidation is warranted. Complex 2 crystalizes in the 

monoclinic crystal system with p21/c space group (Table 3.1). There are two independent half-

molecules of the complex in the asymmetric unit. Fig. 3.7 (a) shows a drawing for molecule A and 

Fig 3.7 (c) shows a drawing for molecule C. These two molecules are located perpendicular to 

each other on the solid-state crystal structure, and found as ligand unassisted aurophilically 

associated discrete dimer-of-trimer unit as shown in Fig. 3.7 (b) and (d), respectively. The selected 

bond distances and interbond angles are given in Table 3.2. As shown in Fig. 3.7 (a), molecule A 

contains three Au(I) atoms in the vertices of a triangle that has sides (intramolecular Au(I)…Au(I) 

distances)of 3.483 Å, 3.483 Å, 3.444 Å, and internal angles of 60.14°, 59.37°, 60.49°. Molecule C 

(Fig 3.7 (c)) on the other hand, contains a triangle with sides and angles of 3.488 Å, 3.483 Å, 3.479 

Å and 60.29°, 59.15°, 60.55°, respectively. The intramolecular gold(I…-gold(I) distances herein 
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are unusually longer than the intermolecular gold(I)…gold(I) interactions. Each gold atom exhibits 

a two-coordinate linear geometry from one nitrogen and one carbon atom of each of the two 

ethylimidazolate ligands. The average N-Au-C bond is 175.00° for molecule A and 174.6° 

molecule C with the observed Au-N and Au-C bond lengths between 2.035-2.059 Å and 1.975 – 

1.996 Å. 
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Fig. 3.7: ORTEP plot for a) crystal structure for one molecule A of complex {[Au(μ-C2,N3-(N-

EtIm)]3, 2, b) dimer-of-trimer formation found in the one type of stacking of complex {[Au(μ-

C2,N3-(N-EtIm)]3, 2, and c) crystal structure for one molecule C of complex {[Au(μ-C2,N3-(N-

EtIm)]3, 2 d)  dimer-of-trimer formation found in the another type of stacking pattern of complex 

{[Au(μ-C2,N3-(N-EtIm)]3, 2. 

Individual molecules of complex 2 are self-associated through aurophilic interactions into 

two distinct motifs as shown in Fig. 3.7 (b) and (d). Molecules A and C form a simple dimer-of-

trimer with a set of two intermolecular Au…Au contacts. Within these two-distinct dimers, there 

are pairwise contacts that involve interactions between the Au4 and Au6 in one, as shown in Fig. 

3.7 (b), and Au2 and Au3 in the other one, as shown in Fig. 3.7 (d). The Au4…Au6 distance is 

3.141 Å and Au2…Au3 distance is 3.066 Å. To the best of our knowledge, intermolecular 

aurophilic interactions of 3.066 Å is most likely the shortest ever reported pairwise intermolecular 

aurophilic distances among all coinage metal(I) cyclic trimetallic complexes. Hayashi et al. have 

reported a solid-state structure of Au3(NC5H4)3 - a sterically innocent complex when compared to 

complex 2 of this study, that contains pairwise intermolecular Au…Au contacts. Even though, the 

complex is sterically free, the Au…Au distances are still longer than the ones we have reported in 

this study.41 Likewise, the presence of pairwise intermolecular Au…Au contacts, are also seen in 

the structure of Au3(MeC6H4N=COMe)3 and other complexes.21,42-43 The previously described 

complex 1a also displays asimilar stacking motif i.e. dimer-of-trimer with pairwise aurophilic 

interactions that has attributed by using sterically-hindered ligand.. Thus, careful engineering of 

the ligand substituents to retard or enhance the intermolecular aurophilic interactions, may help to 

obtain the materials comprising of the required photophysical properties, often associated with the 

solid-state intermolecular aurophilic interactions. The photophysical properties will be discussed 



149 

 

next to demonstrate the structural-photoluminescence relationship in complexes 1a-1e that are 

mediated by aurophilic interactions, followed by the unprecedented luminescence 

thermochromism shown by complex 2.  

3.3.3 Photophysical Properties 

The photoluminescent properties of cyclic trimetallic Au(I) complexes are often impacted 

by the solid-state intermolecular aurophilic (Au…Au) interactions.. The degree of these 

intermolecular aurophilic interactions are also believed to be modulated by the bulkiness of the 

ligand substituents, which can alter the solid-state packing, therefore their photophysical properties 

as well. The complexes studied in this work; {Au[µ-C(OMe)=N(p-OMeBiphen)]}3; 1a, {Au[µ-

C(OMe)=N(Phet)]}3, 1b, {Au[µ-C(O cPen)=N(cPen)]}3, 1c, {Au[µ-C(O cPen)=N(Me)]}3, 1d, 

{Au[µ-C(OMe)=N(Bz)]}3; 1e and {[Au(μ-C2,N3-(N-EtIm)]3; 2 are not only structurally different, 

but also contain the different extent of aurophilic interactions. These complexes are carefully 

designed to represent a variety of cyclic trimetallic complexes, and their photophysical properties 

facilitated by intermolecular aurophilic interactions. The remarkable photophysical behavior of 

single crystals and microcrystalline powder of luminescent complexes in this study are shown in 

Fig. 3.8 – 3.13. 

The complex {Au[µ-C(OMe)=N(p-OMeBiphen)]}3, 1a, exhibits green luminescence at 

both room and cryogenic temperatures. The emission wavelength and the excitation wavelength 

peak maxima are centered at 500 nm and 300 nm at 298K and 77K (Fig 3.8) respectively. This 

excited state photoluminescent properties of complex 1a is associated with the dimer-of-timer 

excimer formation through the pairwise intermolecular Au(I)…Au(I) interactions. The steric 

bulkiness of biphenyl moieties of arylisonitrile ligands may have retarded the further enhancement 

of the pairwise Au(I)…Au(I) interactions for the excited state dimer of trimer, thus displays green 
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emission. The dimer-of-trimer emission reported for a series of alkylisonitrile complexes is slightly 

lower in energy (red emission). This is because these complexes are sterically free, and are much 

strongly bonded in excited state than complex 1a.. 15   

 

Fig. 3.8: Steady-state photoluminescence spectra for a crystalline powder sample of {Au[µ-

C(OMe)=N(p-OMeBiphen)]}3; 1a at 298 K (left) and 77 K (right).  

The lifetimes of this complex at 298 K and 77 K, are 268.9 µs and 833.20 µs respectively, 

indicating the reduction of the non-radiative decays at cryogenic temperature. The 

broad/structureless emission profile, large Stokes’ shift and lifetime magnitude, are consistent with 

an Au(I)-centered phosphorescent emission from the distorted excemeric triplet state. Cyclic 

trimetallic Au(I) benzylimidazolate complex exhibits  similar photophysical properties which are 

believed to be associated with the distorted excemeric triplet state.44 Moreover, because of the 

internal heavy atom effects facilitated by trinuclear Au-centered containing large spin-orbit 

coupling (SOC), on the biphenyl ligand derivatives, have successfully triggered the 

phosphorescent emission even at room temperature. 
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The complexes {Au[µ-C(OMe)=N(Phet)]}3; 1b and {Au[µ-C(O cPen)=N(cPen)]}3; 1c do 

not display any visible photoluminescent emission both at room temperature and 77K. Complex 

1b shows loose-extended-chains in solid-state crystallographic packing with single Au… Au 

interactions of 3.494 Å. While the complex 1c exists as monomer-of-trimer in the solid-state 

crystallographic structures without any significant aurophilic interactions (the shortest Au…Au 

distance = 5.310 Å). Complex 1c does not have any significant aurophilic interaction and does not 

show any visible photoluminescent emission.   . While for complex 1b, the weak aurophilic 

interaction in the excited state molecules might have been retarded by the free rotation of the 

phenyl-group, resulting in decay through non-radiative relaxation pathways. This is an unusual 

behavior seen in a cyclic trimetallic Au(I) complexes in context of their photophysical properties, 

even though the significant ground-state aurophilic interaction exists for the solid-state crystal 

packing motif. 

The luminescence spectra for the single crystals of complex {Au[µ-C(O cPen)=N(Me)]}3, 

1d on the other hand, is given in Fig. 3.9. This complex is brightly red luminescent at both room 

temperature as well as 77K. The observed lifetimes, (12.74 µs at 298 K and 43.20 µs at 77 K) in 

the microsecond regime suggest phosphorescence nature of emission. The consistent increase in 

the lifetime values upon cooling from room temperature to 77K suggests a reduction in the 

nonradiative decay rate as expected. The emission peak maximum centered at 694 nm at 298 K 

has been red-shifted to 710 nm at 77 K (Fig. 3.9). We assign the emitting states responsible for 

these emissions to be triplet, Au(I)…Au(I) bonded dimer-of-trimer excimers. For this excited-state 

molecules, the pairwise Au(I)…Au(I) aurophilic interactions get enhanced to produce hugely 

distorted dimer-of-trimer excimer instead of extended chains seen in ground state crystallographic 

structures. Similar study has been reported by our group in collaboration with Dias group 
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previously for the series of cyclic trimetallic Cu(I) pyrazolate complexes,25a which was later 

confirmed by time-resolved single-crystal diffraction experiment by Coppen et al.45 To confirm 

this speculation, a similar experiment is warranted. 

 

Fig. 3.9: Steady-state photoluminescence spectra for a crystalline powder sample of {Au[µ-C(O 

cPen)=N(Me)]}3, 1d at 298 K (left) and 77 K (right). 

The experimental results, herein, for the photophysical properties of complex {Au[µ-C(O 

cPen)=N(Me)]}3, 1d also indicate that the luminescence thermochromism in this complex occurs 

due to slight thermal compression of Au(I)…Au(I) distances. 

The solid state photoluminescence for crystals of the complex {Au[µ-C(OMe)=N(Bz)]}3; 

1e , at 90K is given in Fig. 3.10. At this temperature, the complex 1e exhibits red emission with 

wavelength maximum centered at 650 nm. Whereas, this complex {Au[µ-C(OMe)=N(Bz)]}3; 1e, 

displays no visible luminescence at room temperature. The solid-state crystal structures for this 

complex 1e comprise of longer intermolecular Au(I)…Au(I) distances (3.905 and 3.960 Å) in 

crystal packing than the usual aurophilic interactions (3.2 -3.7 Å) as monomer-of-trimer. This is 
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the direct evidence of the involvement of aurophilic interactions for the photophysical properties 

of Au(I) complexes. 

 

Fig. 3.10: Steady-state photoluminescence spectra for a crystalline powder sample of {Au[µ-

C(OMe)=N(Bz)]}3; 1e at 77 K.  

The unstructured emission spectra at 77K signify Au-centered emission profiles with 

lifetime (78 µs) in microsecond regime indicative of phosphorescent nature of emission. We have 

hypothesized that the contraction of Au(I)…Au(I) intermolecular distances at lower temperature, 

appears to be enough to distort, and it can  invoke a new Au(I)…Au(I) intermolecular interactions 

that are shorter than 3.7 Å giving rise to dimer-of trimer excimers. The large Stokes’ shift 

associated with the photoluminescence spectra, supplements our hypothesis of excimeric emitting 

states.   

The experimental results for the photoluminescence properties of the complex {[Au(μ-

C2,N3-(N-EtIm)]3; 2, shows an unprecedented luminescence thermochromism, thus will be 

discussed comprehensively in the subsequent section below.  
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3.3.3.1 Luminescence Thermochromism 

As expected, complex 2, is luminescent at room temperature and emits red luminescence. 

More surprisingly, when the sample was cooled to 77K and irradiated with short wavelength of 

hand-held UV lamp, the emission color changes from red-to-violet (Inset, Fig. 3.11). The 

photoluminescence spectra for crystals of 2 vs temperatures is given in Fig. 3.11 that show a 

reversible hypsochromic shift of metal-centered emission.. To the best of our knowledge, there is 

no such prior report about cyclic trimetallic Au(I) complexes that display such a drastic 

luminescence thermochromism as presented herein by complex 2.                               

            

Fig. 3.11: Photoluminescence excitation (Left) and emission spectra (middle and right) of complex 

2 versus temperature. em = 425 nm (4 K-140 K), em = 700 nm (240 K-298 K) and ex = 310 nm. 

Inset is the photographs of the luminescence of complex 2 taken while sample was irradiated with 

a hand-held UV lamp (short wavelength) at 77 K (left) and at 298 K (right). 

300 350 400 450 500 550 600 650 700 750 800 850

Wavelength in nm

 4K

 4K

 30K

 30K

 70K

 70K

 100K

 100K

 120K

 120K

 140K

 140K

 240K

 240K

 260K

 260K

 280K

 280K

 298K

 298K

298K 

77K 



155 

 

The emission spectra consist of a high-energy (HE) band in near violet region with maxima 

near 400 nm at T < 200 K and low-energy (LE) emission with maxima near 700 nm at T > 200 K. 

Although luminescence from solids of two-coordinate Au(I) cyclic trimetallic complexes is well-

known, it is quite uncommon that the metal-centered emission shifts profoundly towards UV 

region from red region (as shown in Fig. 3.11) when cooled towards cryogenic temperature. The 

comparison of the emission band at HE (409 nm at 120 K) and emission band at LE (700 nm at 

240 K) as shown in Fig. 3.12, displays luminescence thermochromism of 10,164 cm-1. This is 

spanning the entire visible region, from violet-to-red. This dramatic blue shift in emission makes 

it easy to detect the color change by naked eye or to record the photograph by using digital camera.  

 

Fig. 3.12: Normalized- emission spectra of 2 at 120 K (Left) and 240 K (right).  

Both HE and LE bands exhibit a broad unstructured emission profile a suggestive of 

excimeric emissions from dimer-of-trimer unit. The emission bands of complex 2 decays with a 

single-exponential time constant. Decay times are 42.28±0.03 s, 59.57±0.02 s and 11.81±0.02 
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s at 4 K, 70 K and 298 K respectively suggesting a reduction in the non-radiative decay rate as 

expected when cooling. The excitation profiles are essentially temperature-independent unlike the 

emission spectra for the HE and LE bands with excitation peak maximum near 310 nm as shown 

in Fig. 3.13. 

 

        Fig. 3.13: Temperature-dependent excitation spectra of complex 2. 

This feature of the excitation spectra helps us to gain specific understandings about the 

luminescence thermochromism displayed by complex 2 and provides a hint to suggest the fact that 

the structural phase transition is not responsible for this humongous luminescence 

thermochromism. Overall, the excitation profiles are similar for both HE and LE emission bands 

as shown in Fig. 3.13. Hence we have concluded that the origin of the excitation for both HE and 

LE emission bands are the same as opposed to the dual emission seen in CuL4X4 cluster systems 

due to XMCT and cluster-centered transitions. To validate our assumption, we have conducted the 

temperature dependent single crystal analyses. The crystallographic data is provided in Table 3.3, 
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which do not entail the space group changes upon temperature variations even though the 

contractions in intermolecular distances and reduction in the volume occur.  

Table 3.3: Comparison of crystallographic results for complex 2 at 100 K and 296 K.  

 2 at 100(2) K 2 at 296(2) K 

Formula C15H21Au3N6 C15H21Au3N6 

MW 876.28 876.28 

T (K) 100(2) 296(2) 

cryst syst Monoclinic Monoclinic 

space group P 21/c P 21/c 

a (Å) 17.9243(12) 18.0234(9) 

b (Å) 13.7999(9) 13.8300(7) 

c (Å) 15.7244(11) 16.0635(9) 

α (deg) 90 90 

β (deg) 103.1120(10) 104.3460(10) 

γ (deg) 90 90 

V (Å3) 3788.1(4) 3879.2(4) 

Z 8 8 

Dcalcd (Mg m-3) 3.073 3.001 

µ (mm-1) 23.189 22.645 

reflns measured 49796 55808 

reflns unique [Rint] 8348 [0.0542] 8549 [0.0602] 

R1, wR2 [I > 2σ(I)] 0.0221, 0.0524 0.0259, 0.0573 

R1, wR2 (all data) 0.0288, 0.0551 0.0404, 0.0623 
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Although there is no change of space group at both temperatures, the discernable thermal 

contraction of the structure of complex 2 (Fig. 3.14) upon cooling is supported by changes at room 

temperature versus 100K in the crystal density (3.001 versus 3.073 gcm-3) and cell volume (3879.2 

versus 3788.1 Å3). The intermolecular Au-Au distances are significantly elongated to 3.110 Å and 

3.187Å at room temperature, as opposed to 3.066 Å and 3.141 Å at 100 K by maintaining similar 

crystal packing motif.  
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Fig. 3.14: ORTEP plot for the dimer-of-trimer of 2 at 100 K (top) and at 296 K (bottom). 

We also ruled out the possibility that inter-metal contraction is responsible for this drastic 

luminescence thermochromism because such effects usually show red-shift due to the contraction 

in HOMO-LUMO gap as explained for complex 1d. One would also be eager to invoke that the 

two different dimer-of-trimer units are responsible for these two emission bands. However, we 

believe that the emission bands are due to the combination of both dimer-of-trimer units with small 

difference in emission energy. 

The results above indicate that the luminescence thermochromism in the complex {[Au(μ-

C2,N3-(N-EtIm)]3; 2, occurs as a result of changes in the relative intensities between multiple 

emission bands.  Therefore, we assign this change in emission energy to be a result of thermal 

relaxation between the different emitting states, as opposed to being from the thermal compression 
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of Au(I)…Au(I) distances that have been known for the other closed-shell coordination 

complexes.46 Fig. 3.15 shows a qualitative model of the photophysics in complex 2.  

 

Fig. 3.15: Qualitative description of luminescence thermochromism process of complex 2,       

showing the involvement of possible two 3MM emitting states. 

At high enough temperatures (at >200 K), relaxation to the lowest emissive state takes 

place as explained by the rule of thumb in photophysics known as Kasha’s rule and red emission 

band is seen. Such relaxation is hindered at low temperatures (at <200 K), leading to possible 

emissions from higher lying M-M bound states and emission bands at UV-region is seen. Internal 

conversion between different phosphorescent states is possible upon progressive heating. Such 

internal conversion processes lead to multiple phosphorescent color change from UV to red upon 

heating in the 4-298 K range. Though this is contradictory to Kasha’s rule, there are numerous 
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exceptions to it such as multiple fluorescence bands in pyrene47, Copper halide clusters,48 Mercury 

excemeric clusters,49 and ruthenium(II) complexes.50 

3.4 Conclusions 

This work describes details of efficient design, synthesis, crystal structures including solid-

state packing, and photophysical properties of a series of cyclic trimetallic Au(I) complexes. The 

spectroscopic results indicates that by careful design of the ligands, one would be able to fine tune 

the photophysical properties of cyclic trimetallic Au(I) complexes that are often associated with 

the solid-state aurophilic interactions. Moreover, this work reports intermolecular aurophilic 

interactions of 3.066 Å for the complex {[Au(μ-C2,N3-(N-EtIm)]3; 2 of this study, which are most 

likely the shortest ever reported pairwise intermolecular aurophilic distances among all coinage 

metal(I) cyclic trimetallic complexes. The crystals of complex 2, upon cooling from 298 K to 4 K, 

exhibit luminescence thermochromism of 10164 cm-1, spanning the entire visible region – from 

violet to red.  To the best of our knowledge, there is no such prior report about cyclic trimetallic 

Au(I) complexes that display such a drastic luminescence thermochromism as presented herein by 

complex 2. Work is underway to further characterize and study the properties of complex 2 to 

assess its potential as functional materials for energy harvesting devices.
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CHAPTER IV 

DONOR-ACCEPTOR INTEGRATED STACKING MOTIFS OF CYCLIC TRIMETALLIC 

MONOVALENT COINAGE METAL COMPLEXES: SUPRAMOLECULAR 

STRUCTURES, MAGNETO-OPTO-ELECTRONIC PROPERTIES 

AND POTENTIAL APPLICATIONS† 

4.1 Introduction 

Recently, much attention has been given to molecular-based devices, predominantly to the 

photovoltaics solar cells, magnets, conductors, and superconductors.1-8 This might be because of 

the potential these devices contain that can bring technical revolution in the key industrial areas 

including environment, energy, medical care, information, electronics, and transportations. 

Although, many kinds of charge transfer complexes have been designed and synthesized for this 

purpose in this contemporary area of research,1-7design and development of hybrid organic-

inorganic materials with d-π interactions affording such molecular-based devices particularly, 

have proven to be fascinating materials to make progress in this field. These hybrid organic-

inorganic materials can offer several advantages over their purely organic-counterpart. On those 

complexes, intermolecular interactions can be enhanced by electrostatic interactions that can 

increase dimensionality and can suppress metal-insulator transitions. Such electrostatic 

interactions can also lead to the formation of unique molecular networks that comprise of special 

functions such as inclusion properties. Similarly, high intermolecular charge transfer interactions 

                                                 
†Work reported in this Chapter was performed in collaboration with Dr. Rossana Galassi Group 

(Chemistry Division, School of Science and Technology, Camerino, Italy).  
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are expected on these hybrid materials that can be very useful for the crystal engineering; given 

the fact that achieving desirable donor-acceptor morphologies is one the biggest challenging 

issues. The d-π extended systems on the other hand, can reduce on-site Coulombic repulsion which 

is the most important requirement of the molecular design for the conducting devices. Moreover, 

these hybrid systems can be easily tuned to stabilize the unstable strong donor and acceptor 

molecules by introducing electron-withdrawing and electron-donating groups that may exhibit low 

excitation energy with interesting optical properties, such as non-linear optics. One essentially 

intriguing result in this area has been demonstrated by Tanaka et al. by preparing a 

superconducting salt based on [Ni(dmit)2]
2-, where dmit = 2-thioxo-1,3-dithiole-4,5-dithiolate; that 

can form a charge transfer complex with both open- and closed-shell organic cations.8 

Several other recent reports have initiated a renewal of interest in charge transfer 

complexes by highlighting a variety of properties arising at the interface between the donor and 

acceptor molecules that were not offered by either of the parent molecules. Dunbar et al. have 

reported supramolecular stacks of neutral (diamine) (dithiolato) PtII with nitrile acceptors9 that 

exhibit favorable properties for solar cell applications with strong absorptions across a wide 

spectral range. In a separate spectroscopic study by them [Pt(tbtrpy)X]Y complexes; where, X = 

Cl, NCS, OH, or arythiolates (SAr); Y- = Cl-, BF4
-, or TCNQ- = 7,7,8,8-tetracyanoquinodimethane 

radical anion,  demonstrated that varying the anionic ligand X to arylthiolate leads to red shifts of 

charge transfer bands to the visible region, which can be red- or blue-shifted charge transfer 

absorptions by using electron-donating or –withdrawing substituents, respectively.10Additionally, 

varying the counter ion to TCNQ- radical anion, can give rise to  absorptions in the near-infrared 

(NIR) region, thus rendering a recipe to attain black absorbers, possibly comprising of suitable 

properties for solar energy conversion due to their continuous and strong absorptions across a wide 
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spectral range in the UV-vis and NIR regions. A novel study about the intermolecular interactions 

in the molecular ferromagnetic NH4Ni(mnt)2.H2O complex is reported by Coomber et al.,11 and 

another study by Balch et al., has displayed the ability of cyclic trimetallic Au(I) complexes to 

function as an electron donor.12 They have isolated and characterized crystallographically several 

adducts of this complex with polynitro-9-fluorenones, a well-known organic electron acceptor. 

