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Abstract 

 

Cyclometalated gold(III) complexes of the type (C∧N∧C)AuX [HC∧N∧CH = 2,6-bis(4-
ButC6H4)pyrazine; 2,6-bis(4-ButC6H4)pyridine, or 2,6-bis(4-ButC6H4)4-Butpyridine; X = CN, 
CH(COMe)2, or CH(CN)2] have been used as building blocks for the construction of the first 
family of AuIII/AgI aggregates. The crystal structures of these aggregates reveal the formation 
of complex architectures in which the Ag+ cations are stabilized by the basic centers present 
on each of the Au precursors. The photophysical properties of these aggregates are reported. 
Compared to mononuclear pincer complexes, a general red-shift and an increase in the 
emission intensity are observed. In agreement with DFT calculations, the lowest energy 
absorption and the emission are assigned to 1IL(C∧N∧C) and 3IL(C∧N∧C) transitions dominated 
by the HOMO and the LUMO orbitals. 
 
Introduction 
 

The use of gold(III) complexes in optical devices such as sensors or organic light-emitting diodes 

(OLEDs) has been a rising area of research in recent years. (1) In particular, cyclometalated 2-

arylpyridine (C∧N) and 2,6-diarylpyridine (C∧N∧C) ligands have been found to be a very 

effective means of stabilizing AuIII against reduction (2) and, at the same time, generate 

emissive compounds. In this context, the most successful strategy revealed to be the 

introduction of strong C-based σ-donor ligands, such as alkyl, aryl, alkynyl, or N-heterocyclic 

carbenes, in combination with the cyclometalated ligands. This causes the d–d nonradiative 

transitions to rise in energy and produces pincer ligand-based emissive transitions with triplet 

parentage. (3,4) 

The modulation of the emission wavelengths is usually achieved by modifying either the pincer 

or the ancillary ligand with substituents of different electronic characteristics, in order to adjust 
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the orbitals responsible for the emission. However, this approach requires a significant 

synthetic effort. For this reason, having access to less laborious ways of tuning the emission in 

this type of complexes continues to be a focus of interest. With this in mind, recent studies 

have been directed toward postsynthetic modulation of photoemissions through the 

formation of multinuclear architectures and metallogels with supramolecular 

aggregation, (5) as well as the exploitation of alternative emissive pathways, such as thermally 

activated delayed fluorescence (TADF). (6,7) 

In 2015, we reported the synthesis of the first family of C∧N∧C pincer complexes featuring 

pyrazine instead of pyridine as the central ring. (6) This simple change has important 

consequences from a photophysical point of view: First, the pyrazine-based complexes show 

increased photoluminescence intensities in comparison with the pyridine analogues, and 

second, the π–π* gap in pyrazine is around 0.95 eV smaller than in pyridine, so that the 

pyrazine pincer becomes a better electron acceptor and the presence of strong σ-donating 

ancillary ligands is no longer mandatory to generate luminescent complexes. This family of 

complexes provided the first examples of gold(III) complexes showing TADF behavior. 

A remarkable case for the difference in photoluminescence (PL) of pyridine vs pyrazine (pz) 

based C∧N∧C gold pincer complexes are the thiolates, (C∧Npz∧C)AuSR (R = Ph, naphthyl, 1-

adamantyl), which are strongly photoemissive at room temperature, unlike their pyridine 

analogues. The photoluminescence of (C∧Npz∧C)AuSR was due to 3IL(C∧Npz∧C) emissions, 

which, unusually, turned out to be modulated by aggregation through pyrazine–pyrazine 

interactions, leading to a strong red-shift from a π-stacked bimolecular emissive state. (8) 

The strategy of triggering new emissive states by the formation of homo- and 

heteropolymetallic architectures held together by metallophilic interactions has been 

particularly successful in gold chemistry, but only for gold in the oxidation state + 

I. (9) Supramolecular aggregates have also been described for PtII, (10) which is isoelectronic 

with AuIII. In contrast, there is little evidence for metallophilic interactions in 

AuIII chemistry. (11) 

Nevertheless, this is no reason to discard AuIII complexes as building blocks for the construction 

of photoemissive supramolecular assemblies, as other basic functionalities of the molecule 

could act as binding points for other metals. In fact, we observed earlier that the emission of 

the pyrazine-based alkynyl complex [(C∧Npz∧C)AuC≡CPh] is red-shifted on addition of Ag+ ions. 