Moreover, Alvarez et al. have outlined a significant aspect of the solid-state interactions in these 

hybrid materials, in terms of the overlap of the diffuse π-orbitals on the sulfur atoms with the metal 

d-orbitals.13 

Fundamentally, charge-transfer complexes are combinations of charge donating (D) and 

charge accepting (A) materials. A famous example includes TTF –TCNQ, D-A stack; the first 

organic metal discovered in 1973 that was made of tetrathiafulvalene (TTF) as a donor (D) and 

7,7,8,8- tetracyanoquinodimethane (TCNQ) as an acceptor (A).14 The other one, is (TMSTF)2 – 

PF6; the organic superconductor discovered in 1980 that was made of 

tetramethyltetraselenafulvalene (TMTSTF)2 as donor (D) and hexafuorophosphate(PF6) as 

acceptor (A).15 The choice of donor and acceptor in their organization within the charge transfer 

morphologies, are arguably the most important factors in determining their properties. The 

electronic coupling between the highest occupied molecular orbital (HOMO) of the donor and the 

lowest unoccupied molecular orbital (LUMO) of the acceptor molecules yields a partial degree of 

charge transfer (ρ) between the two, resulting the ground state partial iconicity of Dρ+ and Aρ-. 

Hence, band engineering is the most important concept, related to the selection process of donor 

and acceptor molecules. Fig. 4.1 shows the illustration for band engineering of tetracene-TCNQ 

(D-A) complexes,16 where HOMO–LUMO energy levels of donor- and acceptor molecules are 

depicted in blue and red.  
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Fig. 4.1: The donor band structure (blue), acceptor band structure (red), and an approximation of 

the charge transfer band structure (yellow). The charge density corresponding to the HOMO and 

LUMO bands for the case of tetracene-TCNQ (D-A) complex are indicated. Adapted from 

reference 16.  

The ionization potential of the donor molecule (ID) and the electron affinity of acceptor 

molecule (EA) are also shown. The CT complex will have a band structure (shown in yellow) 

different from, but related to, those of the parent complexes. As shown in Fig. 4.1, the charge 

densities corresponding to the conduction and valence bands of the resulted donor-acceptor stacks 

are expected to be centered mostly at the acceptor molecule and the donor molecule.  

The donor and acceptor stacks can be either segregated or integrated in charge-transfer 

materials with distinct properties as conductors for segregated stacks or magnets for the integrated 

stacks. A variety of such donor-acceptor extended-chain stacks of organic17-18, and metal-
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containing species can be found well-documented.19-20 The metal containing charge transfer 

complexes are also associated with fascinating properties to be used as dyes in solar cells based on 

wide band gap semiconductors. Thus, one of the general goals of our research is to co-assemble 

cyclic trimetallic coinage metal(I) complexes with organic donors and acceptors, to prepare new 

types of molecular materials with interesting magneto-opto-electronic properties.  

 As stated earlier, some of these cyclic coinage metal(I) trimetallic complexes have shown 

experimentally their ability to act as π-bases for π-acid metal cations such as Tl+ and Ag+. The 

reaction of these complexes with electron-deficient small molecules such as hexafluorobenzene 

(C6F6) and tetracycanoquinodimethane (TCNQ) alsodemonstrated to form cation-π complexes or 

self-assembled staked products.21-22 However, in-depth π-acidity/basicity properties of these 

complexes have been disclosed theoretically by Tekarli et al., in 2008, where they have 

demonstrated that altering the metals [Cu(I), Ag(I), and Au(I)], bridging ligands (carbeniate; Cb, 

imidazolate; Im, pyrazolate; Py and triazolate; Tz), and bridging ligand substituents (CH3 vs. CF3, 

electron donating vs. electron withdrawing), of the cyclic trimetallic complexes, significantly 

effects the amount of electron density found above and below the center of the molecule as shown 

in Fig. 4.2.23  
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Fig. 4.2: Molecular electrostatic potential (MEP) surfaces showing the relative π-basicity of cyclic 

trimetallic coinage metal(I) complexes as a function of metal, bridging ligand and ligand 

substituents. MEP surfaces are mapped on electron densities of the molecule (MEP color scale is 

[Au(µ-Im)]3 [Au(µ-Py)]3 [Au(µ-Cb)]3 [Au(µ-Pz)]3 [Au(µ-Tz)]3

[Au(µ-Pz)]3 [Cu(µ-Pz)]3 [Ag(µ-Pz)]3

 [Ag(µ-Tz)]3 [Ag(µ-Tz-CF3)]3 [Ag(µ-Tz-CH3)]3 
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such that basicity increases in the direction: blue  green  yellow  orange  red). Adapted 

from reference 23. 

This trend might greatly affect the reactivity and chemistry that are displayed by each of 

these cyclic trimetallic coinage metal(I) complexes in the formation of charge transfer complexes. 

Thus, the cyclic trimetallic coinage metal(I) complexes that are shown in scheme 4.1, are 

particularly selected for this study. These complexes could possibly give rise to the fascinating and 

elegant self-assemble donor-acceptor supramolecular stacks based on non-classic chemical 

bonding with remarkably-rich magneto-opto-electronic properties. 

 

Scheme 4.1: Cyclic trimetallic coinage metal(I) complexes of this study: [M(µ 3,5-(CF3)2pz)]3; 

(left), [Ag(µ 3,5-(NO2)2pz)]3; (middle) – acceptors, and [Au(μ-C2,N3-EtIm)]3 (right) - donor. 

Where M = Au, Ag & Cu; and EtIm = N-ethyl-imidazolate. 

Fig. 4.2 shows that the calculated relative π-basicity is [Au-(µ-Im)]3> [Au-(µ-Py)]3 [Au-

(µ-Cb)]3 > [Au-(µ-Pz)]3 > [Au-(µ-Tz)]3 Indeed, it is apparent from Fig. 4.2 that acid-base 

properties can substantially be changed with ligand modification, giving [Au-(µ-Im)]3 the MEP 

profile of a base while [Au-(µ-Tz)]3 an acid in their comportment. Therefore, we choose [Au(μ-

C2,N3-EtIm)]3 as new class of donor molecule. Similarly, the inductive effect seems to be an 
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obvious factor with respect to the role of the substituent in modifying the acid/base properties of 

cyclic trimetallic coinage metal(I) complexes. Thus, an electron-withdrawing group on the 

bridging ligand is expected to cause these cyclic trimetallic coinage metal(I) complexes to become 

more π-acidic. Therefore, we choose [M(µ 3,5-(CF3)2pz)]3 and [Ag(µ 3,5-(NO2)2pz)]3; as shown 

in scheme 4.1, as new class of  acceptor molecules with an objective of preparing the efficient 

hybrid organic -inorganic charge transfer complexes.  

 

Scheme 4.2: Structures of common organic donors and acceptor molecules of this study: donors; 

a) dibenzotetrathiafulvalene (DBTTF), b) bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF), c) 

tetrathiafulvalene (TTF), and acceptor; d) 7,7,8,8-tetracyanoquinodimethane (TCNQ).  

The well-known organic donors such as Tetrathiafulvalene and its derivatives including 

dibenzotetrathiafulvalene and bis(ethylenedithio)tetrathiafulvalene, are selected for donors and 

7,7,8,8-tetracyanoquinodimethane (TCNQ) for acceptor. Tetrathiafulvalene (TTF) and its 

derivatives are electroactive and strong π-donors, which make them be the excellent donors that 

can support switchable processes. Their redox potentials are sensitive to the environment thus 

redox responsive ligands and sensors can be synthesized by including these donor molecules 
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within the molecular framework. They can undergo oxidation very easily and are planar system 

thus exhibit a high propensity for a stacking processes. Therefore, the donor-acceptor stack of 

these molecules with cyclic trimetallic coinage metal(I) complexes, can possibly be used to 

develop an incredible variety of switchable molecular and supramolecular architectures. Similarly, 

organonitrile molecule 7, 7, 8, 8-tetracyanoquinodimethane (TCNQ), a strong acceptor, is selected 

as an acceptor molecule. TCNQ exhibits a low reduction potential which makes it a suitable 

acceptor in charge transfer processes. The profound tendency of TCNQ to overlap its π-delocalized 

system with neighboring molecules to form stacks with different degrees of electronic 

delocalization may result the charge transfer complexes with rich magneto-opto-electronic 

properties. 

Herein, we report comprehensive, experimental, and theoretical studies of charge transfer 

complexes by describing their syntheses, characterization, spectroscopic studies and 

computational methods. The new class of hybrid organic-inorganic materials with rich magnetic 

and conducting properties, were prepared by reacting cyclic trimetallic coinage metal(I) complexes 

with the organic donor and acceptor molecules.  The experiment was designed to prepare the 

charge transfer complexes by reacting the π-acidic complexes {[Cu(µ-3,5-(CF3)2pz)]3, {[Ag(µ-

3,5-(CF3)2pz)]3, {[Au(µ-3,5-(CF3)2pz)]3 and [Ag(µ-3,5-(NO2)2pz)]3 with organic donors TTF, 

DBTTF and BEDT-TTF, while the π-basic complex; [Au(μ-C2,N3-EtIm)]3 with the nitrile acceptor 

TCNQ. Apart from their relevance to conducting and magnetic materials, some of these complexes 

are also interesting from the perspective of their electronic absorption, as demonstrated by this 

work for their potential use as solar cell dyes for colloidal wide band gap semiconductors. 



176 

 

4.2 Experimental Methods  

4.2.1 Materials and methods 

4.2.1.1 General Information 

Unless otherwise noted, all the air-sensitive synthesis steps were performed under Argon 

atmosphere using Standard Schlenk technique. Glassware was oven-dried at 150 °C overnight, 

prior to use. Solvents were dried before use. Tetrahydrofuran (THF) was dried over and stored on 

sodium with benzophenone under vacuum. Dichloromethane (DCM) was washed with 

concentrated sulfuric acid, saturated sodium bicarbonate and deionized water, then pre-dried over 

anhydrous Calcium chloride, refluxed and distilled from phosphorus pentoxide under nitrogen, 

then stored over phosphorus pentoxide under vacuum. Methanol was distilled by conventional 

drying agents and degassed with argon. All other reagents were used directly from the vendors. 

The reported chemical shifts in NMR spectra were referenced to residual solvent peaks.24 (CDCl3, 

1HNMR: 7.26 ppm, 13CNMR: 77.18 ppm. Materials 3,5-Bis(trifluoromethyl)pyrazole, TTF, 

DBTTF, BEDT-TTF and TCNQ were purchased and used without further purification. The 

synthesis of the 3,5-dinitropyrazolate ligand was completed as previously reported in the 

literature;25 only the purification was performed with a slight modification to obtain the pure 

sodium salt. In fact, after the second pyrolysis, the mixture of 3,5-dinitropyrazole was treated with 

1 M NaOH. The resulting salts were then acidified by glacial CH3COOH until pH 5. The pure 

sodium 3,5-dinitropyrazolate was extracted with hot benzene and obtained as a solid with a yield 

of more than 70%. [M(µ 3,5-(CF3)2pz)]3, (M= Cu, Ag, Au), [Ag(µ 3,5-(NO2)2pz)]3 and [Au(μ-

C2,N3-EtIm)]3 were synthetized as described in the literature.26-29
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4.2.1.2 Physical Measurements 

1H and 13C nuclear magnetic resonance (NMR) spectra for deuterated chloroform (CDCl3) 

solutions of complexes at ambient temperature were recorded with a Varian-NMR spectrometer 

operating at 500 MHz. The samples (15-20mg) were dissolved in CDCl3 (~0.75mL) and placed in 

a standard NMR tube. The chemical shifts for the 1H and 13C NMR spectra are reported relative to 

tetramethylsilane in CDCl3. The titration experiment was done by adding increasing amounts of 

solid {Cu[µ-3,5(CF3)2pz]}3 to a 0.8 mM solution of DBTTF in C6D12, 
1H and 19F NMR spectra 

were recorded on an Oxford-400 Varian spectrometer. Chemical shifts, in ppm, for 1H NMR 

spectra are relative to internal Me4Si. The 19F NMR spectroscopic data were accumulated with 1H 

decoupling. NMR annotations used: br = broad, d = doublet, dd = double doublet, t = triplet, m = 

multiplet, s = singlet. Preliminary 1D 1H, 19F HOESY NMR measurements were carried out at 

333K in presence of 2.6 equivalents of DBTTF. Both far- and mid- infrared (IR) spectra were 

collected on a Thermo Scientific Nicolet-6700 Fourier Transform-Infrared (FT-IR) spectroscopy 

with a smart orbit diamond attenuated total reflectance (ATR) accessory. The neat sample 

wasfirmly pressedon to the diamond plate of the ATR accessory to record spectra from 4000 to 

600 cm−1. A Perkin-Elmer SPECTRUM ONE System FT-IR instrument was also used to collect 

the spectra. Solution and solid state UV-VIS-NIR solution absorption and solid state diffuse 

reflectance measurements were carried out using a PerkinElmer Lambda 900 spectrophotometer 

in suprasil quartz cuvettes with 10 mm path lengths. The solid reflectance data was collected using 

the LabSphere integrating sphere accessory to the Lambda 900 spectrophotometer which is 

connected to Peltier system for temperature dependent experiments. Electrospray ionization mass 

spectrometry (ESI-MS) spectra were obtained in positive- or negative-ion mode on the 1100 series 

MSD detector HP spectrometer, using an acetonitrile mobile phase. The compounds were added 



178 

 

to reagent-grade acetonitrile to give solutions with approximate concentrations of 0.1 mM. These 

solutions were injected (1 μL) into the spectrometer via a HP 1090 series II high performance 

liquid chromatography (HPLC) instrument, fitted with an auto-sampler. The pump delivered the 

solutions to the mass spectrometer source at a flow rate of 300 μL min−1, and nitrogen was 

employed as both a drying and nebulizing gas. Capillary voltages were typically 4000 and 3500 V 

for the positive- and negative-ion modes, respectively. Confirmation of all major species in this 

ESI-MS study was aided by a comparison of the observed and predicted isotope distribution 

patterns, with the latter calculation using the IsoPro 3.0 program. Elemental analyses (C, H, N, and 

S) were performed in-house with a Fisons Instrument 1108 CHNS-O elemental analyzer. An 

SMP3 Stuart Scientific Instrument, and an Electrothermal Mel-Temp melting point devices were 

used to determine the melting point.  

4.2.1.3 X-ray Crystallographic Determination 

Crystal structure determination for all complexes were carried out using a Bruker SMATR 

APEX2 CCD-based X-ray diffractometer equipped with a low temperature device and Mo-target 

X-ray tube (wavelength = 0.71073 Å). Measurements were taken at 100(2) K and 298K. Data 

collection, indexing, and initial cell refinements were carried out using APEX2,30 frame integration 

and final cell refinements were done using SAINT.31A multiple absorption correction was applied 

using the program SADABS.32All non-hydrogen atoms were refined anisotropically. The 

hydrogen atoms in the complexes were placed in idealized positions and were refined as riding 

atoms. Structure solution, refinement, graphic and generation of publication materials were 

performed by using SHELXTL software.33
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4.2.1.4 Solid-State Simulations 

In collaboration with Prof. Hassan Rabaâ from Ibn Tofail University, the solid-state 

calculations described in this work, are performed within the framework of the extended Hückel 

tight binding (EHTB) method, 34 for which standard parameters are used within the YAeHMOP35 

software package. The off-diagonal elements of the Hamiltonian are evaluated with the Wolfsberg-

Helmholtz formula.36 Numerical integrations over the symmetry unique section of the Brillouin 

zone of the three-dimensional structures of the donor-acceptor complexes were performed using a 

set of 56 k-points. The EHTB approach has been described to predict conductivity from band 

structure. For example, this method was used to describe the superconductivity of Chevrel phases. 

In another application37, Lopes et al. used the EHTB method to study the 1-D conductor (TTDM-

TTF) 2
38 [Au(mnt)2] (mnt = bis-maleonitriledithiolate, TTDM = thiophenothio-dimethylene). The 

Gaussian 09 program is used for all density functional calculations described herein. The valence 

basis sets (augmented with a d polarization function for main group atoms) and compact effective 

potentials of Stevens et al. are employed in conjunction with the B3LYP hybrid functional.39-40 

The Turbomole package is also used for geometry optimization andTPSS/Def2 with Grimmer 

dispersion was applied.41 

4.2.2 Syntheses 

The preparation of the starting precursors, such as coinage metal acceptors namely [Cu(µ-

3,5-(CF3)2pz)]3, [Ag(µ-3,5-(CF3)2pz)]3, [Au(µ-3,5-(CF3)2pz)]3, [Ag(µ-3,5-(NO2)2pz)]3,  and donor 

namely [Au(μ-C2,N3-EtIm)]3 were completed by following the previously reported procedures.26-

29 Crystalline charge-transfer adducts of donors and acceptors shown in Schemes  4.1 and 4.2 were 

obtained by mixing the components as dichloromethane solutions, followed by the different 
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purification processes. Many other attempts were made to obtain these and other adducts, but only 

the successful attempts are documented in subsequent sections below. 

Synthesis of {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}, 1 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.037mmol) of [Cu-(µ-3,5-

CF3)2pz]3, 11.45 mg (0.037 mmol) of solid DBTTF was added. The colorless solution turned 

yellow. Resulted yellow-colored solution was stirred overnight at room temperature. Afterward, 

the reaction mixture was then, filtered and the solvent was removed under reduced pressure to give 

a bright yellow solid. The solid was washed with hexane (3 × 5ml), dried and recrystallized in a 

mixture of dichloromethane and hexane to give yellow needles as single crystals suitable quality 

for X-ray solid state single crystal structural determination. {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}: 

Yield: 85 %; M.p> 250; 1H-NMR (CD2Cl2, 293K) : 7.02-6.72; ESI(+) (CH3OH): m/z: 102.2 (50), 

274.4 (100), 304.0 (40) [DBTTF+H]+, 722.7 (15), 764.7 (10); ESI(-): 203.0 (45) [3,5-(CF3)2-pz]-, 

469.0 (20), 834.7 (100), 1002.8(40); IR (cm-1): 3150.7(w), 3055.4(w), 2964.4(w), 1643.1(w), 

1540.7(s), 1506.6(s), 1450.1(vs), 1362.2(s), 1226.4(s), 1256.1(vs), 1121.7(br), 1099(w), 

1031.9(vs), 991.4(s), 933.0(m), 816.2(vs), 776.3, 759.0(w), 735.7(w), 744.9(vs), 674.6(s); 

Elemental analysis for C29H11Cu3F18N6S4 (%), calc.: C, 31.54; H, 1.00, N, 7.61; S, 11.61; found: 

C, 31.5819; H, 1.1101; N, 6.3809; S, 11.6534. 

Synthesis of {[Ag(µ-3,5-(CF3)2pz)]3DBTTF}, 2 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.032 mmol) of [Ag-(µ -3,5-

(CF3)2pz]3, 9.7 mg (0.032 mmol) of DBTTF was added. After few minutes, a pale-yellow 

suspension was formed and the reaction mixture was stirred overnight at room temperature. The 

suspension was then centrifuged to separate the solid from the solution. The crude yellow solid 
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was dried under vacuum, dissolved in acetone and by slow evaporation yellow needles crystals of 

single crystal X-ray quality were obtained after couple of days. {[Ag(µ-3,5-(CF3)2pz)]3DBTTF}: 

Yield: 80.58%. M.p > 250; 1H-NMR (acetone-d6, 293K) : 7.294(s); ESI (+) (CH3OH), m/z: 102.2 

(50), 274.4 (100), 304.0 (40) [DBTTF+H] +, 722.7 (20); ESI(-), 203.0 (100) [3,5-(CF3)2-pz]-, 

325.1 (20). IR(cm-1): 3146.8, 3075.6, 1951.5, 1901.3, 1855.3, 1629.6, 1569.0, 1547.7, 1530.1, 

1449.7, 1354.3, 1235.0, 1180.0, 1153.0, 1117.8, 1088.1, 1020.7, 987.8, 976.5, 935.0, 813.2, 775.7, 

745.8, 734.7, 712.8, 673.9; Elemental analysis for C29H11Ag3F18N6S4 (%), calc.: C, 28.15; H, 0.90; 

N, 6.79; S, 10.37; found: C, 28.31; H, 0.89; N, 6.16; S, 10.09. 

Synthesis of {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.025 mmol) of [Au-(µ -3,5-

(CF3)2pz]3, 7.6 mg (0.025 mmol) of solid DBTTF was added. The reaction mixture was stirred 

overnight at room temperature. Afterward, the reaction mixture was filtered and the solvent was 

removed under reduced pressure to give a bright yellow solid. The solid was washed with hexane 

(3 × 5ml), dried and recrystallized in a mixture of dichloromethane and hexane to give yellow 

needles as crystals suitable for X-ray single crystal structural analysis. {[Au(µ-3,5-

(CF3)2pz)]3DBTTF}: Yield: 45.58%; M.p > 250; 1H-NMR (CD2Cl2, 293K): δ 7.18 (s); ESI(+) 

(CH3OH), m/z: 303.9 (100) [DBTTF+H]+, 337.0 (10); ESI(-), 434.9 (40), 516.9 (10); 602.9 (100); 

IR (cm-1): 3145.8, 3081.8, 3056.2, 1943.0, 1900.5, 1860.4.3, 1645.8, 1553.5, 1539.7, 1499.8, 

1450.6, 1441.3, 1392.1, 1377.1, 1256.2, 1135.5, 1119.8, 1040.4, 991.6, 929.6, 819.0, 776.1, 765.2, 

711.6, 675.1; Elemental analysis for C29H11Au3F18N6S4 (%), calc.: C, 23.15; H, 0.74; N, 5.59; S, 

8.52; found: C, 23.91; H, 0.79; N, 5.16; S, 8.09.
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Synthesis of {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.037mmol) of [Cu-(µ-3,5-

CF3)2pz]3, 8 mg (0.037 mmol) of solid TTF was added. The yellow solution was then, stirred 

overnight at room temperature. Afterward, the reaction mixture was filtered and the solvent 

was removed under reduced pressure to give a bright yellow solid. The solid was washed with 

hexane (3 × 5ml), dried and recrystallized in a mixture of dichloromethane and hexane to give 

yellow needles as crystals. {[Cu(µ-3,5-(CF3)2pz)]3TTF}:Yield: 75 %; M.p> 250; 1H-NMR 

(CD2Cl2, 293K) ; 7.07(m); IR (cm-1): 3156.6(w), 3092.7(w), 1643.1(w), 1542.7(w), 

1554.7(w), 1539.8(wbr), 1506.9(s), 1455.8(vs), 1363.8(s), 1226.4(s), 1255.5(vs), 1116.3(br), 

1099(w), 1031.5(vs), 991.6(s), 820.2(vs), 793.3(m), 779.5(w), 758.8(s), 735.0(s), 714.1(s); 

Elemental analysis for (C19H9Cu3F12N6S4) (%), calc.: C, 26.28; H, 1.04; N, 9.68; S, 14.77; 

found: C,25.9856; H,1.1234; N,9.7654; S,14.8765. 

Synthesis of {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.037mmol) of [Ag-(µ-3,5-

CF3)2pz]3, 8 mg (0.037 mmol) of TTF was added. The yellow solution was stirred overnight at 

room temperature. The resulted reaction mixture was then filtered and the solvent was removed 

under reduced pressure to give a bright yellow solid. The solid was washed with hexane (3 × 

5ml), dried and recrystallized in a mixture of dichloromethane and hexane to give yellow 

needles as crystals. {[Ag(µ-3,5-(CF3)2pz)]3TTF}:Yield: 75 %; M.p> 250; 1H-NMR (CD2Cl2, 

293K) :6.98; IR (cm-1): 3152.4(w), 3098.4(w), 1634.6(w), 1549.6(w), 1531.5(w), 1505.3(s), 

1453.8(w), 1354.1(s), 1251.5(vs), 1233.8(w), 1116.0(br), 1088.4(w), 1019.5(vs), 987.4(s), 

861.9(w), 815.8(vs), 793.1(s), 778.8(w), 755.9(s), 733.9(s), 713.2(s); Elemental analysis for 
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(C19H9Ag3F12N6S4) (%), calc.: C, 26.79; H, 0.91; N, 8.39; S, 12.81; found: C,26.6543; 

H,0.9234; N,8.4232; S,12.7634. 

Synthesis of {[Au(µ-3,5-(CF3)2pz)]3TTF}, 6 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.025 mmol) of [Au-(µ -3,5-

(CF3)2pz]3, 5.1 mg (0.025 mmol) of solid DBTTF was added. The reaction mixture was stirred 

overnight at room temperature. The resulted reaction mixture was then filtered and the solvent 

was removed under reduced pressure to give yellow solid. The crude product was recrystallized 

in a mixture of dichloromethane and hexane to give yellow needles as crystals. {[Au(µ-3,5-

(CF3)2pz)]3TTF}: Yield: 45.58%; M.p > 250;1H-NMR (CD2Cl2, 293K): δ:6.89; IR (cm-1): 

3145.8, 3081.8, 3056.2, 1943.0, 1900.5, 1860.4.3, 1645.8, 1553.5, 1539.7, 1499.8, 1450.6, 

1441.3, 1392.1, 1377.1, 1256.2, 1135.5, 1119.8, 1040.4, 991.6, 929.6, 819.0, 776.1, 765.2, 

711.6, 675.1; Elemental analysis for C21H7Au3F18N6S4 (%), calc.: C, 17.96; H, 0.50; N, 5.98; 

S, 9.13; found: C, 18.0652; H, 0.5321; N, 5.8762; S, 9.0123. 

Synthesis of {[Cu(µ-3,5-(CF3)2pz)]3BEDT-TTF}, 7 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.037mmol) of [Cu-(µ-3,5-

CF3)2pz]3, 14 mg (0.037 mmol) of solid BEDT-TTF was added. The orange solution was 

stirred for 2 days at room temperature. Afterward, the reaction mixture was filtered and the 

solvent was removed under reduced pressure to give a bright orange solid. The solid was 

washed with hexane (3 × 5ml), dried and recrystallized in a mixture of dichloromethane and 

hexane to give orange needles as crystals. {[Cu(µ-3,5-(CF3)2pz)]3BEDT-TTF}: Yield: 65 %; 

M.p. > 250; 1H-NMR (CD2Cl2, 293K) 7.02(s), 3.97(m); IR (cm-1): 3162(w), 2964(w), 

2919(w) 1666(w), 1543(s), 1507(s), 1456(m), 1362(s), 1255(vs), 1232(m), 1116(br), 1026(vs), 
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823(vs), 759(vs), 735(m), 715(s); Elemental analysis for (C25H11Cu3F18N6S8) (%), calc.: C, 

25.35; H, 0.94; N, 7.09; S, 21.66; found: C,25.4543; H,0.9234; N,6.9985; S,21.5678. 

Synthesis of {[Ag(µ-3,5-(CF3)2pz)]3BEDT-TTF}, 8 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.032mmol) of [Ag-(µ-3,5-

CF3)2pz]3, 12 mg (0.032 mmol) of solid BEDT-TTF was added. The orange solution was then 

stirred for 2 days at room temperature. The resulted reaction mixture was filtered and the 

solvent was removed under reduced pressure to give a bright orange solid. The solid was 

washed with hexane (3 × 5ml), dried and recrystallized in a mixture of dichloromethane and 

hexane to give orange needles as crystals. {[Ag(µ-3,5-(CF3)2pz)]3BEDT-TTF}: Yield:70%; 

M.p> 250; IR (cm-1): 1H-NMR (CD2Cl2, 293K) :6.972(s) 3H, 3.54(m) 8H; IR (cm-1): 

3141.4(w), 2962.4(wbr) 2926.0(wbr), 2852.3(wbr), 1625.0(w), 1547.3(m), 1530.8(m), 

1502.7(s), 1353.3(s), 1250.8(s), 1229.1(w), 1116.0(s), 1017.0(vs), 917.0, 882.0, 812.0(vs), 

755.9; Elemental analysis for (C25H11Ag3F18N6S8) (%), calc.: C, 22.79; H, 0.84; N, 6.38; S, 

19.47; found: C, 23.6037; H, 0.8037; N, 6.035; S, 19.2320. 

Synthesis of {[Au(µ-3,5-(CF3)2pz)]3BEDT-TTF}, 9 

To a stirring 10mL CH2Cl2 solution containing 30 mg (0.025mmol) of [Au-(µ-3,5-

CF3)2pz]3, 9.6 mg (0.025 mmol) of BEDT-TTF was added. The orange solution was stirred for 

2 days at room temperature. Afterwards, the reaction mixture was filtered and the solvent was 

removed under reduced pressure to give a bright orange solid. The solid was washed with 

hexane (3 × 5ml), dried and recrystallized in a mixture of dichloromethane and hexane to give 

orange needles as crystals. {[Au(µ-3,5-(CF3)2pz)]3BEDT-TTF}: Yield: 35 %; M.p> 250; 

1HNMR (CD2Cl2, 293K) :7.072(s) 3H, 3.96(m) 8H; IR (cm-1): 3147., 2962.4(wbr) 
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2926.0(wbr), 2852.3(, 1943.0, 1900.5, 1860.4.3, 1645.8, 1553.5, 1539.7, 1499.8, 1450.6, 

1441.3, 1392.1, 1377.1, 1256.2, 1135.5, 1119.8, 1040.4, 991.6, 929.6, 819.0, 776.1, 765.2, 

711.6, 675.1; Elemental analysis for C25H11Au3F18N6S4 (%), calc.: C, 22.79; H, 0.84; N, 6.38; 

S, 19.47; found: C, 22.45; H, 0.78; N, 6.47; S, 19.31. 

Synthesis of {[Ag(µ-3,5-(NO2)2pz)]3DBTTF}, 10 

To a stirring 10mL CH2Cl2 solution containing 25 mg (0.31mmol) of [Ag-(µ-3,5-

NO2)2pz]3, 9 mg (0.31 mmol) of DBTTF was added. Red precipitate was readily formed and 

the reaction mixture was stirred at room temperature for an hour. The red solid was separated 

from the solution by centrifuge and dried. Attempts to crystallize the compound failed due to 

its insolubility. {[Ag(µ-3,5-(NO2)2pz)]3DBTTF}: Yield: 75 %; M.p> 250; IR (cm-1): 

3156.7(w), 3080.0(w), 3050.2(w), 1628.1(w), 1550.8(w), 1535.3(w), 1492.5(s), 1457.9(s), 

1446.3, 1432.2, 1364.8, 1329.1, 1301.6, 1262.7, 1202.0, 1157.9, 1116.2, 1076.7, 1046.4, 

1030.8, 1012.3, 945.6, 867.0, 834.8, 815.6, 772.5, 757.5, 741.0, 697.4, 671.5; Elemental 

analysis for (C23H11Ag3O12N12S4) (%), calc.: C, 25.13; H, 1.00; N, 15.29; S, 11.66; found: C, 

23.6037; H, 1.0374; N, 14.0354; S, 10.2320. 

 Synthesis of {[Ag(µ-3,5-(NO2)2pz)]32DBTTF}, 11 

To a stirring 10mL CH2Cl2 solution containing 37 mg (0.046mmol) of [Ag-(µ-3,5-

NO2)2pz]3, 28.3 mg (0.093 mmol) of solid DBTTF was added.  Red precipitate was readily 

formed and the reaction mixture was stirred at room temperature for an hour. The red solid was 

separated from the solution by centrifuge and dried. Attempts to crystallize the compound 

failed due to its insolubility. {[Ag(µ-3,5-(NO2)2pz)]32DBTTF}: Yield: 75 % M.p> 250; IR 

(cm-1): 3156.2(s), 3080.3(w), 3050.2(w), 1550.1(vs), 1535.3(w), 1492.1(vs), 1458.0(s), 
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1445.8, 1432.1, 1364.3, 1328.3, 1301.7, 1262.7, 1201.7, 1157.9, 1116.8, 1076.7, 1046.0, 

1030.9, 1012.1, 945.7, 867.0, 834.4, 815.4, 772.9, 757.6, 740.0, 697.4, 671.6 Elemental 

analysis for (C23H11Ag3O12N12S4) (%), calc.: C, 25.13; H, 1.00; N, 15.29; S, 11.66; found: C, 

26.2057; H, 1.2277; N, 14.1305; S, 11.8738. 

Synthesis of {[Ag(µ-3,5-(NO2)2pz)]3TTF}, 12 

To a stirring 10mL CH3CN solution containing 35 mg (0.44mmol) [Ag-(µ-3,5-

(NO2)2pz]3, 18 mg (0.88 mmol) of solid TTF was added.  Brown colored precipitate was 

immediately formed and the reaction mixture was stirred at room temperature for an hour. The 

brown solid was separated from the solution by centrifuge and dried. Attempts to crystallize 

the compound failed due to its insolubility. {[Ag(µ-3,5-(NO2)2pz)]3TTF}: Yield: 84.09%; M.p 

> 250; IR(cm-1), 3158.2, 3069.9, 1537.5, 1480.4, 1456.9, 1359.9, 1323.1, 1247.0, 1091.2, 

1043.7, 1010.9, 813.2; Elemental analysis for C20H12N13O12S6Ag3(%) calc: C, 21.0150; H, 

1.06; N, 15.8142; S, 16.8408; found C, 21.6715; H, 1.1039; N, 14.7971; S, 17.7048. 

Synthesis of {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13 

A saturated solution containing 7.0 mg (0.034 mmol) of 7,7,8,8-tetracyanoquinodim- 

ethane (TCNQ) dissolved in 1 mL of CH2Cl2 was prepared and warmed in a water bath until 

dissolution. A 30 mg (0.034 mmol) of [Au(μ-C2,N3-EtIm)]3 was added to the light-yellow 

CH2Cl2 solution, and an intense green color was observed immediately. Crystallization from 

CH2Cl2/ether produced dark crystals that were analyzed by single crystal X-ray 

crystallography. {[Au(μ-C2,N3-EtIm)]3TCNQ}: Yield: 76%; M.p > 250; IR(cm-1), 3130.6, 

3108.3, 3013.8, 2965.6, 2903.9, 2838.3, 2206.0, 2171.0, 2138.3, 1702.4, 1563.6, 1453.7, 

1403.5, 1376.5, 1341.8, 1307.1, 1270.5, 1239.5, 1143.2, 942.6, 906.0, 1079.5, 1341.8, 1307.1, 
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1270.5, 1239.5, 1143.2, 942.7, 906.0, 1079.5, 960.0, 942.7, 906.0, 861.2, 813.5. Anal. Calcd. 

for C27H25Au3N10 C, 30.01; H, 2.33; N, 12.96. Found: C, 29.91; H, 2.09; N, 12.17.  

4.3 Results and Discussions 

4.3.1 Synthetic Chemistry 

The reaction of the π-acidic complexes {[Cu(µ-3,5-(CF3)2pz)]3, {[Ag(µ-3,5-

(CF3)2pz)]3, {[Au(µ-3,5-(CF3)2pz)]3 and [Ag(µ-3,5-(NO2)2pz)]3 complexes with TTF, DBTTF 

and BEDT-TTF resulted charge transfer complexes 1-12, while the reaction of π-basic 

complex; [Au(μ-C2,N3-EtIm)]3 with the nitrile acceptor TCNQ, resulted the charge transfer 

complex 13. The charge transfer complexes 1-6 are yellow solids, 7-9 are bright orange solid, 

10-11 are dark red solids and 12-13 are dark solids. These complexes are stable at room 

temperature, and show their stabilities in air and light after days of exposure apart from the 

charge transfer complexes 1 and 3, whose color changes from yellow to green after exposure 

for couple of hours. Therefore, they should be stored under inert atmosphere and in dark 

containers. Most of these complexes are soluble in dichloromethane, acetone, benzene and 

chloroform except for the charge transfer complexes 7 and 9-12. The synthetic procedure is 

quite facile that after dissolving the cyclic trimetallic coinage metal(I) complexes in DCM, the 

organic donor/acceptor were added. The resulted mixture was stirred at room temperature 

under inert gas as described earlier, to give charge transfer complexes in good percentage yield. 

These complexes are further characterized by crystallographic and spectroscopic studies as 

applicable, which will be discussed in the subsequent sections below.
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4.3.2 Structural Characterization by X-ray Diffraction 

Crystal data for charge transfer complexes 1-5, 8 and 13 are listed in Table 4.1. X-ray-

quality crystals were grown by slow evaporation of dichloromethane/hexane solutions for 

complexes 1-5 & 8 whereas dichloromethane/ether solution for complex 13. Fig. 4.3 – 4.9 

shows the solid-state molecular structures of these complexes. The crystallographic data 

suggest that all seven complexes exhibit significant donor-acceptor or charge transfer 

interactions in the solid-state, as judged by the interplanar distances between the donor 

molecule and the acceptor molecules. Interplanar distances of 3.75 Å between the donor and 

acceptor molecules are close enough for the π-π, d-π and the electrostatic donor-acceptor 

interactions.8-14  

Table 4.1: Crystallographic data and refinement parameters for charge-transfer complexes 1-

5, 8 and 13. 

 5 8 2 

Formula C21H7Ag3F18N6S4 C25H11Ag3F18N6S8 C29H11Ag3F18N6S4 

MW 1137.18 1317.49 1237.29 

T (K) 220(2) 220(2) 220(2) 

cryst syst Triclinic Monoclinic Monoclinic 

space group P -1 P 21/n C 2/c 

a (Å) 12.2232(10) 9.3315(7) 20.4559(8) 

b (Å) 12.8174(18) 35.549(3) 13.8514(8) 
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c (Å) 12.9767(10) 12.1940(8) 14.2511(7) 

α (deg) 96.133(3) 90 90 

β (deg) 116.919(2) 106.138(2) 114.143(2) 

γ (deg) 109.030(3) 90 90 

V (Å3) 1633.7(3) 3885.7(5) 3684.7(3) 

Z 2 4 4 

Dcalcd (Mg m-3) 2.312 2.252 2.230 

µ (mm-1) 2.167 2.046 1.932 

reflns measured 38793 80040 69266 

reflns unique [Rint] 7220 [0.0238] 8559 [0.0344] 4073 [0.0253] 

R1, wR2 [I > 2σ(I)] 0.0440, 0.1317 0.0499, 0.1481 0.0237, 0.0710 

R1, wR2 (all data) 0.0501, 0.1387 0.0571, 0.1543 0.0255, 0.0742 

 3  4 

Formula C29H11Au3F18N6S4  C21H7Cu3F18N6S4.H2O 

MW 1504.58  1022.20 

T (K) 220(2)  220(2) 

cryst syst Monoclinic  Monoclinic 

space group C 2/c  C 2/c 
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a (Å) 20.6379(10)  22.727(4) 

b (Å) 13.7210(7)  12.092(2) 

c (Å) 14.6029(7)  24.783(4) 

α (deg) 90  90 

β (deg) 116.8510(10)  107.387(3) 

γ (deg) 90  90 

V (Å3) 3689.3(3)  6499.3(18) 

Z 4  8 

Dcalcd (Mg m-3) 2.709  2.089 

µ (mm-1) 12.253  2.338 

reflns measured 46027  41138 

reflns unique [Rint] 4077 [0.0286]  9546 [0.0296] 

R1, wR2 [I > 2σ(I)] 0.0152, 0.0452  0.0914, 0.2662 

R1, wR2 (all data) 0.0185, 0.0486  0.1212, 0.3065 

 1  13 

Formula C29H11Cu3F18N6S4  C27H25Au3N10 

MW 1104.30  1080.47 

T (K) 296(2)  220(2) 
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cryst syst Monoclinic  Monoclinic 

space group C 2/c  P 21/c 

a (Å) 20.128(2)  17.6461(13) 

b (Å) 13.9336(15)  7.3062(6) 

c (Å) 14.3856(15)  23.7503(19) 

α (deg) 90  90 

β (deg) 113.355(2)  97.964(3) 

γ (deg) 90  90 

V (Å3) 3703.9(7)  3032.5(4) 

Z 4  4 

Dcalcd (Mg m-3) 1.980  2.367 

µ (mm-1) 2.058  14.512 

reflns measured 24788  47614 

reflns unique [Rint] 4095 [0.0367]  6607 [0.0871] 

R1, wR2 [I > 2σ(I)] 0.0391, 0.0998  0.0600, 0.1501 

R1, wR2 (all data) 0.0567, 0.1112  0.1024, 0.1718 

 

     Where, R1 = Σ||Fo| − |Fc||/Σ|Fo| and wR2 = {Σ[w(Fo 
2 –wFc 

2)2/Σ[w(Fo 
2)2]}1/2 
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The solid-state crystal structure of the charge transfer complex {[Cu(µ-3,5-

(CF3)2pz)]3DBTTF}, 1, reveals that complex 1 crystalizes in the monoclinic space group C2/c 

with one molecule in the unit cell. The solid-state crystal structure is depicted in Fig. 4.3 (a) 

together with the atom numbering scheme. The DBTTF donor molecule and the cyclic 

trimetallic Cu(I) complex are stacked in an integrated pattern above and below each other, 

which allows for enhanced orbital overlap. The acceptor molecules are centered towards the 

sulfur atoms of the donor molecules resulting in a zig-zag extended packing motif. There are 

four Cu…S contacts above and below each donor molecule, interacting with acceptor molecule 

which are less than 4.0 Å as shown in Fig. 4.3 (d). The significant Cu…S interactions are 3.334 

Å, 3.463 Å, 3.741 Å and 3.788 Å. The illustration of the calculated centroid…centroid 

interactions is given in 4.3 (b) and the infinite zig-zag chain of the donor-acceptor stack is 

shown in Fig. 4.3 (c). The orientation of the DBTTF molecules are in two different 

crystallographic spaces, where the next neighboring DBTTF molecules in the stacks are always 

nearly perpendicular to one another throughout the extended structures as shown in Fig. 4.3 

(c).   

There is no any significant intermolecular metallophilic interaction between two 

adjacent cyclic trimetallic complexes. The extended supramolecular structures are mainly 

mediated by Cu…S interactions. The distances between the donor and acceptor molecules are 

well within the range of d-π interactions (3.75 Å). The organic donor-DBTTF molecule adopts 

the similar packing arrangement herein, irrespective of the acceptor precursor, displays the 

favorable interactions between the cyclic trimetallic coinage metal(I) complexes as acceptor 

and DBTTF as organic donor molecules. Therefore, the stacking motif (D-A-D-A) of the 

donor-acceptor adduct {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}, 1, signifies the energy stabilization 
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that resulted from the interactions between the D-A molecules in this supramolecular stack of 

{[Cu(µ-3,5-(CF3)2pz)]3DBTTF},1. 

 

Fig 4.3: X-ray crystal structure for {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}, 1 (a) view of the charge-

transfer complex in the solid-state structure together with the atom numbering scheme, (b) the 

contents of the unit cell illustrating interactions involving the calculated centroids for donor 

(Magenta) and acceptor (Maroon) molecules. Centroid…centroid contact is 4.174 Å, (c) one-

dimensional crystal packing motif, and (d) the contents of the unit cell with the emphasis on 
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Cu…S contacts (violet dotted lines) shorter than 4.0 Å. -CF3 group and hydrogen atoms are 

omitted for the sake of clarity. 

Crystal structure of the charge transfer complex {[Ag(µ-3,5-(CF3)2pz)]3DBTTF}, 2 

displays, that complex 2 crystalizes in the monoclinic crystal system with C2/c space group.   