However, despite numerous attempts neither the precise structure of this AgI/AuIII aggregate 

nor the origin of the shift in emissions could be elucidated. (6) 

Here, we present the first family of structurally characterized luminescent heteropolynuclear 

systems involving AuIII. The use as building blocks of cyclometalated pyrazine AuIII systems with 

secondary basic residues such as cyanide [(C∧Npz∧C)AuCN], (6) C-bound acetylacetonate 

[(C∧Npz∧C)Au(acac)] (acac = CH(C(O)Me)2), or malononitrile [(C∧Npz∧C)AuCH(CN)2] (12) in 

reactions with AgI salts has allowed the isolation of polymetallic aggregates with a wide range 

of nuclearities and bonding motifs. The photophysical properties of these aggregates are 

intimately correlated with the nature of the supramolecular assembly, as has been probed by 

theoretical calculations. Similar AuIII–AgI systems using pyridine-based analogues have also 
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been prepared for comparison and illustrate the implications for the structures and 

photoluminescence of these assemblies. 

Results and Discussion 

Synthesis and X-ray Structures 

Slow diffusion of THF solutions of AgSbF6 or AgClO4 into light-yellow dichloromethane 

solutions of (C∧Npz∧C)AuCN [pzAu]CN resulted in the precipitation of the 2:1 adducts 

[{(C∧Npz∧C)AuCN}2Ag]X (X = SbF6, 1SbF6; ClO4, 1ClO4) as orange solids (Scheme 1). Due to their 

low solubility in common organic solvents, the compounds were prepared as orange crystals 

by direct synthesis in H-shaped crystallization tubes (see Figure 1 and SI for experimental 

details). 

 

Scheme 1. Synthesis of Cyano-Bridged Aggregates, Including the Numbering Used for NMR 

Assignments 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#sch1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig1
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02987/suppl_file/ic8b02987_si_001.pdf


 

Figure 1. Crystallization setup for the direct synthesis of 1SbF6 and 1ClO4. 

While the crystal quality of [{(C∧Npz∧C)AuCN}2Ag](SbF6) (1SbF6) was insufficient for a detailed 

discussion of the structural parameters, the connectivity could be unequivocally established 

and confirmed the identity of the complex as a trinuclear species in which two gold 

fragments are connected by a CN-Ag-NC bridge. The crystal packing shows numerous 

intermolecular interactions of each trinuclar entity with its neighbors through a combination 

of Ag···C6H4
tBu-4 and π···π stacking, which may explain the low solubility of these systems. 

The coordination of the AgI ions to the cyanide ligands is reflected in the shift of the IR 

ν(C≡N) stretching band to higher frequencies with respect to the starting material (from 2173 

cm–1 in [pzAu]CN to 2220 cm–1 in 1ClO4 and 2225 in 1SbF6). (13) 

The analogous pyridine complexes [{(C∧NtBu∧C)AuCN}2Ag]X (X = SbF6, 2SbF6; ClO4, 2ClO4) are 

accessible by treatment of (C∧NtBu∧C)AuCN ([tBu-pyAu]CN) with the corresponding silver salts 

in THF. The X-ray structure of 2SbF6 (Figures 2a and S2.1) reveals that the trinuclear cationic 

units [{(C∧NtBu∧C)AuCN}2Ag]+ dimerize through the formation of unsupported argentophilic 

interactions, with a silver–silver distance of 3.103(1) Å, much shorter than the sum of the van 

der Waals radii of two silver atoms (3.44 Å). (14) However, it has been recently established 