Single molecule of complex 2 in   unit cell is depicted in Fig. 4.4 (a). The DBTTF donor 

molecule and the cyclic trimetallic Ag(I) complex are stacked in an integrated pattern above 

and below each other, which allows for enhanced orbital overlap as in complex 1 

The acceptor molecules are centered toward the sulfur atoms and the donor and 

acceptor molecules form a zig-zag extended chain in crystal packing. There are four Ag…S 

contacts above and below each donor molecule interacting with acceptor molecule which are 

less than 4.0 Å as shown in Fig. 4.4 (d). The significant Ag…S interactions are 3.295 Å, 3.413 

Å, 3.732 Å and 3.767 Å and are shorter than those found for the Cu(I) and Au(I) analogue. The 

illustration of the calculated centroid-centroid interactions is given in Fig. 4.4 (b). The 

centroid-centroid interactions shows tightly bonded adjacent molecules for Ag(I)-based 

acceptor when compare to the Cu(I) and Au(I) acceptor molecules. This is obviously due to 

the strong acidic behavior of cyclic trimetallic Ag(I) complex compared to other coinage 

metal(I) complexes of same ligand as described previously. Crystal packing motif that shows 

an infinite zig-zag chain of the donor-acceptor stack for complex 2, is given in Fig. 4.4 (c).  



195 

 

 

Fig 4.4: X-ray crystal structure for {[Ag(µ-3,5-(CF3)2pz)]3DBTTF}, 2 (a) view of the charge-

transfer complex in the solid-state structure together with the atom numbering scheme, (b) the 

contents of the unit cell illustrating interactions involving the calculated centroids for donor 

(Magenta) and acceptor (Maroon) molecules. Centroid…centroid contact is 4.134 Å, (c) one-

dimensional crystal packing motif, and (d) the contents of the unit cell with the emphasis on 

Ag…S contacts (violet dotted lines) shorter than 4.0 Å. -CF3 group and hydrogen atoms are 

omitted for the sake of clarity.   

The orientation of the DBTTF molecules are in two different crystallographic spaces 

as in complex 1, where the next neighboring DBTTF molecule in the stacks is always nearly 
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perpendicular to each other throughout the extended structures as shown in Fig. 4.4 (c). The 

integrated D-A-D-A supramolecular stacks shows convincing evidence of the charge transfer 

properties and other related conducting behavior which is also substantiated by the 

spectroscopic as well as computational studies later in this Chapter. 

Charge transfer complex {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3, crystalizes in the 

monoclinic space group C2/c with one molecule in the unit cell, the structure as shown in Fig. 

4.5 (a), together with the atom numbering scheme. The DBTTF donor molecule and the cyclic 

trimetallic Au(I) complex are stacked in an integrated pattern above and below each other 

which allows for enhanced orbital overlap as in complexes 1 and 2.  

The acceptor molecules are centered toward the sulfur atoms of the donor molecules 

resulting in a zig-zag extended packing motif. Even though, our previous study indicated that 

Au(I) complexes are the least acidic among the similar derivatives of cyclic trimetallic 

monovalent coinage metal(I), there are still four Au…S contacts above and below each donor 

molecule as in the case of Ag(I) and Cu(I) complexes. The significant interaction of less than 

4.0 Å between with the cyclic trimetallic Au(I) acceptor molecule and donor molecules is 

shown in Fig. 4.5 (d). These significant Au…S interactions are 3.594 Å, 3.698 Å, 3.849 Å and 

3.854 Å. However, donor-acceptor interaction in complex 3 is the weakest among cyclic 

trimetallic monovalent coinage metal(I) complexes of same ligand.  
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Fig 4.5: X-ray crystal structure for {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3 (a) view of the charge-

transfer complex in the solid-state structure together with the atom numbering scheme, (b) the 

contents of the unit cell illustrating interactions involving the calculated centroids for donor 

(Magenta) and acceptor (Maroon) molecules. Centroid…centroid contact is 4.219 Å, (c) one-

dimensional crystal packing motif, and (d) the contents of the unit cell with the emphasis on 

Au…S contacts (violet dotted lines) shorter than 4.0 Å. -CF3 group and hydrogen atoms are 

omitted for the sake of clarity.
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The illustration of the calculated centroid…centroid interactions is given in 4.5 (b) and is 

also weaker compared to the Cu(I) and Ag(I) analogs, because the cyclic trimetallic Au(I) complex 

of the same ligands is the most basic compared to the same for other coinage metal(I) complexes. 

The complex 3 forms an infinite zig-zag chain of the donor-acceptor stack as shown in Fig. 4.5 

(c). The orientation of the DBTTF molecules are in two different crystallographic space as in 

complex 1 and 2, where the next neighboring DBTTF molecules in the stacks, are always nearly 

perpendicular to each other throughout the extended structures as shown in Fig. 4.5 (c). 

The crystal structure for the charge transfer complex {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4, on 

the other hand, reveals that complex 4 crystalizes in the monoclinic space group C2/c with one 

molecule in the unit cell, the structure as shown in Fig. 4.6 (a), together with the atom numbering 

scheme. The TTF donor molecule as DBTTF also forms the integrated stacks with the cyclic 

trimetallic Cu(I) complex that mediated by Cu…S above and below each other, allowing enhanced 

orbital-overlap than in DBTTF.  

The acceptor molecules are centered toward the sulfur atoms of the donor molecules. 

However, the TTF molecules are arranged in 3-D spaces of solid-state crystal packing, and results 

fascinating stacks that look like the single-stranded helical shape in crystal packing. These helical 

extended chains are composed of alternatively corner sharing TTF molecules, which are linked by 

strong Cu…S interactions. There are several Cu…S contacts above and below each donor molecule 

interacting with acceptor molecule, which are less than 4.0 Å as shown in Fig. 4.6 (d). The 

significant Cu…S interactions are 3.211 Å, 3.322 Å, 3.423 Å, 3.454 Å, 3.547 Å, 3.636, 3.661 Å, 

3.841 Å and 3.925 Å. The illustration of the calculated centroid…centroid interactions is given in 

4.6 (b) that are very strong compared to the DBTTF analog.  
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Fig 4.6: X-ray crystal structure for {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4 (a) view of the charge-transfer 

complex in the solid-state structure together with the atom numbering scheme, (b) The contents of 

the unit cell illustrating interactions involving the calculated centroids for donor (Magenta) and 

acceptor (Maroon) molecules. Centroid…centroid contacts are 3.638 Å and 3.755 Å, (c) one-

dimensional crystal packing motif, and (d) the contents of the unit cell with the emphasis on Cu…S 

contacts (violet dotted lines) shorter than 4.0 Å. -CF3 group and hydrogen atoms are omitted for 

the sake of clarity. 
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The complex 4 forms infinite extended donor-acceptor stack is shown in Fig. 4.6 (c). TTF 

molecules can be found in three different orientations in crystallographic axis and are always 

nearly perpendicular among each other throughout the extended structures as shown in Fig. 4.6 

(c). The interaction of {[Cu(µ-3,5-(CF3)2pz)]3 with TTF is stronger than those found with DBTTF.   

Single crystal structural determination analysis for the charge transfer complex {[Ag(µ-

3,5-(CF3)2pz)]3TTF}, 5 shows that this complex crystalizes in the triclinic space group P-1 with 

one molecule in the unit cell, the structure of which is depicted in Fig. 4.7 (a), together with the 

atom numbering scheme. TTF donor molecule and the cyclic trimetallic Ag(I) complex forms   

integrated pattern above and below each other, allowing greater orbital overlap than in DBTTF 

analogue. This might be due to the steric bulkiness of DBTTF vs TTF donor molecule.   

The individual molecules of cyclic trimetallic Ag(I) complexes are centered towards the 

sulfur atoms of the TTF molecules to give rise a zig-zag extended chain crystal packing motif. 

There are four Ag…S contacts above and below each donor molecule interacting with acceptor 

molecule which are less than 4.0 Å as shown in Fig. 4.7 (d). The significant Ag…S interactions are 

3.265 Å, 3.353 Å, 3.453 Å, 3.471 Å, 3.508 Å, 3.571 Å, 3.624 Å, 3.792 Å, 3.828 Å and 3.931 Å. 

The calculated centroid…centroid distances are shown in 4.7 (b) and the infinite zig-zag extended 

chain mediated by Ag…S contacts of donor-acceptor molecules of complex 5, is demonstrated in 

Fig. 4.7 (c). The positioning of the TTF molecules are in two different crystallographic axes, 

whereby, the next neighboring TTF molecule in the stacks is always perpendicular to one another 

throughout the extended structures as shown in Fig. 4.7 (c).



201 

 

 

Fig 4.7: X-ray crystal structure for {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5 (a) view of the charge-transfer 

complex in the solid-state structure together with the atom numbering scheme, (b) the contents of 

the unit cell illustrating interactions involving the calculated centroids for donor (Magenta) and 

acceptor (Maroon) molecules. Centroid…centroid contacts are 3.376 Å, 3.550 Å and 3.951 Å, (c) 

One-dimensional crystal packing motif, and (d) the contents of the unit cell with the emphasis on 

Ag…S contacts (violet dotted lines) shorter than 4.0 Å. -CF3 group and hydrogen atoms are omitted 

for the sake of clarity.   
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Likewise, the solid-state crystal structure of charge transfer complex {[Ag(µ-3,5-

(CF3)2pz)]3BEDT-TTF}, 8, crystalizes in the monoclinic space group P21/n with one molecule in 

the unit cell. The structure is shown in Fig. 4.8 (a) together with the atom numbering scheme.  

The BEDT-TTF donor molecule and the cyclic trimetallic Ag(I) complex are arranged in 

an integrated arrangement above and below each other, which allows enhanced orbital overlap. 

The acceptor molecules are attracted toward the sulfur atoms of the donor molecule, making a zig-

zag extended chain crystal packing motif for complex 8. There are several Ag…S contacts less than 

4.0 Å above and below each of the donor molecule interacting with acceptor molecule, which are 

shown in Fig. 4.8 (d). The Ag…S interactions of 3.163 Å, 3.303 Å, 3.320 Å, 3.346 Å, 3.357 Å, 

3.412 Å, 3.513 Å, 3.603 Å, 3.751 Å and 3.819 Å are were below the attractive d-π contacts of 

3.750 Å.  Calculated centroids of donor and acceptor molecules   interacting to each other are 

depicted in 4.8 (b) for illustration purposes.  

The complex 8 forms infinite zig-zag extended chain of the donor-acceptor stack as shown 

in Fig. 4.8 (c). The orientation of the BEDT-TTF molecules are in two different crystallographic 

axes where the next neighboring BEDT-TTF molecules in the stacks are always nearly 

perpendicular to each other throughout the extended structures as shown in Fig. 4.8 (c). 
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Fig 4.8: X-ray crystal structure for {[Ag(µ-3,5-(CF3)2pz)]3BEDT-TTF, 8 (a) view of the charge-

transfer complex in the solid-state structure together with the atom numbering scheme, (b) the 

contents of the unit cell illustrating interactions involving the calculated centroids for donor 

(Magenta) and acceptor (Maroon) molecules. Centroid…centroid contacts are 4.095 Å and 5.928 

Å, (c) the one-dimensional crystal packing motif, and (d) the contents of the unit cell with the 
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emphasis on Ag…S contacts (violet dotted lines) shorter than 4.0 Å. -CF3 group and hydrogen 

atoms are omitted for the sake of clarity.   

The product {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, resulted by reacting {[Au(μ-C2,N3-EtIm)]3 

donor molecule and TCNQ acceptor molecule crystalizes in the monoclinic space group P21/c 

with one molecule in the unit cell, the structure of which is depicted in Fig. 4.9 (b) together with 

the atom numbering scheme. The cyanide groups in TCNQ molecule are clearly not coordinated 

to the gold atoms. The cyclic trimetallic Au(I) complex forms 1:1 donor-acceptor (D-A) integrated 

stacks with TCNQ acceptor molecule, even though the donor molecule has the strongest 

intermolecular aurophilic interactions (3.066 Å) among the cyclic trimetallic coinage metal(I) 

complexes. This stacking pattern contrast with the previously reported results for the binary 

adducts of {[Au(μ-C2,N3-BzIm)]3, (where BzIm = Benzylimidazolate) with TCNQ, that shows a 

2:1 {[Au(μ-C2,N3-BzIm)]3 and TCNQ charge transfer complex.22 The TCNQ acceptor molecule 

exhibits two different distances,3.575 Å and 4.071 Å, between the centroid of TCNQ to the 

centroid of the {[Au(μ-C2,N3-EtIm)]3 units that are directly above and below the TCNQ acceptor 

as shown in Fig. 4.9 (c). The centroid to centroid distance of 3.575 Å is way shorter than that 

previously reported distance for the {[Au(μ-C2,N3-BzIm)]3 analog. The packing of {[Au(μ-C2,N3-

EtIm)]3TCNQ}, 13, shows a stacked linear chain structure, as shown in Fig. 4.9 (a), with a 1:1 

pattern of donor and acceptor molecules. The ring of the TCNQ is directly above and below the 

center of the nine-membered ring of the donor molecule {[Au(μ-C2,N3-EtIm)]3. Similarly, there 

are no any significant intermolecular Au(I)…Au(I) interactions. However, the intramolecular 

Au(I)…Au(I) distances of 3.449 Å, 3.473 Å and 3.444 Å are significantly shorter than those for the 

{[Au(μ-C2,N3-EtIm)]3 alone. The intramolecular Au(I)…Au(I) distances of 3.438 Å, 3.479 Å and 

3.488 Å are found in strongly interacting dimer-of-trimer molecule of {[Au(μ-C2,N3-EtIm)]3, when 
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the intermolecular pairwise Au(I)…Au(I)  contacts of 3.066 Å and the intramolecular Au(I)…Au(I) 

distances of 3.471 Å, 3.444 Å and 3.483 Å are found for the another  dimer-of-trimer molecule 

when the intermolecular pairwise Au(I)…Au(I)  contacts of 3.141 Å. 

 

Fig 4.9: X-ray crystal structure for {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13 (a) the one-dimensional 

crystal packing motif, (b) view of the charge-transfer complex in the solid-state structure together 

with the atom numbering scheme, (c) the contents of the unit cell illustrating interactions involving 

the calculated centroids for donor (Magenta) and acceptor (Maroon) molecules. 

Centroids…Centroids contacts are 3.575 Å and 4.071 Å. -ethyl group and hydrogen atoms are 

omitted for the sake of clarity. 
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4.3.3 Spectroscopic Studies 

4.3.3.1 Fourier Transfer Infrared (FTIR) 

Vibrational spectroscopic study for the solid samples of the charge transfer complexes has 

performed and the representative mid-IR spectra for {Cu[µ-3,5(CF3)2pz]}3 acceptor complex, 

charge transfer complex {Cu[µ-3,5(CF3)2pz]}3DBTTF and DBTTF donor molecule are shown in 

Fig. 4.10. 

 

Fig. 4.10: Representative Mid-IR spectra for the solid {Cu[µ-3,5(CF3)2pz]}3 alone (top), charge 

transfer complex {Cu[µ-3,5(CF3)2pz]}3DBTTF (middle) and DBTTF alone (bottom) highlighting 

the shifts in donor C=C-H stretching IR frequencies. 

All the results are summarized in Table 4.2 that contain the C4-H mid- IR stretching 

frequencies in acceptors and C=C-H Mid- IR stretching frequencies in donors. Overall, the C4-H 
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mid- IR stretching frequencies in acceptors decrease while the C=C-H mid- IR stretching 

frequencies in donors increase, that are the indicative of the formation of charge transfer 

complexes. 

Table 4.2: Mid-IR frequencies for charge-transfer complexes of study: 

C4-H Mid- IR Stretching Frequencies in Acceptors 

 [Cu(µ-3,5-(CF3)2pz)]3 [Ag(µ-3,5-(CF3)2pz)]3 [Au(µ-3,5-(CF3)2pz)]3 

3162 cm-1 3153 cm-1 3163 cm-1 

DBTTF 3150 cm-1 3147 cm-1 3144 cm-1 

TTF 3154 cm-1 3152 cm-1 N/A 

BEDT-TTF 3145 cm-1 3144 cm-1 N/A 

 

C=C-H Mid- IR Stretching Frequencies in Donors 

 DBTTF TTF BEDT-TTF 

3055 cm-1 3062 cm-1 2964, 2920 cm-1 

[Cu(µ-3,5-(CF3)2pz)]3 3055 cm-1 (w) 3088 cm-1 2964, 2919 cm-1(w) 

[Ag(µ-3,5-(CF3)2pz)]3 3075 cm-1 3098 cm-1 2962, 2926 cm-1 (w) 

[Au(µ-3,5-(CF3)2pz)]3 3075 cm-1 N/A N/A 
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The spectra in Fig. 4.11 on the other hand, show the ν(C≡N) frequencies for the solid 

TCNQ and charge transfer complex {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, which are 2227 cm-1 and 

2206 cm-1 respectively.  

 

Fig. 4.11: Mid-IR spectra for the solid TCNQ0 alone (top), charge transfer complex {[Au(μ-C2,N3-

EtIm)]3TCNQ}, 13 (bottom). The spectra are zoomed out to highlight the change in ν(C≡N) 

frequencies of TCNQ0 and charge transfer complex {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13. 

The extent of charge transfer in compounds of the acceptor TCNQ, has been the subject of 

numerous IR and Raman spectroscopic studies.43A compilation of ν(C≡N) stretching modes for 

several TCNQ compounds allows for a useful empirical correlation between the frequency of the 

ν(C≡N) mode and extent of charge transfer.44 The ν(C≡N) stretches for the charge transfer 



209 

 

complex {[Au(μ-C2,N3-EtIm)]3TCNQ}, described here correspond to a partial charge of ρ -0.477e 

on the TCNQ units. The degree of charge transfer in a complex can be also estimated by the 

geometry of TCNQ, reasoning from the nodal structure of the frontier molecular orbital.45-46 

 

Fig. 4.12: chemical structure of TCNQ molecule with labeled bond of interest; (left) and selected 

bond lengths comparison table of TCNQ0 and charge transfer complex {[Au(μ-C2,N3-

EtIm)]3TCNQ} (right).   

Kistenmacher et al. suggested a method46 to estimate the degree of charge-transfer based 

on the bond length ratio of TCNQ molecules in the charge transfer complexes. Fig 4.12 (right) 

lists the bond lengths of TCNQ0 and charge-transfer complexes {[Au(μ-C2,N3-EtIm)]3TCNQ}.  

The calculated bond length ratio in {[Au(μ-C2,N3-EtIm)]3TCNQ} corresponding to a partial 

charge of ρ -0.469e on the TCNQ units, and is consistent with the value obtained for IR calculation 

method described previously. 

4.3.3.2 Nuclear Magnetic Resonance (NMR) 

To understand the formation of the binary adducts in solution, we have investigated the 

formation of the {[Cu(µ-3,5(CF3)2pz)]3DBTTF} adduct (complex 1) in solution by means of NMR 

spectroscopy. Adding increasing amounts of solid [Cu(µ-3,5(CF3)2pz)]3 to a 0.8 mM solution of 

DBTTF in C6D12 resulted in a progressive shifting of the DBTTF 1H NMR resonances toward 
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lower frequencies (Fig. 4.13). Both the 1H and 19F NMR resonances of [Cu(µ-3,5(CF3)2pz)]3 

gradually shifts toward that of free [Cu(µ-3,5(CF3)2pz)]3 as its relative concentration increases. 

Not only do these spectral features suggest the formation of a {[Cu(µ-3,5(CF3)2pz)]3DBTTF} 

adduct in solution, likely via weak intermolecular interactions, but also highlight the presence of 

a dynamic equilibrium between the adducts and free [Cu(µ-3,5(CF3)2pz)]3 and DBTTF. 

 

Fig. 4.13: Sections of the 1H (left) and 19F (right) NMR spectra recorded after consecutive 

additions of solid {Cu[µ-3,5(CF3)2pz]}3 to a 0.8 mM solute DBTTF in C6D12. 

Preliminary 1D 1H and19F HOESY NMR measurements were also carried out at 333 K in 

presence of 2.6 equivalents of DBTTF to analyze the supramolecular chemistry of {[Cu(µ-

3,5(CF3)2pz)]3DBTTF} adduct in solution. The results, shown in Fig. 4.14, indicate the presence 

of intermolecular HOEs, thus confirming the formation of {[Cu(µ-3,5(CF3)2pz)]3DBTTF} adduct 

in solution. Interestingly, it appears that the intermolecular CF3-Ha contact is stronger than the 
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corresponding CF3-Hb interaction, suggesting the presence of a preferential supramolecular 

structure in solution. 

 

 

 

 

 

 

 

 

Fig. 4.14: 1H (top) and 1D 1H, 19F HOESY (bottom) NMR spectra of a solution containing DBTTF 

(7.8 mM) and [Cu(µ-3,5(CF3)2pz)]3 (3.00 mM) (333 K, C6D12). 

4.3.3.3 UV-VIS-NIR Absorption and Diffuse Reflectance (DR) Studies 

The most promising evidence to validate the formation of the charge transfer complexes 

described herein, comes from the physical color associated with them. Formation of colored 

solution and solid; yellow (charge transfer complexes 1-6), bright orange (charge transfer 

complexes 7-9), dark red (charge transfer complexes 10-11), and dark (charge transfer complexes 

13-14),  upon mixing the colorless cyclic trimetallic coinage metal(I) complexes {[Cu(µ-3,5-

(CF3)2pz)]3, {[Ag(µ-3,5-(CF3)2pz)]3, {[Au(µ-3,5-(CF3)2pz)]3, [Ag(µ-3,5-(NO2)2pz)]3 and [Au(μ-

C2,N3-EtIm)]3, with pale yellow (TTF, DBTTF and TCNQ) and orange (BEDT-TTF) organic 
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donor and acceptor molecules accompanied our findings herein. . Further investigations by 

solution and solid-state absorption studies supplements these results. Relevant absorption data of 

dichloromethane solutions and the solid-state diffuse reflectance data of the selected charge 

transfer complexes for the absorption studies are illustrated in Figs. 4.15 – 4.20. 

 

Fig. 4.15: UV/Vis absorption spectra for dichloromethane solution containg (a) 1 mM charge-

transfer complex {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}, 1, (b) 1 mM DBTTF alone, and (c) 1 mM 

{[Cu(µ-3,5-(CF3)2pz)]3 alone. 