that the concept of “unsupported” interactions might underestimate the impact that other 

aggregation forces, such as hydrogen bonding or π–π stacking, can have on codetermining 

the Ag–Ag distance, and that the correlation between shorter distance and stronger bond 

can be misleading given the particular character of argentophilicity. (15) The CN-Ag-NC 
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moieties in [{(C∧NtBu∧C)AuCN}2Ag]2
2+ deviate from the expected linearity, with N–Ag–N 

angles of 160.2(3) and 165.7(3)° to accommodate the Ag–Ag interaction. This distortion from 

linearity is particularly pronounced when compared, for example, with that observed in the 

argentophilic-based columnar arrangement of [Ag(py)2]+ cations (average N–Ag–N angle 

175°). (16) 

 

Figure 2. Top views of the X-ray structures of 
[{(C∧NtBu∧C)AuCN}2Ag]2[SbF6]2·3CH2Cl2, 2SbF6·3CH2Cl2 (a), and 
[{(C∧NtBu∧C)AuCN}2Ag]2[ClO4]2·3CH2Cl2, 2ClO4·3CH2Cl2 (b). The structures are shown as a stick 
based skeleton with only the most relevant atoms represented as ellipsoids with 50% 
probability level. 

In the SbF6
– salt, the anions play a spectator role in the stabilization of the structure; one of 

the anions interacts weakly with one of the Ag centers, while the other silver ion interacts with 

a CH2Cl2 molecule. By contrast, the anions in 

[{(C∧NtBu∧C)AuCN}2Ag(ClO4)]2·3CH2Cl2 (2ClO4·3CH2Cl2) are bound more strongly to the 

Ag+ centers, as indicated by the short Ag–O distance (2.584(4) Å), giving a T-shaped 

coordination environment for Ag, with additional contacts to dichloromethane molecules. As 

a consequence of the perchlorate coordination to Ag+, argentophilic interactions are absent, 
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and the Ag–Ag distance is elongated to 3.3881(5) Å. The top-view of both structures (Figure 2) 

illustrates the distortion of the trinuclear entities to accommodate the Ag–Ag interaction. 

Treatment of CH2Cl2 solutions of (C∧Npz∧C)Au(acac) ([pzAu]acac) with an excess of AgX (X = 

ClO4, SbF6) produced a noticeable change in color from light yellow to deep orange. Orange 

microcrystalline solids with a Au/Ag ratio of 1:1 were isolated from these solutions (Scheme 

2). 

 

Scheme 2. Synthesis of acac Aggregates 

Slow diffusion of pentane into CH2Cl2 solutions afforded crystals suitable for X-ray diffraction 

analysis. As is shown in Figure 3, both structures show an octanuclear [Au4Ag4] arrangement 

in which the silver ions adopt two types of coordination environments that are noticeably 

different from each other: One Ag ion, labeled Ag1, is sandwiched by two [Au] fragments and 

bound to one acac-O atom of each [Au] fragment. In addition, Ag1 forms a π-bond with one 

aryl ring of the cyclometalated ligand of each of the [Au] fragments, in a manner similar to that 

of other Ag−π–arene complexes, (17) which leads to a distorted tetrahedral coordination 

environment for Ag1. The second silver ion, Ag2, is coordinated to nitrogen atoms of the 

pyrazine rings of two trinuclear units. Detailed views for both structures can be found 

in Figures S2.3 and S2.4. 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig2
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig2
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#sch2
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#sch2
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig3
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig3
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Figure 3. Molecular view of the X-ray structure of (a) 3SbF6·6C7H8 and 
(b) 3ClO4·1.5CH2Cl2·2C5H12. The solvent molecules and hydrogen atoms are omitted for clarity. 
The structures are shown as a stick based skeleton with only the most relevant atoms 
represented as ellipsoids with 50% probability level. 