Fig. 4.15 compares the absorption spectra for 1mM dichloromethane solutions of {[Cu(µ-

3,5-(CF3)2pz)]3 - acceptor alone, DBTTF - donor alone, and charge transfer complex {[Cu(µ-3,5-

(CF3)2pz)]3DBTTF}, 1. The spectrum (a), given in Fig. 4.15 for the transfer complex {[Cu(µ-3,5-

(CF3)2pz)]3DBTTF}, 1, displays enhanced absorption properties for this complex at longer 

wavelengths with a distinct shoulder centered at 650 nm.  The distinct absorption spectra with a 

new absorption band at 650 nm for complex 1, when compared with the absorption spectra of 
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donor and acceptor complexes is believed to be due to the strong d-π interactions that exist between 

the donor and acceptor molecules. The solution and solid-state absorption spectra described herein, 

for {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}, 1, also supplement the fascinating charge transfer property 

associated with this complex. 

 

Fig. 4.16: UV/Vis absorption spectra for dichloromethane solution containing (a) 1 mM charge-

transfer complex {[Ag(µ-3,5-(CF3)2pz)]3DBTTF}, 2, (b) 1 mM DBTTF alone, and (c) 1 mM 

{[Ag(µ-3,5-(CF3)2pz)]3 alone. 

Fig. 4.16 displays the absorption spectra of 1mM dichloromethane solutions of {[Ag(µ-

3,5-(CF3)2pz)]3 alone, DBTTF alone, and the charge transfer complex {[Ag(µ-3,5-

(CF3)2pz)]3DBTTF}, 2. The spectrum (a) as shown in Fig. 4.16 for the transfer complex {[Ag(µ-

3,5-(CF3)2pz)]3DBTTF}, 2, shows enhanced absorption toward longer wavelengths and a shoulder 
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centered at 650 nm as seen for complex 1 that has been induced due to the strong charge transfer 

interactions between donor and acceptor molecules. The absorption spectra also elucidate the s 

much enhancement for complex 2, when compared to the complex 1.  This result of complex 2 is 

in excellent the agreement with the solid-state crystal structures that displays the tight packing for 

complex 2 than 1 and previous study by Tekarli et al.23, where they have reported that the complex 

{[Ag(µ-3,5-(CF3)2pz)]3 is more acidic than {[Cu(µ-3,5-(CF3)2pz)]3. 

 

Fig. 4.17: UV/Vis absorption spectra for dichloromethane solution containing (a) 1 mM charge-

transfer complex {[Ag(µ-3,5-(CF3)2pz)]3BEDT-TTF}, 8, (b) 1 mM BEDT-TTF alone, and (c) 1 

mM {[Ag(µ-3,5-(CF3)2pz)]3 alone. 
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Fig. 4.17 compares the electronic absorption spectra of 1mM dichloromethane solutions of 

[Ag(µ-3,5-(CF3)2pz)]3 alone, BEDT-TTF alone and the charge transfer complex {[Ag(µ-3,5-

(CF3)2pz)]3BEDT-TTF}, 8. The spectrum for the charge transfer complex {[Ag(µ-3,5-

(CF3)2pz)]3BEDT-TTF}, 8, shows similar properties as described for complexes 1 and 2 above, 

with enhanced absorption at longer wavelengths, as the indication of the charge-transfer 

interactions that exist between the donor (BEDT-TTF and acceptor [Ag(µ-3,5-(CF3)2pz)]3 

molecules.  

The electronic absorption spectra as shown in Fig. 4.18 are for 1mM dichloromethane 

solutions of [Cu(µ-3,5-(CF3)2pz)]3 alone, TTF alone, and the charge transfer complex {[Cu(µ-3,5-

(CF3)2pz)]3TTF}, 4. The spectrum (a), in Fig. 4.18 for the transfer complex {[Cu(µ-3,5-

(CF3)2pz)]3TTF} 4, shows an enhanced absorption tendency of this complex at longer wavelengths 

and a clearly visible shoulder centered at 580 nm. 
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Fig. 4.18: UV/Vis absorption spectra for dichloromethane solution containing (a) 1 mM charge-

transfer complex {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4, (b) 1 mM TTF alone, and (c) 1 mM {[Cu(µ-3,5-

(CF3)2pz)]3 alone. 

Interestingly, the electronic absorption spectra for complex {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 

1, is more red-shifted (charge transfer band centered at 650 nm) than that of the charge transfer 

complex {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4, (charge transfer band centered at 580 nm); referring to 

the stronger donor ability of DBTTF molecule than that of TTF molecules. 
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Fig. 4.19: UV/vis absorption spectra for dichloromethane solution containing (a) 1 mM charge-

transfer complex {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5 (b) 1 mM TTF, alone, and (c) 1 mM {[Ag(µ-3,5-

(CF3)2pz)]3 alone. 

Fig. 4.19 represents absorption spectra of 1mM dichloromethane solutions of {[Ag(µ-3,5-

(CF3)2pz)]3 alone, TTF alone, and charge transfer complex {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5. The 

spectrum (a) shown in Fig. 4.19, for the charge transfer complex {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5 

also shows enhanced absorption toward the longer wavelengths vs donor and acceptor alone. The 

shoulder centered at 580 nm for this complex is assigned as the charge-transfer band for complex 

5 that has been driven by the strong donor-acceptor interactions in both solid state as well as 

solution of complex 5, which is similar to that for complex 4. The new features in the electronic 

absorption spectra observed for these new class of charge transfer complexes, are in good 

agreement to their solid-state crystal structures and other spectroscopic studies explained above.  
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Fig. 4.20: Diffuse reflectance spectra for solid sample of charge-transfer complexes (a) {[Ag(µ-

3,5-(NO2)2pz)]3TMTSeF}, (b) {[Ag(µ-3,5-(NO2)2pz)]3DBTTF}, 10, (c) {[Ag(µ-3,5-

(CF3)2pz)]3BEDT-TTF},  8, (d) {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}, 1, and (e) {[Ag(µ-3,5-

(CF3)2pz)]3DBTTF}, 2.  

Similar electronic absorption data obtained through the diffuse reflectance measurements 

for the insoluble solid charge transfer complexes are shown in Fig. 4.20. These results also display 

that the charge transfer complexes studies, exhibit an enhanced absorption toward longer 

wavelength from 400-800 nm; covering entire visible spectrum as the consequence of the attractive 

donor-acceptor interactions between the coinage metal(I) complexes and the acceptor organic 

donor molecules.  
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The  solid and solutions of the charge transfer adducts described herein, do not display any 

visible photoluminescence emission  at both room as well as cryogenic temperatures, even though 

the {[Cu(µ-3,5-(CF3)2pz)]3 and {[Au(µ-3,5-(CF3)2pz)]3 complexes are well-known complexes for 

their brightly phosphorescent properties. This is not surprising, since the luminescence of these 

complexes are often related to the metallophilic interactions, which have been disrupted in the 

charge transfer complexes. 

4.3.4 Computational Studies 

Calculations with the extended Hückel tight binding (EHTB) method on the integrated 

stacks of the charge transfer complexes {[Cu(µ-3,5-(CF3)2pz)]3TTF, 4, {[Ag(µ-3,5-

(CF3)2pz)]3TTF}, 5, {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3, and {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, 

that lead to extended-chain supramolecular assemblies are performed. The calculations for the 

solid-state crystal structures reveal their electronic structure and consequent properties. The most 

important aspect of this study is investigation toward the conducting behavior of donor-acceptor 

adducts of cyclic trimetallic coinage metal(I) complexes with organic donor/acceptor molecules 

such as TCNQ (acceptor) and TTF as well as DBTTF (donors). The donor-acceptor extended 

chains in the solid state of these complexes are predicted to exhibit semiconductor or metallic 

behavior with a large contribution from π and π* bands of TCNQ, TTF and DBTTF to the valence 

and conduction bands. 

Moreover, the valence band moves upward with TTF and DBTTF. The donor-acceptor 

optimized structures display a large accuracy with TPSS/Def2-TZVP-D3 and give interesting 

results that are in excellent agreement with the experimental results. The optimised geometry of 

both structures {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, and {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3, were 
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carried out (see Fig. 4.21). Table 4.3 summarizes the pertinent bond and relevants distances in 

these complexes. 

Table 4.3: Calculated bond lengths (Å) for {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, and {[Au(µ-3,5-

(CF3)2pz)]3DBTTF}, 3, optimized with the B3LYP functional and different basis sets. 

 13 3 

TPSS-D3 Exp Tpss-D3 Exp 

Def2-TZVP  Def2-TZVP  

~Au-Au 

 

3.484 3.449 3.405 3.349 

Au-C 

Au-C 

4.118 3.758 3.793 

3.660 

3.698 

C-S 

 

  1.764 

1.753 

1.775 

 

The structural electronic analysis of these two {[Au(μ-C2,N3-EtIm)]3TCNQ} and {[Au(µ-

3,5-(CF3)2pz)]3DBTTF} complexes, via quantum mechanical computations based-on density 

functional theory (DFT) shows a good agreement of TPSS-D3 with experimental results with  short  

donor-acceptor contacts indicating them as the good donor-acceptor complexes. 
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Fig. 4.21: TPSS/D3 optimized structure for {[Au(µ-3,5-(CF3)2pz)]3DBTTF} (top), and {[Au(μ-

C2,N3-EtIm)]3TCNQ} (bottom). 
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The optimized structures shown in Fig. 4.21, were obtained via DFT calculation 

(TPSS/D3). Table 4.3 lists the relevant bond length that demonstrate the good correlation with the 

experimental results in terms of separation between the donor and acceptor molecules in the donor-

acceptor integrated stacks, even though, B3LYP basis sets usually overestimates the bond 

distances. 

The EHTB approach has been used to describe and predict the conductivity from the band 

structures. Fig. 4.22 shows a plot of the total EHTB density of states (DOS) for {[Au(μ-C2,N3-

EtIm)]3TCNQ}, 13, and {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3. Fig. 4.22 shows a plot of the total 

EHTB density of states (DOS) for {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, and {[Au(µ-3,5-

(CF3)2pz)]3DBTTF}, 3. The Fermi level is found to lie in the region of high DOS at -11 eV for 

complex 13 and -9.50 for complex 3. Therefore, {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3, is predicted 

to be a metallic by the EHTB calculations but for {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, is a semi-

metallic or semiconductor.  
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Fig. 4.22: Total density of states plot (DOS) for the crystal structures of {[Au(µ-3,5-

(CF3)2pz)]3DBTTF}, 4 (top), and {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13 (bottom) showing the total 

DOS. The horizontal dashed line corresponds to the Fermi level.  

In addition, Fig. 4.23 represents different DOS projections for complexes {[Au(µ-3,5-

(CF3)2pz)]3DBTTF}, 4, (top) and {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, (bottom) along with Au, 

TCNQ and DBTTF with a large delocalization in the valence-conduction band structures, thus 

indicating the role of the {[Au(μ-C2,N3-EtIm)]3 complex as a donor, and TCNQ as acceptor as 

well as {[Au(µ-3,5-(CF3)2pz)]3  as acceptor, and DBTTF as a donor. The projections display the 

results for {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3, in the valence band containing the Fermi level (top-

left), Au projection (top-middle), and DBTTF (top-right) as well as for {[Au(μ-C2,N3-
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EtIm)]3TCNQ}, 13, in the valence band containing the Fermi level (bottom-left), Au projection 

(bottom-middle) and TCNQ (bottom-right). The substantial electron affinity of TCNQ is 

consistent with the predicted semi-metallic behavior of this solid. Because TCNQ can readily 

accept electrons from the [Au(μ-C2,N3-EtIm)]3 complex via the low energy unoccupied *-orbitals 

of the former, which dominate the bands immediately above the Fermi level. Figs. 4.22 and 4.24  

show that the filled -orbitals of the organic ligand pyrazolate or imidazolate, lie below both the 

Au(I) d-orbitals and the TCNQ or DBTTF -orbitals, while the vacant *-orbitals of the ligand, 

lie above the TCNQ *-orbitals. The differences of /* alone are lying at high energy according 

to the sulfur parameters.  
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Fig. 4.23: Plot of the density of states (DOS) for the crystal structure of {[Au(µ-3,5-

(CF3)2pz)]3DBTTF}, 4 (top), and {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13 (bottom), showing the total 

DOS (left), gold projection (middle), and TCNQ or TTF projection (right). The horizontal dashed 

line corresponds to the Fermi level.  

In solid {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, the interactions of the planar {[Au(μ-C2,N3-

EtIm)]3 complex with TCNQ results in an almost completely occupied valence band centered at –

11 eV (Fig. 4.23). The critical role of donor-acceptor interactions in the conducting behavior can 

be seen by contrasting the results in Fig. 4.23 (top and bottom). A pronounced band gap is 

observed in the solid {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13. 
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As a conclusion, the electronic behaviors of {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, and 

{[Au(µ-3,5-(CF3)2pz)]3. DBTTF}, 3, are completely different in both band structures. In the first 

one it seems to be a good semi-conductor but the second one, is completely a conductor (see 

valence band of both materials, and where the Fermi levels cut them). 

Similarly, calculations for the solid-state crystal structures of the charge transfer 

complexes {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4, and {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5, were also 

performed with the extended Hückel tight binding (EHTB) methods to study their electronic 

structure and consequent properties. 

 

Fig. 4.24: Plot of the density of states (DOS) for the crystal structure of {[Cu(µ-3,5-

(CF3)2pz)]3TTF}, 4. Total density of state (DOS) of {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4 (left). The 
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contribution of metal (middle), and TTF (right) are shown as shaded areas and the dotted line 

corresponds to the Fermi levels. 

 

Fig. 4.25: Plot of the density of states (DOS) for the crystal structure of {[Ag(µ-3,5-

(CF3)2pz)]3TTF}, 5. Total density of state (DOS) of {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5. The 

contribution of each metal and TTF are shown as shaded areas and the dotted line corresponds to 

the Fermi levels. 

Under EHTB calculations, both compounds present large metallic behvior (see the fermi 

level as shown in Fig. 4.24 and 4.25). As shown in Fig. 4.24 and 4.25, the metal projections for 

Cu and Ag in the conduction band are  different (see middle of Figs. 4.24 and 4.25). Copper has 

more influence on the band gap than the silver. Also, the lowest unoppcpied bands are localized 



229 

 

preferentielley with the TTF (π*) ligand in silver complexes displaying a larger acceptor-donor 

interactions than the copper materails (see the large band dispsersion in the third box of Figs. 4.24 

and 4.25). Therefore, the anlysis of DOS for the charge transfer complexes {[Cu(µ-3,5-

(CF3)2pz)]3TTF}, 4, {[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5, {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3, and 

{[Au(μ-C2,N3-EtIm)]3TCNQ}, 13, predicts that the complexes {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4, 

{[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5, and {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3 are completely different 

electronically when compared with the {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13. The first three materials 

show the metallic behavior whereas the  last one has semiconductor behavior that may be used in 

electronic devices related to its intersting electronic properties. 

4.4 Conclusions 

This chapter highlights the comprehensive, both experimental and theoretical 

investigations of monovalent coinage metal-based donor-accepter integrated stacks as conducting 

functional materials. . The charge transfer complexes {[Cu(µ-3,5-(CF3)2pz)]3DBTTF}, 1, {[Ag(µ-

3,5-(CF3)2pz)]3DBTTF}, 2, {[Au(µ-3,5-(CF3)2pz)]3DBTTF}, 3, {[Cu(µ-3,5-(CF3)2pz)]3TTF}, 4, 

{[Ag(µ-3,5-(CF3)2pz)]3TTF}, 5, {[Au(µ-3,5-(CF3)2pz)]3TTF}, 6, {[Cu-(µ-3,5-(CF3)2pz)]3BEDT-

TTF}, 7, {[Ag(µ-3,5-(CF3)2pz)]3BEDT-TTF}, 8, {[Au-(µ-3,5-(CF3)2pz)]3BEDT-TTF}, 9, 

{[Ag(µ-3,5-(NO2)2pz)]3DBTTF}, 10, {[Ag(µ-3,5-(NO2)2pz)]3(DBTTF)2}, 11, {[Ag(µ-3,5-

(NO2)2pz)]3TTF}, 12, and {[Au(μ-C2,N3-EtIm)]3TCNQ}, 13 are prepared by reacting  monovalent 

coinage metal complexes {[Cu(µ-3,5-(CF3)2pz)]3, {[Ag(µ-3,5-(CF3)2pz)]3, {[Au(µ-3,5-

(CF3)2pz)]3, [Ag(µ-3,5-(NO2)2pz)]3 and [Au(μ-C2,N3-EtIm)]3 with organic donor/ acceptor 

molecules.. Their solid-state single crystal structural properties and supramolecular chemistry have 

been analyzed toward their potential use in the molecular electronic devices. These materials 

exhibit properties such as close packing that maximizes the intermolecular overlap of the donor 
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and acceptor units as the building blocks to form integrated stacks mediated by the d-π interactions. 

Theoretical studies predict that the charge transfer complexes containing TTF and its derivatives 

are metallic whereas the one containing the TCNQ molecule (complex 13) is semiconductor. The   

experimental and theoretical studies are underway in our lab to further investigation of their 

conducting properties and screening studies toward fabricating devices of these functional 

materials.
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CHAPTER V 

OXIDATIVE ADDITION OF IODINE TO CYCLIC TRIMETALLIC GOLD(I) COMPLEXES: 

A NEW CLASS OF BLACK ABSORBERS MEDIATED BY COOPERATIVE 

INTERMOLECULAR IODOPHILIC (I…I) INTERACTIONS 

5.1 Introduction 

Oxidative addition to metal centers is one of the trademark reactions in the organometallic 

chemistry field, and it remains as the interesting area of contemporary research.1 Several 

experimental and theoretical studies have been directed toward elucidating the details of such 

reactions including the oxidative addition to gold(I) centers.2 Extensive oxidative addition studies 

have been carried out on dinuclear gold centers;3-4 however, relatively fewer reports exist for 

polynuclear Au(I) centers. Our main focus in this Chapter, will be limited to the oxidative addition 

to trinuclear gold(I) centers of cyclic trimetallic Au(I) complexes of carbeniate and imidazolate 

exobidentate ligands as shown in Fig. 5.1. The main purpose will be synthesizing the functional 

materials of trinuclear Au(I) centers through utilization of the experimental evidences related to 

oxidative addition of Au(I) centers and study their potential as black absorbers.  

The oxidative addition to Au(I) centers depends on several factors such as structure, 

bridging ligands and reaction conditions. For example, Schmidbaur et al. have demonstrated the 

oxidative addition of I2, Br2, Cl2 and CH3I to dinuclear Au(I) ylide complexes and displayed the 

formation of Au(II)-Au(II).5 The gold(I) dithiocarbamate6 dimer is structurally similar to the ylide 

dimer however, it undergoes oxidative addition much less readily and the Au(II) product is less 

stable. On the other hand, the oxidative addition to the cyclic trimetallic Au(I) complexes, does 

not show any metal-metal bonding.7 
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Fig. 5.1: Cyclic trimetallic monovalent coinage transition metals complexes; [Au(μ-C2,N3-(N-

R)Im)]3  (left) (where, (N-R)Im = imidazolate; R = Et; ethyl)}, and [Au3(C(OR’)=NR; Cb)3] (right) 

(where R = -alkyl/-aryl, and R’ = -alkyl group; R = cPen  = cyclopentyl, Me = methyl, Bz = benzyl 

and Bu = n-butyl; R’ = Me = methyl, Et = ethyl and Pr = n-propyl). 

In several attempts of oxidative addition of iodine onto the cyclic trimetallic Au(I) 

derivatives of pyrazolate ligands,8 mixed valence Au(III)/Au(I) products are formed, whereby only 

one molecule of iodine was successfully added.9-11 Similarly, Balch et al. have reported stepwise 

addition with one, two or three molecules of the halogen on the cyclic trimetallic Au(I) derivatives 

of a carbeniate ligand, [Au(C(OMe)=N(Me)]3.
12 

Though the reactivity dilemma for Au(I) centers remains elusive, the Goddard-Low model 

– a comprehensive theoretical study – 13 has examined electronic factors that govern the oxidative 

addition of metal centers with d10 electronic configuration. According to this model, the oxidative 

addition to metal systems with a d10 electron configuration (ionic metal atom model) first requires 

electronic promotion from the d10 atomic configuration to the d9s1 configuration. In the d10 

configuration, such as in Au(I), all five 5d orbitals are doubly occupied. However, the d9s1 

configuration can form singly occupied ds-hybridized orbitals capable of forming covalent bonds 
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to an incoming ligand or to another metal center. To substantiate this model, the free atomic Pd(0) 

has the d9s1 state 22 kcal/mol higher than the d10 state while atomic Pt(0) has the d9s1 state 11 

kcal/mol below the d10 state. Therefore, assuming the ligands will stabilize the d10 ground state a 

comparable amount in each metal center, oxidative addition to Pt(0) complexes is expected to be 

more favorable than to Pd(0) complexes. In the case of complexes where the closed-shell d10 

electronic configuration best describes the ion or atom, as in Au(I), some mixing with the higher s 

and p levels is expected. The nearly linear geometry, generally found for the ligand arrangement 

in Au(I) complexes, appears to be caused by mixing with only one of the three p levels, the other 

two being significantly higher in energy. This p-orbital splitting is not nearly as pronounced when 

relativistic effects14 are smaller for smaller metals such as for Pd(0) which more readily forms 

tetrahedral complexes than does Au(I). In spite of this difference in coordination, the ease of 

oxidative addition appears to be related to the atomic separation of d10 from d9s1. This ease of 

formation of the open-shell d9s1 configuration also depends on both the electron-donating ability 

of the ligands, and π- acidity of the metal centers. Strong σ-donating ligands, such as those bonding 

through C-atom, are expected to support oxidative addition, relative to reactions with complexes 

containing weaker σ-donating and stronger π-accepting ligands. This might be the reason why the 

oxidative addition to gold(I) ylide dimers occurring so readily while [Au(dppm)]2
2+, where dppm 

= (Ph2P)2CH2, does not even add strong oxidants, such as C12.
15 For the ionic complexes, the 

increased overall charge in the cationic complex undoubtedly stabilizes the closed-shell structure. 

The extra electron density on the gold centers is believed to always make oxidative addition more 

favorable and leads to even stable dimeric Au(II) complexes.  