The Ag1–Au distances (Ag1–Au1 3.004(1) Å and Ag1–Au2 2.993(1) Å for 3SbF6; Ag1–Au1 

2.9419(7) Å, Ag1–Au2 3.0737(6) Å for 3ClO4) are shorter than the sum of the van der Waals 

radii of both atoms (rAg 1.72 + rAu 1.66 = 3.38 Å). The asymmetry of the Ag···C═C interaction 

and the close approach of Ag+ toward the carbon directly bound to Au indicate that these 

interactions are predominantly controlled by Coulomb attractions. 

The bonding of Ag2 to the two N atoms of the pyrazine rings (Ag2–N2 2.19(1) Å and Ag2–N4′ 

2.16(2) Å 3SbF6; Ag2–N2 2.244(6) Å and Ag2–N4′ 2.241(5) Å 3ClO4) is substantially longer than 

Ag+ bonding to cyanide in 2ClO4 and 2SbF6 (see before Ag–N ∼ 2.10 Å). In the case of 3ClO4, 

the two silver ions Ag2 and Ag2′ are further held together by two asymmetrically bridging 

perchlorate ions, with Ag2–O distances of 2.52(1) and 2.657(9). Two further perchlorate ions 

are κ1-bonded (Ag2–O5, 2.584(6) Å). 

However, the coordination environment of the Ag2 ions is strongly influenced by the nature of 

the anion. Thus, for 3SbF6, the lower coordinating character of the SbF6
– drives to shorter Ag–

N distances with the pyrazines (Ag2–N2, 2.18(1) Å and Ag2–N4′, 2.16(2) Å). Nevertheless, the 



general arrangement of the interaction with the anions is maintained through Ag···F 

interactions. 

The analogous pyridine precursor (C∧Npy∧C)Au(acac) ([pyAu]acac) reacts with an excess of 

AgSbF6 in CH2Cl2 with a noticeable change of color from light to deep yellow. Slow diffusion of 

pentane generated crystals suitable for X-ray diffraction analysis. As it is shown in Figure 4, the 

absence of a basic nitrogen atom in the pincer precludes the formation of Ag–N bonds, and 

the stoichiometry of the complex is Au/Ag = 2:1, with the silver cation sandwiched between 

two [Au] fragments, in a manner similar to that of Ag1 in the pyrazine structures. The most 

noticeable difference is that the Ag bonding to the C═C π-bonds to aryl rings of the 

cyclometalated ligands is less asymmetric (Ag1–C7 2.453(8), Ag1–C37 2.432(8) Å; Ag1–C8 

2.558(8), Ag1–C38 2.591(8) Å). 

 

Figure 4. Molecular view of the complex 
[{(C∧Npy∧C)Au(acac)}2Ag}](SbF6)·CH2Cl2, 4SbF6·CH2Cl2. The solvent molecule and the hydrogen 
atoms are omitted for clarity. The structure is shown as a stick based skeleton with only the 
most relevant atoms represented as ellipsoids with 50% probability level. Selected bond 
distances (Å) and angles (deg): Au1–C26 2.057(9), Au1–C7 2.092(8), Au1–C17 2.078(9), Au1–
N1 2.017(7), Au2–C56 2.071(8), Au2–C37 2.114(8), Au2–C47 2.060(8), Au2–N2 2.024(6), Ag1–
O1 2.430(7), Ag1–O3 2.409(6), Ag1–C7 2.453(8), Ag1–C8 2.558(8), Ag1–C37 2.432(8), Ag1–C38 
2.591(8), C7–Au1–C26 103.0(3), C17–Au1–C26 95.6(3), C7–Au1–N1 80.8(3), C17–Au1–N1 
81.0(3), C26–Au1–N1 172.7(3), C7–Au1–C17 161.2(3), C37–Au2–N2 80.5(3), C47–Au2–N2 
81.3(3), C37–Au2–C56 102.7(3), C47–Au2–C56 95.5(3), C37–Au2–C47 161.8(3), C56–Au2–N2 
172.1(3), O1–Ag1–O3 75.1(2), O1–Ag1–centroid(C37–C38) 113.50, O3–Ag1–centroid(C7–C8) 
120.57, centroid(C7–C8)–Ag1–centroid(C37–C38) 136.80. 

A CH2Cl2 solution of (C∧Npz∧C)Au(malononitrile) ([pzAu]mln) reacted with AgSbF6, generating 

a light orange solid of composition 

{[{(C∧Npz∧C)Au(malononitrile)}2Ag(THF)](SbF6)}n, 5SbF6 (Scheme 3). This compound shows 

low solubility in CH2Cl2 but can be dissolved in THF. Slow pentane diffusion led to orange 

crystals suitable for X-ray crystallography. 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig4
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig4
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#sch3


 

Scheme 3. Synthesis of Malononitrile Aggregates 

The asymmetric unit shows one gold malononitrile fragment (C∧Npz∧C)Au(malononitrile) and 

one silver cation with occupancy 1/2 as it lies on a 2-fold rotational axis (Figure 5). Each Ag+ ion 

binds to four different (C∧Npz∧C)Au(malononitrile) molecules, as well as to one THF ligand. 

Two of the (C∧Npz∧C)Au(malononitrile) building blocks are bound by one malononitrile CN 

unit, with rather short Ag–N bonds (Ag1–N4″, 2.212(5) Å); the other two are bonded via their 

pyrazine-N atoms, with longer Ag–N interactions (Ag1–N2, 2.476(5) Å). This generates a 

distorted square-pyramidal AgN4O linking unit, which connects the assembly to give 1D rods 

in the direction of the crystallographic c axis, with the SbF6
– anions in the interstitial spaces 

between the rods. 

 

Figure 5. Molecular view of the complex 
{[{(C∧Npz∧C)Au(malononitrile)}2Ag(THF)](SbF6)}n (5SbF6). Hydrogen atoms are omitted for 
clarity. The structure is shown as a stick based skeleton with only the most relevant atoms 
represented as ellipsoids with 50% probability level. Selected bond distances (Å) and angles 
(deg): Au1–C25 2.088(6), Au1–C10 2.087(6), Au1–C20 2.102(6), Au1–N1 2.015(5), Ag2–N2 
2.476(5), Ag1–N4″ 2.212(5), Ag1–O1 2.644, C10–Au1–N1 80.6(2), C20–Au1–N1 79.6(2), C10–

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig5
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Au1–C25 94.2(2), C20–Au1–C25 105.7(2), N1–Au1–C25 174.4(2), C10–Au1–C20 160.0(2), N2–
Ag1–N4″ 92.3, N2–Ag1–O1 84.0, N4″–Ag1–O1 99.6, N2–Ag1–N2′ 167.9, N4″–Ag1–N4‴ 160.7. 

NMR Characterization in Solution 

In order to understand whether such aggregations persist in solution, we studied the behavior 

of these complexes by means of NMR spectroscopy. The pyrazine cyanide silver complexes 

show very low solubility in common organic solvents, so they could not be investigated. In 

contrast, the analogous complexes with p-tBu pyridine as the central ring of the pincer 

[{(C∧NtBu∧C)AuCN}2Ag]X (X = SbF6, 2SbF6; ClO4, 2ClO4) are soluble enough to be fully 

characterized by NMR spectroscopy. Their 1H NMR spectra in CD2Cl2 show a shift of the signals 

with respect to the mononuclear gold precursor. For example, the doublet corresponding to 

H8, which is a convenient reporter signal in this type of complexes, is appreciably low-

frequency shifted when compared with the starting precursor (Δδ 0.09, 2SbF6 and 0.07 

ppm, 2ClO4). Quite reasonably, this indicates that the trinuclear fragment persists in solution. 

There is not much effect of the anion on the chemical shift, suggesting that even more 

coordinating anions such as ClO4
– are not capable of dissociating the [Au2Ag] unit. 