The cyclic trimetallic gold(I) complexes undergo oxidative addition reactions of halogens 

at the metal centers. There is strong evidence that electronic factors more than steric factors, may 
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influence the reactivity of the gold centers on these complexes. In fact, an unusual stability of 

d10d10d8 configuration for these complexes has already been observed.7,8 Hence, we have decided 

to further investigate the interesting chemistry of oxidative addition on metal centers of cyclic 

trimetallic Au(I) complexes.  

Moreover, from the applications prospective, there has always been tremendous 

investigations to find more sustainable and greener alternative energy sources such as solar energy-

harvesting; photovoltaics represents one of those celebrated means. Further development of 

photovoltaics and optoelectronics requires easily processable materials with tunable opto-

electronic properties. A black absorber that can harvest all visible portion of sunlight and convert 

it to electricity would be strongly sought-after. Therefore, the main goal of this project is to find a 

facile synthesis method to prepare such materials that can harvest the solar spectrum efficiently 

and can generate molecular hydrogen or other cleaner energy. Upon oxidative addition of iodine 

to the cyclic trimetallic Au(I) complexes, we were able to add three iodine molecules to give dark 

solid products that are believed to be mediated by cooperative intermolecular iodophilic (I…I) 

interactions. Even though there are several investigations that have been reported previously 

regarding oxidative addition of iodine to the cyclic trimetallic Au(I) complexes of carbeniates, 

there are no such synthesis procedures reported to date that have successfully added three iodine 

molecules on the three metal centers when synthesized at room temperature. To the best of our 

knowledge, there isn’t any prior report for π-basic cyclic trimetallic Au(I) complex derivative of 

imidazolate ligands that has exclusively added three iodine molecules on the three Au(I) centers. 

Hence, we report a detailed study of the facile synthesis and spectroscopic results for the oxidative 

addition of iodine to the cyclic trimetallic Au(I) complexes -- namely {Au[µ-C(OMe)=N(cPen)]}3, 

{Au[µ-C(OMe)=N(Bu)]}3, {Au[µ-C(OMe)=N(Bz)]}3, {Au[µ-C(OPr)=N(Me)]}3, {Au[µ-
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C(OEt)=N(Me)]}3, [Au(μ-C2,N3-(N-EtIm)]3 – including their solid-state single crystal X-ray 

crystallographic structures and other relevant spectroscopic results. 

5.2 Experimental Methods  

5.2.1 Materials and Methods 

5.2.1.1 General Information 

All the air-sensitive synthesis steps were performed under Argon atmosphere using 

Standard Schlenk technique. Glassware was oven-dried at 150 °C overnight, prior to use. Solvents 

were dried before use. Tetrahydrofuran (THF) was dried over and stored on sodium with 

benzophenone under vacuum. Dichloromethane (DCM) was washed with concentrated sulfuric 

acid, saturated sodium bicarbonate and deionized water, then pre-dried over anhydrous calcium 

chloride, refluxed and distilled from phosphorus pentoxide under nitrogen, stored over phosphorus 

pentoxide under vacuum. Methanol, ethanol and n-propanol were distilled by conventional drying 

agents and degassed with argon, prior to use. All other reagents were used directly from the 

vendors. The reported chemical shifts in NMR spectra were referenced to residual solvent peaks.16 

(CDCl3, 
1HNMR: 7.26 ppm, 13CNMR: 77.18 ppm. (THT)AuCl17, Au(PPh3)Cl,18 and methyl 

isocyanide19 were synthesized according to previously reported literature procedures. Elemental 

analyses were performed by Intertek Pharmaceutical Services, Whitehouse, New Jersey. The butyl 

isocyanide, cyclopentyl isocyanide and benzyl isocyanides were purchased from Acros Organics. 

The N-ethyl imidazole was purchased from TCI America. The substrates for oxidative addition of 

iodine, were cyclic trimetallic Au(I) complexes; (a) carbeniate Au3Cb3 substrates; {Au[µ-

C(OR’)=N(R)]}3 complexes (where, R = cPen ; cyclopentyl, Me; methyl, Bz; benzyl, and Bu; n-

butyl: R’ = Me; methyl, Et; ethyl, and Pr; n-propyl) namely {Au[µ-C(OMe)=N(cPen)]}3, {Au[µ-



240 

 

C(OMe)=N(Bu)]}3, {Au[µ-C(OMe)=N(Bz)]}3, {Au[µ-C(OPr)=N(Me)]}3 and {Au[µ-

C(OEt)=N(Me)]}3 were synthesized by following the modified procedures reported previously by 

Parks et al. for the {Au[CO(Me))=(NMe)]}3 cyclic trimetallic gold complex20 whereas (b) the 

substrate [Au(μ-C2,N3-(N-R)Im)]3 (where, (N-R)Im = imidazolate; R = Et; ethyl)} complex namely 

[Au(μ-C2,N3-(N-EtIm)]3; was prepared from the modified procedures reported by Bonati et al. for 

the [Au(MeIm)]3 complex.21 

5.2.1.2 Physical Measurements 

1H and 13C nuclear magnetic resonance (NMR) spectra for deuterated chloroform (CDCl3) 

solutions of the complexes at ambient temperature, were recorded with a Varian-NMR 

spectrometer operating at 500 MHz. The samples (15-20mg) were dissolved in CDCl3 (~0.75mL) 

and placed in a standard NMR tube. The chemical shifts for the 1H and 13C NMR spectra are 

reported relative to tetramethylsilane in CDCl3. Both Far- and Mid- infrared (IR) spectra were 

collected on a Thermo Scientific Nicolet-6700 Fourier Transform-Infrared (FT-IR) spectroscopic 

with a smart orbit diamond attenuated total reflectance (ATR) accessory by firmly pressing the 

neat sample on to the diamond plate of the ATR accessory. An Electrothermal Mel-Temp melting 

point apparatus was used to determine the melting point of each complex. Solution and solid state 

UV-VIS-NIR absorption spectra and diffuse reflectance spectral measurements were carried out 

using a PerkinElmer Lambda 900 spectrophotometer in suprasil quartz cuvettes with 10 mm path 

lengths. The solid reflectance data were collected using the LabSphere integrating sphere 

accessory to the Lambda 900 spectrophotometer which is connected to Peltier system for 

temperature dependent experiments.
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5.2.1.3 X-ray Crystallographic Determination 

Crystal structure determination for all complexes were carried out using a Bruker SMART 

APEX2 CCD-based X-ray diffractometer equipped with a low temperature device and Mo-target 

X-ray tube (wavelength = 0.71073 Å). The crystals were mounted with epoxy resin in glass fiber. 

Data was collected using SMART and was corrected for decay and polarization effects. Data 

collection, indexing, and initial cell refinements were carried out using APEX2, 22frame integration 

and final cell refinements were done using SAINT.23 A multiple absorption correction was applied 

using the program SADABS.24 All non-hydrogen atoms were refined anisotropically. The 

hydrogen atoms in the complexes were placed in idealized positions and were refined as riding 

atoms. Structure solution, refinement, graphic and generation of publication materials were 

performed by using SHELXTL software.25 

Crystal structure determination for some of these complexes were also carried out on a 

Rigaku Oxford Diffraction SuperNova X-ray diffractometer equipped with a Pilatus P200K 

Hybrid Photon Counting Detector. A pale yellow, plate-like crystal of dimensions 0.24 x 0.10 x 

0.04 mm3, was secured to a cryoloop using Paratone oil. Reflections were collected at 100(2) K 

using graphite-monochromated Mo Kα1 radiation ( = 0.71073 Å) using a data collection strategy 

calculated within CrysAlisPro to ensure desired data redundancy and percent completeness.26 Unit 

cell determination, initial indexing, data collection, frame integration, Lorentz-polarization 

corrections and final cell parameter calculations were carried out using CrysAlisPro. A numerical 

absorption correction was performed using the SCALE3 ABSPACK algorithm embedded within 

CrysAlisPro. The structure was solved via the intrinsic phasing methodology using ShelXT27, 

refined using ShelXL28 in the AutoChem 2.1 graphical user interface29 and had its space group 

unambiguously verified by PLATON.30The final structural refinement included anisotropic 
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temperature factors on all non-hydrogen atoms. All hydrogen atoms were attached via the riding 

model at calculated positions using appropriate HFIX commands. Crystal data and refinement 

details are summarized in Table 5.1 for 5a-5d. 

5.2.2 Syntheses 

The preparation of {Au[µ-C(OMe)=N(cPen)]}3, {Au[µ-C(OMe)=N(Bu)]}3, {Au[µ-

C(OEt)=N(Me)]}3, and [Au(μ-C2,N3-(N-EtIm)]3 substrates for oxidative addition of  iodine was 

completed by following the previously reported procedures.20-21 Crystalline dark solid products in 

this study, were obtained by mixing the iodine into dichloromethane solutions of substrates at room 

temperature, followed by different purification processes. Many other attempts were made to 

obtain these and other products (see Chapter VI for details), but only the successful attempts are 

documented in subsequent sections below.   

Synthesis of {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a 

To a stirring dichloromethane solution, containing 50 mg (0.0571 mmol) of [Au(μ-C2,N3-

(N-EtIm)]3, 43 mg (0.169 mmol) of iodine was added at room temperature. The iodine-colored 

solution quickly (~5 min) turned dark. The resulting solution was continuously stirred for another 

30 minutes, then  the product was vacuum dried and left under vacuum for an additional hour to 

dry completely. The solid remaining was then, triturated with minimal amounts of 

dichloromethane, filtered, and the final dark solid product was dried under vacuum overnight. 

Crystals were obtained by allowing hexanes layered on the dichloromethane solution, to evaporate 

slowly over time. X-ray quality dark needles were obtained after a few days. {[Au(μ-C2,N3-(N-

EtIm)]3I6}: M.p. 150 °C (decomposition), yield 95%, IR spectrum: ν(C=N) 1550 cm-1, IR 
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spectrum: ν(C=N) 1H NMR (δ in CDCl3): 6.961 ppm, 6.924 ppm, 4.050 ppm, 1.731 ppm. 13C 

NMR (δ in CDCl3): 158.401 ppm, 128.947 ppm, 121.156 ppm, 40.578 ppm, 19.021 ppm. 

Synthesis of {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b  

To a stirring dichloromethane solution, containing 50 mg (0.0516 mmol) of {Au[µ-

C(OMe)=N(cPen)]}3, 40 mg (0.154 mmol) of iodine was added at room temperature. The iodine-

colored solution quickly (~5 min) turned dark. The resulting solution was continuously stirred for 

another 30 minutes, then the product was vacuum dried and left in vacuum for an additional hour 

to dry completely. The solid remaining behind was then, triturated with minimal amounts of 

dichloromethane, filtered, and the final dark solid product was dried under vacuum overnight. 

Crystal were obtained by allowing hexanes layered on the dichloromethane solution, to evaporate 

slowly over time. X-ray quality dark needles were obtained after a few days. {Au3[µ-

C(OMe)=N(cPen)]3I6}: M.p. 158°C, yield 87%, IR spectrum: ν(C=N) 1554 cm-1, 1H NMR (δ in 

CDCl3): 3.890 ppm, 1.662 ppm, 1.710 ppm, 1.452 ppm. 13C NMR (δ in CDCl3): 198.333 ppm, 

54.213 ppm, 52.724 ppm, 32.253 ppm, 22.147 ppm.  

Synthesis of {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c  

To a stirring dichloromethane solution, containing 50 mg (0.0536 mmol) of {Au[µ-

C(OMe)=N(Bu)]}3, 41 mg (0.161 mmol) of iodine was added at room temperature. The iodine- 

colored solution quickly (~5 min) turned dark. The resulting solution was continuously stirred for 

another 30 minutes, then the product was vacuum dried and left in vacuum for an additional hour 

to dry completely. The solid remaining was then, triturated with minimal amounts of 

dichloromethane, filtered, and the final dark solid product was dried under vacuum overnight. 

Crystals were obtained by allowing hexanes layered on the dichloromethane solution, to evaporate 
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slowly over time. X-ray quality dark needles were obtained after a few days. {Au3[µ-

C(OMe)=N(Bu)]3I6}: M.p. 153°C (decomposition), yield 92%, IR spectrum: ν(C=N) 1548 cm-1, 

1H NMR (δ in CDCl3): 3.391 ppm, 1.614 ppm, 1.361 ppm, 0.792 ppm, 3.933 ppm. 13C NMR (δ in 

CDCl3): 193.587 ppm, 46.058 ppm, 33.293 ppm, 20.126 ppm, 12.903 ppm, 58.040 ppm.  

Synthesis of {Au3[µ-C(OEt)=N(Me)]3I6}, 5d   

To a stirring dichloromethane solution, containing 50 mg (0.0589 mmol) of {Au[µ-

C(OEt)=N(Me)]}3, 44.84 mg (0.177 mmol) of iodine was added at room temperature. The iodine- 

colored solution quickly (~5 min) turned to dark color. The resulting solution was continuously 

stirred for another 30 minutes, then the product was vacuum dried and left in vacuum for an 

additional hour to dry completely. The solid remaining was then, triturated with minimal amounts 

of dichloromethane, filtered, and the final dark solid product was dried under vacuum overnight. 

Crystals were obtained by allowing hexanes layered on the dichloromethane solution, to evaporate 

slowly over time. X-ray quality dark needles were obtained after a few days. {Au3[µ-

C(OEt)=N(Me)]3I6}: M.p. 143 °C (decomposition), yield 85%, IR spectrum: ν(C=N) 1581 cm-1, 

1H NMR (δ in CDCl3): 4.431 ppm, 1.327 ppm, 2.294 ppm. 13C NMR (δ in CDCl3): 198.183 ppm, 

67.769 ppm, 59.244 ppm, 13.744 ppm, 39.109 ppm. 
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5.3 Results and Discussions 

5.3.1 Synthetic Chemistry 

The reaction of cyclic trimetallic Au(I) complexes {Au[µ-C(OMe)=N(cPen)]}3, {Au[µ-

C(OMe)=N(Bu)]}3, {Au[µ-C(OEt)=N(Me)]}3, and [Au(μ-C2,N3-(N-EtIm)]3 with iodine in the 

appropriate stoichiometric ratios, gave Au(III) products of respective substrates in good percentage  

yield at room temperature. Interestingly, the physical color of these complexes, is dark. These 

dark-colored crystalline materials were characterized by spectroscopic studies and single crystal 

solid-state structures. Mid-IR spectra of products suggest that the ν(C=N) frequency in the 1500-

1600 region, slightly increases for Au(III) products compared to the Au(I) substrates. 1HNMR and 

13CNMR spectra are similar to those for the parent Au(I) complexes thus suggesting their structural 

similarities. These complexes are very soluble in dichloromethane, and are stable at ambient 

conditions. The reaction mechanism of cyclic trimetallic Au(I) complexes with iodine is believed 

to be two electron exchange process between Au(I) center and iodine molecule which is often 

described in terms of nucleophilic substitution, SN2-type reactions.  

According to the Goddard-Low model, the closed-shell metal center (e.g., Au(I)) to be 

oxidized, should have very close HOMO-LUMO energy difference to facilitate open-shell 

configuration. The closed-shell configuration can be altered either upon interactions with the 

oxidants or upon strong interactions with the next neighboring metal centers. However, metal-

metal bonding between these two centers depends whether the metal orbitals available for metal-

metal bonding, fall along the metal-metal axis or not. In the case of [Au(μ-C2,N3-(N-EtIm)]3, dimer 

of trimer molecules, exhibit the strongest solid-state intermolecular aurophilic interactions among 

the cyclic trimetallic complexes. These strong attractive interactions might have significantly 

favored to oxidize all three Au(I) centers of [Au(μ-C2,N3-(N-EtIm)]3 complex to give cyclic 
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trimetallic Au(III) imidazolate complexes with all Au(III) metal centers for the first time. There is 

no any evidence of the formation of the gold-gold bond, as described by Goddard-Low model, 

because intramolecular metal orbitals- available for metal-metal bonding, are not along the metal-

metal axis of cyclic trinuclear Au(I) complexes. Attempts to extend the Au(III) complexes to other 

halogens (e.g., bromine) or other coinage metal pyrazolates [HOMO-LUMO gap is significantly 

large for Cu(I) and Ag(I) compared to Au(I)] have failed under the same conditions. Our 

hypothesis remains only as speculation at this moment, and further investigations are warranted to 

establish such relationship. These Au(III) complexes are further characterized with the solid-state 

crystallographic structural analysis and electronic absorption studies, which will be elaborated in 

detail below: 

5.3.2 Crystal Structures 

The crystals for complexes 5a-5d of single crystal X-ray diffraction quality were obtained 

as dark needles by slow evaporation of hexanes diffused saturated dichloromethane solutions. 

These dark needles of Au(III) complexes are very stable at ambient conditions. The crystal 

structures of complexes {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a, {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b, 

{Au3[µ-C(OMe)=N(Bu)]3I6}, 5c, and {Au3[µ-C(OEt)=N(Me)]3I6}, 5d, obtained by a single crystal 

X-ray diffraction, enable a detailed analysis of molecular interactions and other solid state 

properties for these class of complexes. 
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Table 5.1: Crystallographic Data and Refinement Parameters for complexes 5a-5d. 

 5a.CH2Cl2  5b.CH2Cl2 

Formula C15H21Au3I6N6.CH2Cl2 C21H36Au3I6N3O3.CH2Cl2 

MW 1765.69 1815.75 

T (K) 200(2) K 220(2) K 

cryst syst Triclinic Triclinic 

space group P – 1 P – 1 

a (Å) 8.6034(9) 8.6791(6) 

b (Å) 12.0121(13) 14.2667(9) 

c (Å) 18.1538(19) 16.3733(11) 

α (deg) 99.428(4) 89.678(2) 

β (deg) 92.966(4) 82.274(2) 

γ (deg) 102.695(4) 73.532(2) 

V (Å3) 1798.0(3) 1925.4(2) 

Z 2 2 

Dcalcd (Mg m-3) 3.261 3.132 

µ (mm-1) 17.530 16.377 

reflns measured 51684 46241 

reflns unique [Rint] 7845 [0.0632] 8462 [0.0253] 

R1, wR2 [I > 2σ(I)] 0.0567, 0.1528 0.0174, 0.0407 

R1, wR2 (all data) 0.0728, 0.1602 0.0211, 0.0423 
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 5c 5d  

Formula C18H36Au3I6N3O3 C12H24Au3I6N3O3 

MW 1694.80 1610.64 

T (K) 100.00(10) 100.01(10) 

cryst syst Triclinic Triclinic 

space group P-1 P-1 

a (Å) 8.6491(3) 8.6322(3) 

b (Å) 14.4482(5) 10.7529(2) 

c (Å) 15.2704(5) 15.9679(5) 

α (deg) 116.229(3) 93.647(2) 

β (deg) 91.294(3) 100.337(3) 

γ (deg) 92.315(3) 96.868(2) 

V (Å3) 1708.63(11) 1442.15(8) 

Z 2 2 

Dcalcd (Mg m-3) 3.294 3.709 

µ (mm-1) 18.291 21.661 

reflns measured 21400 19087 

reflns unique [Rint] 7224 [0.0305] 5883 [0.0313] 

R1, wR2 [I > 2σ(I)] 0.0282, 0.0687 0.0206, 0.0458 

R1, wR2 (all data) 0.0314, 0.0695 0.0240, 0.0467 

   

   

 



249 

 

Single-crystal X-ray analysis of these four complexes reveal that cyclic trimetallic Au(III) 

complexes are formed by ligands bridging the gold atoms through the N and C atoms. Au(III) 

centers are close to square planner geometry as expected. The nine-membered metallocyclic ring 

of the substrate, remains the same and essentially planar. These complexes (5a-5d) crystalize in 

triclinic crystal system with the space group P-1 where the molecules occupy a special position in 

the crystal structures. Tables 5.1-5.2 and Figs. 5.2-5.5 summarize these results. The intermolecular 

aurophilicity has vanished in Au(III) complexes.  

The crystal structure of {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a is represented in Fig. 5.2, together 

with the numbering scheme as shown in Fig. 5.2(a). It consists of discrete cyclic trimetallic 

molecules of gold atoms bridged by three imidazolate-N3, C2 groups in a nine-membered ring. The 

three gold(III) atoms are four-coordinate with trans iodides in a nearly square planar arrangement. 

The selected bond distances and angles are listed in Table 5.2. As shown in Fig 5.2, the core 

structure of the substrate molecules are nearly planar with the iodide ligands attached pairwise to 

the gold centers. Each iodide is located nearly perpendicular to the triangular plane of three Au(III) 

atoms and are significantly bent, thus the I-Au-I are away from the linearity. Crystal structure 

comprises solvent molecules (dichloromethane) that are not chemically associated with the cyclic 

trimetallic gold(III) complexes. The substrate molecules prior to the oxidative addition, consists 

of the strongest intermolecular pairwise aurophilic interactions with Au…Au contacts of 3.066 Å 

and 3.141 Å that are not observed in the crystal packing of the oxidized product. However, the 

molecule exhibit very interesting crystal packing that forms the closely packed extended chain 

structures without any significant Au…Au interactions as shown in Fig. 5.2(c). In terms of literature 

analysis, to the best of our knowledge, there is no any prior report of cyclic trimetallic molecules 
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of gold atoms bridged by three imidazolate-N3, C2 groups in a nine-membered ring that displays 

the iodide ligands attached pairwise to all three gold centers.  

 

Fig. 5.2: X-ray crystal structure for {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a (a) view of the single 

molecule of {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a with the atom numbering scheme, (b) crystal packing 
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of {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a illustrating the formation of extended chain through I…I 

interactions, and (c) crystal structure illustrating the I…I interactions between two adjacent 

molecules of {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a. -ethyl group and hydrogen atoms are omitted for 

clarity. Dashed lines show the intermolecular I…I contacts that are less than 3.96 Å. 

A similar study that displays the oxidative addition of iodide in one gold center, is reported 

by Burini et al.31 In their study of discrete cyclic trimetallic complexes with the gold atoms bridged 

by three 1-benzylimidazolate groups, the coordination about the two gold centers is nearly linear 

while one gold center has nearly square planar arrangement. I-Au-I angle was nearly linear with 

175.8(1)°. Au-I bond lengths were 2.595(4) Å and 2.601(5) Å. Complex {[Au(μ-C2,N3-(N-

EtIm)]3I6}, 5a on the other hand, exhibit interesting solid state structures whereby diiodides were 

added to all three gold centers. There is no metal-metal bonding observed. In terms of the 

aurophilic interactions, the intramolecular Au…Au interactions are weaker than those found for the 

pure substrate. In another word, the intramolecular gold-gold contacts between Au(III) centers are 

extended as compared to Au(I) centers. The intermolecular Au…Au interactions are greater than 

8.00 Å. Thus, it is clear that the intermolecular aurophilic interactions are not involved in the 

crystal packing.  

As shown in Table 5.2, the C-Au-N (172.57°-173.68°), Au-N-C (123.61°-124.81°) and 

Au-C-N (121.48°-123.33°) angles are similar to those found in pure substrate. The Au-C (1.981 Å 

-2.008 Å) and Au-N (2.062 Å -2.078 Å) distances are also very similar to those found in the pure 

substrate. The Au-I contacts (2.598 Å -2.623 Å) are very close to the value reported for terminal 

Au-I bonds (2.595(4) Å-2.633(7) Å).12,31 However, I-Au-I angles (in the range of 163.46°-166.71°) 

deviate  significantly from the linearity, due to the repulsive intramolecular contacts. The 

intramolecular I…I distances are in the range of 3.927 Å - 4.375 Å, longer in general than those 
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found in 5b-5d. As a consequence, the I-Au-I angles are wider for complex 5a when compared to 

the other three carbeniate complexes 5b-5d. In conclusion, the intramolecular contacts are 

responsible for the bending of the I-Au-I units.  

Table 5.2: Selected Bond Lengths (Å) and Angles (degree, ͦ) 

Selected Bond Distances (Å) 

Complexes 5a 5b 5c 5d 

Intra Au-Au 

 

3.552 

3.561 

3.575 

3.424 

3.412 

3.409 

3.413 

3.394 

3.415 

3.420 

3.427 

3.369 

Inter Au-Au > 8.0 > 8.0 > 8.0 > 8.0 

Au-C 

 

1.981 

1.984 

2.008 

2.014 

2.014 

2.018 

2.009 

2.026 

2.005 

2.017 

2.009 

2.008 

Au-N 

 

2.069 

2.078 

2.062 

2.106 

2.107 

2.103 

2.087 

2.089 

2.098 

2.087 

2.090 

2.098 

Intra I-I 

 

4.144 

4.299 

3.979 

3.927 

4.129 

4.375 

4.098 

3.986 

4.026 

3.985 

4.026 

4.009 

4.001 

4.011 

4.007 

4.010 

4.017 

4.026 

4.171 

3.943 

4.024 

4.154 

4.050 

3.905 
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Inter I-I 

 

3.553 

3.643 

3.707 

3.858 

3.904 

3.745 

3.794 

3.710 

3.685 

3.729 

3.741 

3.720 

3.628 

Au-I 

 

2.605 

2.623 

2.609 

2.619 

2.611 

2.598 

2.630 

2.624 

2.628 

2.644 

2.628 

2.631 

2.619 

2.625 

2.622 

2.618 

2.632 

2.618 

2.620 

2.618 

2.626 

2.620 

2.618 

2.634 

Selected Bond Angles (degree, ͦ) 

Complexes 5a 5b 5c 5d 

Au1-Au2-Au3 

Au2-Au1-Au3 

Au1-Au3-Au2 

59.95 

60.34 

59.71 

59.83 

60.26 

59.91 

60.22 

60.16 

59.61 

60.63 

60.41 

58.95 

I-Au-I 

 

166.71 

163.46 

165.14 

162.85 

63.79 

164.22 

164.54 

164.21 

163.88 

162.28 

165.49 

162.69 

C-Au-N 173.29 

173.68 

172.57 

177.27 

177.44 

177.66 

177.42 

178.14 

177.54 

176.95 

178.47 

177.71 

Au-C-N 121.94 

121.48 

120.62 

120.82 

120.36 

120.64 

118.83 

119.21 
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123.33 120.89 120.32 119.66 

Au-N-C 123.61 

124.64 

124.81 

121.23 

121.39 

121.41 

121.28 

122.20 

121.18 

121.97 

121.78 

123.81 

 

The intermolecular I…I contacts of complex 5a are well beyond the sum of the van der 

Waals radii of two iodine (3.96 Å), demonstrating the attractive interactions between the terminal 

iodide moieties. The intermolecular I…I distances in complex 5a are 3.553 Å, 3.643 Å and 3.707 

Å. The intermolecular I…I distance of 3.553 Å in complex 5a is shorter than those reported for the 

sterically unopposed carbeniate complex {Au3[µ-C(OMe)=N(Me)]3I6}. In fact, the Au-I distances 

in 5a are also shorter than those found in Balch’s complex {Au3[µ-C(OMe)=N(Me)]3I6}. 

Therefore, the interaction between terminal iodide ligands have a directional component.  The end 

on approach attributes attractive interactions between the two iodine ligands while the side by side 

orientation of the two iodide ligands attributes the repulsion between the intramolecular iodide 

ligands.  Severe bending of I-Au-I bonds, and the formation of extended chain solid state molecular 

crystal packing motif in complex 5a support these phenomena. The short intermolecular I…I 

contacts hold the molecules to form the infinite extended chain structures as seen in Fig. 5.2(c). 

The fascinating electronic properties have been induced, due to these I…I attractive interactions, 

which will be discussed in absorption studies section.
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The crystal structure of {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b is represented in Fig. 5.3, 

together with the numbering scheme as shown in Fig. 5.3(a). It consists of discrete cyclic 

trimetallic molecules of gold atoms, bridged by three carbeniates µ-C, N atoms in a nine-

membered ring. The three gold(III) atoms are four-coordinate with trans iodides in a nearly square 

planar arrangement. The selected bond distances and angles are listed in Table 5.2. As shown in 

Fig 5.3, the core structure of the substrate molecule is nearly planar with the iodide ligands attached 

pairwise to the gold centers. Each iodide is located nearly perpendicular to the triangle of three 

Au(III) atoms, and are significantly bent thus the I-Au-I are away from the linearity. Crystal 

structure comprises solvent molecules (dichloromethane) that are not chemically associated with 

the cyclic trimetallic gold(III) complexes. The substrate molecule prior to the oxidative addition, 

consists of intermolecular pairwise aurophilic interactions with Au…Au contacts of 3.466 Å that 

are not observed in the crystal packing of the oxidized product.32 However, the molecules exhibit 

very interesting crystal packing that forms the closely packed extended chain structures without 

any significant Au…Au interactions as shown in Fig. 5.3(c). 

The complex {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b also exhibits similar solid state interesting 

solid state structures as in 5a whereby diiodides were added to all three gold centers. There is no 

metal-metal bonding observed. In terms of the aurophilic interactions, the intramolecular Au…Au 

interactions are weaker than those found for the pure substrate. In another word, the intramolecular 

gold-gold contacts between Au(III) centers are extended as compared to Au(I) centers. The 

intermolecular Au…Au interactions are greater than 8.00 Å. Thus, it is clear that the intermolecular 

aurophilic interactions are not involved in the crystal packing.  
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Fig. 5.3: X-ray crystal structure for {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b (a) view of the single 

molecule of {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b with the atom numbering scheme, (b) the crystal 

packing of {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b illustrating the formation of extended chain through 

I…I interactions, and (c) crystal structure illustrating the I…I interactions between two adjacent 

molecules of {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b. Hydrogen atoms are omitted for clarity. Dashed 

lines show the intermolecular I…I contacts that are less than 3.96 Å. 
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As shown in Table 5.2, the C-Au-N (177.27°-177.66°), Au-N-C (121.23°-121.41°) and 

Au-C-N (120.62°-120.89°) angles are similar to those found in pure substrate. The Au-C (2.014 Å 

-2.018 Å) and Au-N (2.103 Å -2.107 Å) distances are also very similar to those found in the pure 

substrate. The Au-I contacts (2.624 Å -2.644 Å) are very close to the value reported for terminal 

Au-I bonds (2.595(4) Å-2.633(7) Å).12,31 However, I-Au-I angles (in the range of 162.85°-164.22°) 

are deviated significantly from the linearity, due to the repulsive intramolecular contacts. The 

intramolecular I…I distances are in the range of 3.985 Å - 4.098 Å. These intramolecular contacts 

are responsible for the bending of the I-Au-I units. The intermolecular I…I contacts of complex 5b 

are shorter than the van der Waals radii of two iodine (3.96 Å), demonstrating the attractive 

interactions between the terminal iodide moieties. The intermolecular I…I distances in complex 5b 

are 3.858 Å, 3.904 Å, 3.794 Å and 3.745 Å. We believe that the fascinating structure of complex 

5b that shows the formation of extended chain solid state molecular crystal packing motif is due 

to the short intermolecular I…I contact, as seen in Fig. 5.3(c). The electronic properties that have 

been induced due to these I…I attractive interactions, will be discussed in absorption studies 

section.
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The crystal structure of {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c, is represented in Fig. 5.4, 

together with the numbering scheme as shown in Fig. 5.4(a). It consists of discrete cyclic 

trimetallic molecules of gold atoms bridged by three three carbeniates µ-C, N atoms in a nine-

membered ring. The three gold(III) atoms are four-coordinate with trans iodides in a nearly square 

planar arrangement. The selected bond distances and angles are listed in Table 5.2. As shown in 

Fig 5.4, the core structure of the substrate molecule is nearly planar with the iodide ligands attached 

pairwise to the gold centers. Each iodide is located nearly perpendicular to the triangle of three 

Au(III) atoms and are significantly bent thus the I-Au-I are away from the linearity. The substrate 

molecule prior to the oxidative addition, consists of single intermolecular aurophilic interaction 

with Au…Au contacts of 3.517 Å to form loose extended chain structure that is not observed for 

the crystal packing of the oxidized product.32 However, the molecules exhibit very interesting 

crystal packing that forms the closely packed extended chain structures without any significant 

Au…Au interactions as shown in Fig. 5.4(c). 

The Complex {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c also exhibits similar solid state interesting 

solid state structures as in 5a and 5b whereby diiodides were added to all three gold centers. There 

are no metal-metal bonding observed. In terms of the aurophilic interactions, the intramolecular 

Au…Au interactions are weaker than those found for the pure substrate. In another words, the 

intramolecular gold-gold contacts between Au(III) centers are extended as compared to Au(I) 

centers. The intermolecular Au…Au interactions are greater than 8.00 Å as in 5a and 5b minimizing 

the possibility of involvement of aurophilic interactions in the crystal packing.  
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Fig. 5.4: X-ray crystal structure for {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c (a) view of the single 

molecule of {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c with the atom numbering scheme, (b) the crystal 

packing of {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c illustrating the formation of extended chain through 

I…I interactions, and (c) crystal structure illustrating the I…I interactions between two adjacent 

molecules of {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c. Hydrogen atoms are omitted for clarity. Dashed 

lines show the intermolecular I…I contacts that are less than 3.96 Å. 
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As shown in Table 5.2, the C-Au-N (177.42°-178.14°), Au-N-C (121.18°-122.28°) and 

Au-C-N (120.32°-120.64°) angles are similar to those found in pure substrate. The Au-C (2.005 Å 

-2.026 Å) and Au-N (2.087 Å -2.098 Å) distances are also very similar as in the pure substrate. 

The Au-I contacts (2.618 Å -2.632 Å) are very close to the value reported for terminal Au-I bonds 

(2.595(4) Å-2.633(7) Å).12,31The I-Au-I angles (in the range of 163.88°-164.54°) are deviated 

significantly from the linearity as in 5a and 5b complexes, due to the repulsive intramolecular 

contacts. The intramolecular I…I distances are in the range of 4.001 Å - 4.026 Å. These 

intramolecular contacts are responsible for the bending of the I-Au-I units. The intermolecular I…I 

contacts of complex 5c are also shorter than sum of the van der Waals radii of two iodine (3.96 

Å), demonstrating the attractive interactions between the terminal iodide moieties. The 

intermolecular I…I distances in complex 5c are 3.710 Å, 3.685 Å, and 3.729 Å. We believe that 

the formation of fascinating solid state extended chain molecular crystal structure in complex 5c 

is also associated with the short intermolecular I…I contacts, as seen in Fig. 5.4(c). The electronic 

properties that have been induced due to these I…I attractive interactions, will be discussed in 

absorption studies section. 
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Fig. 5.5: X-ray crystal structure for {Au3[µ-C(OEt)=N(Me)]3I6}, 5d (a) view of the single 

molecule of {Au3[µ-C(OEt)=N(Me)]3I6}, 5d with the atom numbering scheme. (b) the crystal 

packing of {Au3[µ-C(OEt)=N(Me)]3I6}, 5d illustrating the formation of extended chain through 

I…I interactions, and (c) crystal structure illustrating the I…I interactions between two adjacent 
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molecules of {Au3[µ-C(OEt)=N(Me)]3I6}, 5d. Hydrogen atoms are omitted for clarity. Dashed 

lines show the intermolecular I…I contacts that are less than 3.96 Å.  

The crystal structure of {Au3[µ-C(OEt)=N(Me)]3I6}, 5d, is represented in Fig. 5.5, together 

with the numbering scheme as shown in Fig. 5.5(a). As in complexes 5b and 5c, 5d also consists 

of discrete cyclic trimetallic molecules of gold atoms bridged by three three carbeniates µ-C, N 

atoms in a nine-membered ring. The three gold(III) atoms are four-coordinate with trans iodides 

in a nearly square planar arrangement. The selected bond distances and angles are listed in Table 

5.2. As shown in Fig. 5.5, the core structure of the substrate molecule is nearly planar with the 

iodide ligands attached pairwise to the gold centers. Each iodide is located nearly perpendicular to 

the triangle of three Au(III) atoms and are significantly bent thus the I-Au-I are away from the 

linearity. The molecules of complex 5d also exhibit crystal packing motifs of extended chain 

structures without any significant Au…Au interactions as shown in Fig. 5.5(c). 

The complex {Au3[µ-C(OEt)=N(Me)]3 I6}, 5d also displays similar solid state interesting 

solid state structures as in 5a, 5b and 5c  whereby diiodides were added to all three gold centers. 

There are no metal-metal bonding observed. In terms of the aurophilic interactions, the 

intramolecular Au…Au interactions are weaker than those found for the pure substrate. In another 

words, the intramolecular gold-gold contacts between Au(III) centers are extended as compared to 

Au(I) centers. The intermolecular Au…Au interactions are greater than 8.00 Å as in other three 

complexes discussed above, minimizing the possibility of involvement of aurophilic interactions 

in the crystal packing. As shown in Table 5.2, the C-Au-N (176.95°-178.47°), Au-N-C (121.78°-

123.81°) and Au-C-N (118.83°-119.66°) angles. The Au-C and Au-N distances range from 2.008 

Å -2.017 Å and 2.087 Å -2.098 Å respectively. The Au-I contacts (2.618 Å -2.634 Å) are very 

close to the value reported for terminal Au-I bonds (2.595(4) Å-2.633(7) Å).12,31The I-Au-I angles 
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(in the range of 162.28°-165.49°) are also deviated significantly from the linearity due to the 

repulsive intramolecular contacts. The intramolecular I…I distances are in the range of 3.943 Å - 

4.171 Å. These intramolecular contacts are responsible for the bending of the I-Au-I units. The 

intermolecular I…I contacts of complex 5d  are also shorter than sum of the van der Waals radii of 

two iodine (3.96 Å), demonstrating the attractive interactions between the terminal iodide moieties. 

The intermolecular I…I distances in complex 5d are 3.628 Å, 3.720 Å, and 3.741 Å. We believe 

that the formation of fascinating solid state extended chain molecular crystal structure in complex 

5d is also associated with the short intermolecular I…I contacts, as seen in Fig. 5.4(c). The 

electronic properties that have been induced due to these I…I attractive interactions, will be 

discussed in absorption studies section. 

The solid state crystal structures of complexes 5a-5d display an attractive intermolecular 

I…I interactions that are responsible for the solid state supramolecular extended chain structures of 

these complexes. Moreover, the imidazolate-derivative complex 5a shows stronger Au-I bond and 

I…I interactions when compared with the carbeniate- derivative complexes 5b-5d. Also, the 

directional component is associated with I…I interactions of terminal iodides. 

5.3.3 UV-VIS-NIR Absorption and Diffuse Reflectance Studies 

The electronic properties of complexes 5a-5d were also investigated. Figs. 5.6-5.9 

illustrate the solution absorption spectra and solid-state diffuse reflectance spectra, respectively 

and insets on right of each figures show the photographs displaying the physical colors of solid as 

well as solution of the title complexes. Complexes exhibit concentration dependent physical 

colors, as illustrated in the given photographs. The higher the concentration, the more red-shifted 

the color of complexes. We have conducted their electronic absorption studies to validate such 

behavior. 
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The concentration dependent absorption spectra at room temperature for four solutions of 

complex 5a is given in Fig. 5.6. The spectra include the absorption spectra of dichloromethane 

solution of 5a in different concentration from micromolar to millimolar. The diffuse reflectance 

spectra of the solid sample of complex 5a is also overlaid for the comparison purposes. The spectra 

illustrate that complex 5a absorbs all near-UV, visible, and some of the near–IR wavelengths of 

the solar spectrum. At lower concentrations as shown in c) for 0.1 mM, d) for 0.01 mM, and e) for 

1.0 µM, the spectra show the lowest-energy absorption around 410 nm. When we increase the 

concentration of complex 5a to mM, as shown in b), and eventually to the neat solid as shown in 

a), the absorption is significantly red-shifted presumably due to the cooperative iodophilic (I…I) 

interactions that govern the supramolecular assembly of complex 5a as demonstrated by the solid 

state single crystal structure described above.  

Fig. 5.6: Comparison between solid state UV-Vis spectra of {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a 
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versus solution absorption spectra as a function of concentration at ambient temperature. Spectra 

labeled a) is diffuse reflectance spectra for solid sample of {[Au(μ-C2,N3-(N-EtIm)]3I6}, 5a. 

Whereas spectra b), c), d) and e) are for 1.0 mM, 0.1 mM, 0.01 mM and 1.0 µM solutions of 5a in 

dichloromethane (CH2Cl2), respectively. A bathochromic shift occurs with increasing 

concentration of 5a, due to the enhancement of I…I interactions. Inset on the right shows the 

photographs of crystals (top-left) microcrystalline powder (top-right), 1mM, 0.1mM, 0.01 mM and 

1.0µM solutions (bottom-left to bottom-right, respectively) displaying their respective physical 

colors at ambient temperature. 

 

Fig. 5.7: Comparison between solid state UV-Vis spectra of {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b 

versus solution absorption spectra as a function of concentration at ambient temperature. Spectra 

labeled a) is diffuse reflectance spectra for solid sample of {Au3[µ-C(OMe)=N(cPen)]3I6}, 5b. 

Whereas spectra b), c), and d) are for 0.1 mM, 0.01 mM and 1.0 µM solutions of 5b in 
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dichloromethane (CH2Cl2), respectively. A bathochromic shift occurs with increasing 

concentration of 5b, due to the enhancement of I…I interactions. Inset on the right shows the 

photographs of microcrystalline, 0.1mM, 0.01 mM and 1.0µM solutions (left to right, respectively) 

displaying their respective physical colors at ambient temperature. 

Fig. 5.7 on the other hand, shows the concentration dependent absorption spectra at room 

temperature for three solutions of complex 5b, which is very similar to that of complex 5a. The 

spectra show absorption of dilute solutions in dichloromethane as well as the diffuse reflectance 

spectra of the solid sample of complex 5b. Complex 5b also absorbs all near-UV, visible, and 

some of the near–IR wavelengths of the solar spectrum. At lower concentrations as shown in b) 

for 0.1 mM, c) for 0.01 mM, and d) for 1.0 µM, the spectra show the lowest-energy absorption 

around 400 nm. The absorption for the neat solid sample of complex 5b (as shown in spectrum a) 

is significantly red-shifted presumably due to the intermolecular attractive iodophilic (I…I) 

interactions seen in the supramolecular assembly of complex 5b.  

Similarly, Fig. 5.8 represents the concentration dependent absorption spectra for four 

solutions of complex 5c, which is very similar to that of 5a and 5b. The spectra show absorption 

from micromolar to millimolar concentration in dichloromethane as well as the diffuse reflectance 

spectra of the solid sample of complex 5c. Complex 5c absorbs all near-UV, visible, and some of 

the near–IR wavelengths of the solar spectrum. At lower concentrations as shown in c) for 0.1 

mM, d) for 0.01 mM, and e) for 1.0 µM, the spectra show the lowest-energy absorption around 

400 nm. When we increased the concentration of complex 5c to mM and eventually to the dark 

neat solid [as shown in b) for mM, and a) for solid sample respectively], the absorption has 

significantly red-shifted due to the cooperative iodophilic (I…I) interactions that govern the 
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supramolecular assembly of complex 5c as demonstrated by the solid state single crystal structure 

described above. 

 

Fig. 5.8: Comparison between solid state UV-Vis spectra of {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c 

versus solution absorption spectra as a function of concentration at ambient temperature. Spectra 

labeled a) is diffuse reflectance spectra for solid sample of {Au3[µ-C(OMe)=N(Bu)]3I6}, 5c. 

Whereas spectra b), c), d) and e) are for 1.0 mM, 0.1 mM, 0.01 mM and 1.0 µM solutions of 5c in 

dichloromethane (CH2Cl2), respectively. A bathochromic shift occurs with increasing 

concentration of 5c, due to the enhancement of I…I interactions. Inset on the right, shows the 
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photographs of thin film, 1mM, 0.1 mM, 0.01 mM and 1.0µM solutions (left to right respectively) 

displaying their respective physical colors at ambient temperature. 

Moreover, Fig. 5.9 displays the concentration dependent absorption spectra at room 

temperature for four solutions of complex 5d which is very similar to that was for complex 5b and 

5c. Like other complexes, complex 5d also absorbs all near-UV and visible and some of the near–

IR wavelengths of the solar spectrum. At lower concentrations as shown in c) for 0.1 mM, d) for 

0.01 mM, and e) for 1.0 µM, the spectra show the lowest-energy absorption around 400 nm. 

Increasing the concentration of complex 5d, also shows the significant red shift in absorption due 

to the cooperative iodophilic (I…I) interactions as seen in  the supramolecular assembly of complex 

5d as demonstrated by the solid state single crystal structure described above. 

 

Fig. 5.9: Comparison between solid state UV-Vis spectra of {Au3[µ-C(OEt)=N(Me)]3I6}, 5d 

versus solution absorption spectra as a function of concentration at ambient temperature. Spectra 



269 

 

labeled a) is diffuse reflectance spectra for solid sample of {Au3[µ-C(OEt)=N(Me)]3I6}, 5d. 

Whereas spectra b), c), d) and e) are for 1.0 mM, 0.1 mM, 0.01 mM and 1.0 µM solutions of 5d in 

dichloromethane (CH2Cl2), respectively. A bathochromic shift occurs with increasing 

concentration of 5d, due to the enhancement of I…I interactions. Inset on the right, shows the 

photographs of thin film, 1mM, 0.1 mM, 0.01 mM and 1.0µM solutions (left to right respectively) 

displaying their respective physical colors at ambient temperature. 

In summary, the electronic absorption spectra for dichloromethane solutions, and solid 

samples of Au(III) complexes, 5a-5d, at micromolar concentrations, the spectrum shows the 

typical discrete absorption lines corresponding to higher energy electronic transitions within 

Au(III) monomeric complexes. If molecules of Au(III) complexes 5a-5d, did not interact with 

each other in solution through intermolecular cooperative iodophilic (I…I) interactions, we would 

expect to see only an increase in the absorption intensities at higher concentrations; however, a 

bathochromic shift of the cutoff wavelengths at higher concentrations in solution is clearly 

observed. Notably, there are absorption maxima observed at 400 - 410 nm, which justifies 

intermolecular I…I interactions. However, these values should be compared with the values 

reported for the free iodine in aromatic hydrocarbons, where charge transfer complexes are known 

to be present. In aromatic solvents, the blue shifts amount to 10-30 nm only33, while in our 

complexes the shifts are bigger than 100 nm (523 nm for I2 solution in DCM). 

5.4 Conclusions 

Therefore, the cyclic trimetallic gold(III) complexes discussed herein, exhibit a dark black 

color with quantitative absorption of all near-UV and visible wavelengths of the solar spectrum 

and intrudes upon the onset of the near-IR region in its bandgap absorption cut-off (Eg ~800 nm). 

The fact that solutions of this Au(III) oxidative addition product are not black in color (but instead 
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red and yellow with a lowest-energy max = 408 nm (max ~ 8000 M-1cm-1) substantiates the 

contention we hypothesize that the red shift in all black solid forms (single crystals, powders, and 

– most significantly for solar cell devices – their functional form of thin films) results from 

cooperative iodophilic (I…I) intermolecular interactions that govern the supramolecular assembly 

of the molecule, as revealed in its crystal structure shown above. The high spin-orbit coupling 

constant () of the np orbitals of the halogen atoms are 587, 2460, and 5069 cm-1 for Cl, Br, and I, 

respectively, which in the iodo ligand case is rather humongous and indeed comparable to that for 

the  for the 5d orbital of 3rd-row transition metals (e.g.,  = 4270 and 5104 cm-1 for Hg and Au, 

respectively).34 Thus, the synergy of the intermolecular iodophilic interactions and iodo-aurophilic 

intramolecular interactions are herein presumed to lead to the sensitization of the spin-forbidden 

lowest-energy absorption transitions (S0→T1) in aggregates of the Au(III) products or the 

corresponding bandgap transition via cooperative heavy-atom effects, as is currently being tested 

computationally to examine this hypothesis and further support the above experimental data. The 

situation is somewhat akin to the simultaneous external and internal heavy-atom effects that the 

Omary group had previously reported for binary adducts of 1-halonaphthalenes with trinuclear 

perfluoro-ortho-phenylene mercury(II), which was manifest by their phosphorescence 

sensitization toward possible LED/OLED use,35 whereas the analogous heavy atom effects herein 

are manifest for solar energy harvesting via red-shifting the bandgap to the near-IR region toward 

possible organic photovoltaic or solar energy storage devices whereby the entire visible portion of 

the solar spectrum could be used to photocatalytically produce molecular iodine through an inner-

sphere mechanism. Moreover, in terms of geometrical dependency in the solid-state I…I 

interactions, the intermolecular I…I interactions seen in this study are similar to those seen by Balch 

et al.12 and are analogous to organoiodo complexes.36-44
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CHAPTER VI 

CONCLUSIONS AND FUTURE DIRECTIONS 

Functional coordination compounds that are assembled through non-classical weak forces 

including metal-metal bonding, metallophilic interactions, dπ-acid/dπ-base interactions, d-π, and d-

d strength comprise of fascinating tunable optoelectronic properties. This class of functional 

materials is highly efficient, cost-effective, and easily processable materials for molecular devices 

of lighting, display, and energy-harvesting technologies. To date, such materials are limited; 

therefore, more detailed studies are essential. By the same token, this dissertation represents both 

experimental and theoretical results to highlight the design and synthesis of monovalent coinage 

metal-based functional coordination compounds containing light-emitting, light-harvesting, and 

conducting properties. 

During our fundamental scientific research endeavors, the ligand unassisted closed-shell 

metal-metal polar-covalent bond between Au(I) and Cu(I) atoms is discovered. This work was 

initially aimed for the improved understanding of metallophilic interactions, then to employ them 

in the systematic design of the functional coordination compounds.   The unprecedented closed-

shell metal-metal bonding includes the ligand unassisted ground-state genuine d10-d10 covalent 

bond between Cu(I) and Au(I) coinage metals. While from the application prospective, monovalent 

coinage metal-based functional coordination compounds, with rich optoelectronic properties are 

produced by employing the aforementioned non-classical weak chemical interactions and/or 

bonding. Heterobimetallic complexes with near unity quantum yield in Chapter II, integrated 

donor-acceptor stacks with conducting properties in Chapter IV, and black absorbers with their 

potential to harvest broad-range of solar spectrum in Chapter V are representations of such 

functional coordination compounds. The following subsequent sections are the summary of major 
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results, and conclusions of this dissertation as well as some suggestions about future directions for 

follow-up research.   

6.1 d10 - d10 Metal-Metal Bonds and Near-Unity Phosphorescence Quantum Yields 

The luminescent transition metal complexes with relatively high emission quantum yields 

can be cost-effective light-emissive materials  for the emission-based molecular devices.1-7 In 

particular, the light-emitting metal complexes with near-unity quantum yields can serve as 

wavelength conversion materials capable of emitting light of a color different from that of the 

excited light.8-9 In Chapter II, outer-shell s0/p0-orbital mixing with d10-orbitals and symmetry 

reduction upon replacing Au(I) atom by Cu(I) atom  are found to sensitize ground-state Cu(I)-

Au(I) polar-covalent bonds, and near-unity phosphorescence quantum yields. A series of 

heterobimetallic complexes including [Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-(CF3)2Pz)]2, [Au2(μ-C2,N3-

BzIm)2Cu(µ-3,5-(CF3)2Pz)], [Au2(μ-C2,N3-MeIm)2Cu(µ-3,5-(CF3)2Pz)]},{[Au(μ-C2,N3-

MeIm)Cu2(µ-3,5-(CF3)2Pz)2] and [Au(μ-C2,N3-EtIm)Cu2(µ-3,5-(CF3)2Pz)2]}  exhibit such a high 

quantum yield to ascertain their usage in lighting and display devices. These complexes were 

prepared by reacting {[Au(μ-C2,N3-(N-R)Im)]3 ((N-R)Im = imidazolate; R = benzyl/methyl/ethyl 

= BzIm/MeIm/EtIm)} complexes with {[Cu(μ-3,5-(CF3)2Pz)]3 (3,5-(CF3)2Pz = 3,5-

bis(trifluoromethyl)pyrazolate)} complexes. The crystal structures of [Au2(μ-C2,N3-BzIm)2Cu(µ-

3,5-(CF3)2Pz)], and [Au2(μ-C2,N3-MeIm)2Cu(µ-3,5-(CF3)2Pz)] display stair-step infinite chains 

that are manifested by non-covalent pairwise intermolecular Au(I)···Cu(I) metallophilic 

interactions  between two adjacent molecules of cyclic trimetallic Au(I)/Cu(I) complex.  Notably, 

the single crystal X-ray analysis of  [Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-(CF3)2Pz)]2 complex  reveals a 

hexanuclear cluster structure wherein two monomer-of-trimer units are linked by a genuine d10-

d10 polar-covalent bond with ligand-unassisted Cu(I)-Au(I) distances of 2.875 Å each – the 
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shortest such an intermolecular distance ever reported between any two d10. Theoretical studies 

has estimated the binding energy of 35-43 kcal/mol, which is consistent with the typical M-M 

single-bond energies. FT-IR spectra of this complex, contain multiple far-IR bands within 65-200 

cm-1, assignable to vCu-Au which is also validated by the Harvey-Gray method of crystallographic-

distance-to-force-constant correlation. These heterobimetallic complexes   have 3-fold-to-2-fold 

symmetry reduction to those for their homometallic starting precursors. This symmetry reduction 

has enhanced   their extinction coefficient and solid-state photoluminescence quantum yields 

approaching to unity (PL = 0.90-0.97). This excellent optoelectronic properties that are associated 

with this class of coinage metal based-functional coordination compounds, show their potential to 

be utilized in inorganic and/or organic light-emitting diode applications.  

6.2 Aurophilic Interactions and Luminescence Thermochromism in Gold (I) Cyclic Trimetallic 

Complexes 

Chapter III has illustrated the relationship between the aurophilicity and the photophysical 

properties of solid samples of cyclic trimetallic Au(I) complexes. The comprehensive experimental 

results have displayed that the photophysical properties of cyclic trimetallic Au(I) complexes, can 

be fine-tuned by careful design of the ligands. We have successfully synthesized several cyclic 

trimetallic Au(I) complexes of carbeniate ligand derivatives. Among others, complex {Au[µ-

C(OMe)=N(p-OMeBiphen)]}3(where, R = p-OMeBiphen; p-methoxybiphenyl) that contains aryl-

isonitrile ligand. This complex exists as dimer-of-trimer units in solid state, which is mediated by 

pairwise intermolecular aurophilic interactions. The photophysical study shows that this complex 

exhibits green photoluminescence emission. The reason for having less Stokes’ shift (compared to 

usually red emission displayed by alkylated-carbeniate derivatives)   for this complex is believed 

to be associated with the steric hindrance of bulky ligand. The steric hindrance prevents to give 
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rise a severe excited–state distortion due to strong excimeric bonding, which is in contrast to those 

for alkylated-isonitrile complexes. Outstandingly, complex {[Au(μ-C2,N3-(N-EtIm)]3  shows two 

pairwise aurophilic interactions in solid-state structures to form two distinct aurophilically bonded 

dimer-of-trimer molecules. The dimer-of-trimer molecules of one type of molecules have 

intermolecular aurophilic interactions of 3.066 Å, whereas the other type of molecules have 3.141 

Å. The intermolecular aurophilic interactions of 3.066 Å reported in this dissertation is most likely 

the shortest ever reported pairwise intermolecular aurophilic distances among all coinage metal(I) 

cyclic trimetallic complexes. The crystals of this complex exhibit gigantic luminescence 

thermochromism of 10164 cm-1, when cooling from 298 to 4 K. To the best of our knowledge, 

there is no any such prior report about cyclic trimetallic Au(I) complexes that has displayed such 

a drastic luminescence thermochromism.  

6.3 Donor-Acceptor Integrated Stacking Motifs of Cyclic Trimetallic Monovalent Coinage Metal 

Complexes with Organic Donor/Acceptor Molecules 

In Chapter IV, a series of new charge transfer complexes of monovalent coinage metals 

have been prepared.  The supramolecular chemistry of these donor-acceptor integrated stacks, and 

their optoelectronic properties have elucidated. The fascinating donor-acceptor adducts were 

prepared by  reacting the colorless π-acidic complexes {[Cu(µ-3,5-(CF3)2pz)]3, {[Ag(µ-3,5-

(CF3)2pz)]3, {[Au(µ-3,5-(CF3)2pz)]3 and [Ag(µ-3,5-(NO2)2pz)]3  with TTF, DBTTF and BEDT-

TTF to give several charge transfer complexes. The reaction of colorless π-basic [Au(μ-C2,N3-

EtIm)]3 complex with the nitrile acceptor TCNQ,  resulted the dark-colored charge transfer 

complex. These new classes of charge transfer complexes of cyclic trimetallic monovalent coinage 

metal complexes with organic donor/acceptor molecules have been characterized by elemental 

analysis, FT-IR, ESI-MS, 1H NMR, and single crystal X-ray diffraction analyses. These complexes 
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have been found to exhibit remarkable supramolecular structures in both the solid state and 

solution, whereby they exhibit supramolecular stacked chains and oligomers, respectively. The 

supramolecular donor-acceptor solid and solution adducts also exhibit indefinite stability, even in 

the presence of air. Theoretical study predicts that the charge transfer complexes of cyclic 

trimetallic monovalent coinage metal complexes with organic donor/acceptor molecules are 

metallic and/or semiconductor. Further investigations are warranted for their potential applications 

in molecular electronics, including solar cells, (super)conductors, magnetic switching devices, and 

field effect transistors (FETs).  

6.4 Au(III) Complexes as Black Absorbers Mediated by Cooperative Intermolecular Iodophilic 

(I…I) Interactions 

In Chapter V, we have successfully added diiodides in all three Au(I) centers of cyclic 

trimetallic gold(I) complexes of carbeniate and imidazolate derivatives to obtain Au(III) 

complexes including {[Au(μ-C2,N3-(N-EtIm)]3I6}, {Au3[µ-C(OMe)=N(Cp)]3I6}, {Au3[µ-

C(OMe)=N(Bu)]3I6}, and {Au3[µ-C(OEt)=N(Me)]3I6}. The crystal structure reveals that the three 

gold(III) atoms in each complex are four-coordinate with trans iodides in a nearly square planar 

arrangement. . There are no any significant intermolecular aurophilic interactions that have been 

observed in the crystal packing of Au(III) complexes. The intramolecular Au(III)…Au(III) contacts 

are elongated than Au(I)…Au(I) contacts found for substrate molecules prior to oxidation..  There 

are several short intermolecular I…I contacts, and these contacts are shorter than intramolecular 

I…I contacts. Each iodide is located nearly perpendicular to the triangular plane of three Au(III) 

atoms, and is significantly bent. This might be due to the directional component associated with 

them as seen for the organoiodo and organogold complexes studied previously.10 The 

intramolecular I…I interactions seem repulsive. However, the intermolecular I…I interactions are 
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definitely attractive and form closely packed extended chain structures in solid state through 

cooperative intermolecular I…I interactions. These dark colored complexes absorb all near-UV, 

visible, and near-IR wavelengths making them good candidate for the black absorbers to harvest 

solar energy. The solution and solid-state electronic spectra also supplement our hypothesis, by 

demonstrating significantly red-shifted absorption edge when the concentration increases. Thus, 

the synergy of the intermolecular iodophilic interactions and iodo-aurophilic intramolecular 

interactions are herein presumed to lead to the sensitization of the spin-forbidden lowest-energy 

absorption transitions (S0→T1) in aggregates of the Au(III) products via cooperative heavy-atom 

effects. The further computational studies are warranted to validate this hypothesis and further 

support the experimental data provided in this Chapter. 

6.5 Future Directions 

6.5.1 Device Fabrication 

Molecular devices have the potential to lead technology in new directions.11,12The size of 

the electronics such as a television, laptop, cellphone etc. are decreasing exponentially that the 

component size of intriguing devices will ultimately  be an individual molecule of the functional 

coordination compounds. The molecules can either provide channels of electrical current or can 

manipulate the charge transport properties of the electrodes connected in these devices. There are 

numerous molecular electronic devices that can be fabricated by using the functional materials of 

this dissertation including switches, sensors, transistors, diodes, rectifiers, and passivants.13,14 For 

instance, the screening studies in Chapter II, show the potential of the heterobimetallic monovalent 

coinage metal phosphors toward organic light emitting diodes (OLEDs). Therefore, these 

heterobimetallic complexes with near unity photoluminescence quantum yield should be used in 

OLEDs, and the black absorbers in Chapter V in the solar cells. 
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6.5.2 Design and Synthesis of mixed ligands/metals Complexes as OLEDs Phosphors 

The comprehensive experimental results in Chapter II, suggests that the reduction of 

molecular symmetry can enhance the electronic transition, and hence the quantum yield of high 

symmetry molecules. Thus, there is still an ample room for design and synthesis of low symmetry 

luminophors, either with different metals or different ligands. Preliminary experimental results 

show that the gold(I) complexes of mixed ligands (pyrazolate and diphosphine) as shown in Fig. 

6.1, are not only brighter but also emit at blue and/or green regions of electromagnetic spectrum. 

Crystal structure of this complex (Fig. 6.1) reveals that it is a tetrameric Au(I) mixed ligand 

complex. Crystals of this mixed ligand complex exhibits blue emission. . 

 

Fig.6.1: Preliminary result showing the crystal structure of proposed mixed ligands (pyrazole and 

diphosphine derivatives) Au(I) complex. 
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To discover such blue and green phosphorescent emitters with high quantum yield, the 

diphosphine derivatives shown in Scheme 6.1, can be used to synthesize Au(I) mixed ligands 

complexes with both pyrazole and imidazole exo-bidentate ligands. In terms of the synthetic 

approach, pyrazole/diphosphine mixed ligands complexes can be synthesized using Au(THT)Cl 

starting precursor, however, the imidazolate/diphophine mixed ligand complexes can be 

synthesized using  cyclic trimetallic Au(I) imidazolate complexes as the starting precursor. 
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Scheme 6.1: Selected chemical structures for mixed ligands complexes 

The results that will be obtained through this project are believed to be similar to that 

reported for Au(I) complexes which exhibit vibronically-resolved phosphorescent bands with peak 

separations corresponding to the aryl ring emitted from 3π-π* transitions due to the biphenyl 

moiety.15 Ongoing work will investigate the use of these promising new classes of phosphorescent 

emitters as blue- and green-emitting neat thin films to substitute for Ir(III) complexes in doping 

free white OLEDs (DFW-OLEDs) in combination with orange-emitting neat thin films of Pt 

complexes.16  
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Scheme 6.2: Selected chemical structures for mixed metal complexes 

Similarly, the reactions between Au(I) complexes and Ag(I) complex as shown in Scheme 

6.2 should give mixed Au(I)/Ag(I) complexes as described by Fackler et al.17 Therefore, both 

experimental and computational studies should be conducted for the structures shown in Scheme 

6.2, and its other derivatives.  

6.5.3 Possible Expansion of Oxidative Addition on Au(I) centers and Suggestive Results for Photo-

induced Reductive Elimination  

The oxidative addition of diiodide on the Au(I) centers of cyclic trimetallic Au(I) 

complexes is reported in Chapter V. This and previously reported experimental results18, indicate 

several other possibilities to oxidized the Au(I) centers by changing substrates and/or changing the 

oxidizing agents to smaller halogens, alkyl halides, or  hydrogen halides. 
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Fig. 6.2: Crystal structure showing the product obtained from the reaction of {Au[µ-

C(OPr)=N(Me)]}3 with I2 , single molecule with atom numbering scheme (left) and 1-D packing 

(right). Each channel contains a methanol molecule inside which is not associated chemically. 

In one of our attempt to oxidize Au(I) centers of cyclic trimetallic Au(I) complex{Au[µ-

C(OPr)=N(Me)]}3 in the similar reaction conditions explained in Chapter V, showed an interesting 

result. The nine-membered skeleton broke down to give a purely inorganic iodogold compound as 

shown in Fig 6.2. Crystal structure shows interesting structure that contains two gold in different 

coordination environments. Similarly, our attempt to oxidized the Au(I) centers of {[Au (μ-C2, N3-

(N-EtIm)]3} with Br2,resulted the product as shown in Fig. 6.4.  This result displays that 

halogenation in the 4-position of the 5-membered imidazole ring instead of oxidizing only the 

Au(I) centers. This is not a surprising result since the halogenation of the 4-position is a commonly 

observed feature in the chemistry of azoles/azolates.19 
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Fig. 6.3: Crystal structure showing the product obtained from the reaction of {[Au (μ-C2, N3-(N-

EtIm)]3} with I2 ,  a) single molecule with atom numbering scheme, b) dimer molecule showing 

the Au…Br interactions, and c) solid-state crystal packing motif. 

Wu et al. have recently reported Au(III) complex that shows good reactivity as a hard 

Lewis-acid catalyst.20 Further experimental and computational investigations are warranted to 

understand such chemical properties of Au(III) complexes described herein. Moreover, the Au(III) 

complex namely {Au3[µ-C(OMe)=N(Bu)]3I6}  showed an interesting results when the solution of 

complex was left in ambient condition.  
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Fig. 6.4: UV/Vis absorption spectra of {Au3[µ-C(OMe)=N(Bu)]3I6}, a) after 30 minutes exposer 

in ambient light b) after 15 days exposer in ambient light  

The spectra as shown in Fig. 6.4 represents the electronic properties of the complex 

{Au3[µ-C(OMe)=N(Bu)]3I6}. The spectrum in Fig 6.4 (a) was recorded after approximately 30 

minutes of exposer of this solution to room light. We can see the peak centered around 410 nm 

wavelength is the dominating one which we believe is due to  cooperative intermolecular I…I 

interactions as explained in Chapter V. However, after 15 days in room light, we noticed solution 

color had changed. The absorption spectrum as shown in Fig 6.4 (b), shows the absorption after 

15 days whereby the peak centered around 520 nm is a dominating peak believed to be the 

absorption of iodine solution. From this observation, we speculate that the room light is enough 

for photo-induced reductive elimination to produce the iodine, however more experiments are 

warranted to conclude such chemical process. 
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6.5.4 Expansion of Experimental and Theoretical Investigation of Closed-Shell Metal-Metal 

Covalent Bonding  

This dissertation represents a major discovery of a new type of chemical bond seen for the 

first time  between the Cu(I) and Au(I) atoms, in a hexanuclear heterobimetallic cluster complex 

{[Au2(μ-C2,N3-EtIm)2Cu(µ-3,5-(CF3)2Pz)]2, synthesized by the author as described in Chapter II.  

 

Scheme 6.3: Chemical structures for d10-d10 Metal-Metal Bonds 

The outer-shell s0/p0 orbital mixing with d10 orbitals, and symmetry reduction of trigonal-

planar gold(I) complexes by replacing some of the Au(I) metals with Cu(I) metals are believed to 

sensitize that ground-state Cu(I)-Au(I) covalent bond. This pioneering research work is currently 

being expanded for previously reported [MM’(µ-L)m]n d
10 complexes21,22 as shown in Scheme 

6.3.
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