Unfortunately, we were unable to observe a signal for the cyanide moiety in the 13C{1H} NMR 

spectra. For this reason, we decided to synthesize the 13C≡N analogues (see SI), which confirm 

that the 13C NMR cyanide signals for both complexes are high-frequency shifted with respect 

to the mononuclear precursors: (C∧NtBu∧C)Au13CN resonates at δC = 115.9 ppm, while both 

aggregates [{(C∧NtBu∧C)AuCN}2Ag]X (X = SbF6, 2SbF6; ClO4, 2ClO4) show signals at δC = 124.3 

ppm. (18) 

The 1H NMR spectra of the acac derivatives [{{(C∧Npz∧C)Au(acac)2}2Ag}{Ag2X4}]2 (X= SbF63SbF6, 

ClO43ClO4) show very broad signals in CD2Cl2 at room temperature, and they are 

superimposable with each other, with the exception of H2. The latter is high-frequency shifted 

for 3ClO4 (δH = 9.62 ppm) by comparison with 3SbF6 (δH = 9.09 ppm), likely reflecting a 

different type of interaction between silver, anion, and pyrazine ring, as was also observed at 

the solid state. Sharp and well resolved spectra are obtained upon cooling the samples at 

temperatures below −20 °C. The 1H NMR spectra obtained at low temperature show the 

presence of two sets of signals for the pincer ligand, together with two different methyl signals 

for the acac moiety. Interestingly, only one signal for the CH moiety of the acac ligand was 

observed, excluding the possibility that the dynamic process is related to a multiple species 

equilibrium. More likely, the temperature dependence seen in the spectra is related to the 

hindered rotation of the acac fragment about the Au–C bond, which is slowed by the 

interaction between one carbonyl and a silver cation (see Figure 6). This is further confirmed 

by the large difference in the 13C NMR shifts between the two carbonyl groups of the acac 

fragment (δC = 203.4 and 212.9 ppm). It is reasonable to assume that this interaction induces 

an oscillating slippage of the pyrazine pincers within the aggregate, which is fast enough to 

equalize the chemical shift of the complex at room temperature. When the slippage is slowed 

on cooling, the two sides of the pincer become magnetically inequivalent, and two sets of 

signals are observed. 

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02987/suppl_file/ic8b02987_si_001.pdf
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Figure 6. VT 1H NMR spectra of 3SbF6 and oscillating slippage in 
[{{(C∧Npz∧C)Au(acac)2}2Ag}{Ag2X4}]2 core. 

The degree of association in a solution of 3SbF6 and 3ClO4 was investigated by means of 

diffusion NMR spectroscopy. (19) In particular, 1H PGSE NMR experiments 

on 3SbF6 and 3ClO4 have been performed as a function of the concentration in CD2Cl2, and the 

data were interpolated by assuming the shape of the complexes as that of a prolate ellipsoid, 

using crystallographic data as a tool for volume calculations (see Supporting Information for 

details). We also included the monomeric precursor (C∧Npz∧C)Au(acac) in order to have a 

direct comparison. 

The monomeric precursor has no self-aggregation tendency over a 1–25 mM concentration 

range, as the measured P parameter (which is directly proportional to the hydrodynamic 

radius) does not change with concentration and matches the one calculated for the monomer 

(Figure 7). This is in contrast with our previous observations on pyrazine-based gold thiolate 

complexes, where a modest self-aggregation due to π–π stacking interactions was observed at 

concentrations higher than 10.0 mM. (8) In this case, it seems likely that the acetylacetonate 

moiety disrupts this weak interaction network, making stacking in solution more difficult. On 

the other hand, P values measured for both 3ClO4 and 3SbF6 are comparably larger. For 

instance, at c = 6.0 mM the P value for 3SbF6 is twice that of the monomeric 

javascript:void(0);
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(C∧Npz∧C)Au(acac) complex and matches the one calculated from the crystal structure for the 

intact tetramer. This indicates that the aggregate structure of 

[{{(C∧Npz∧C)Au(acac)}2Ag}{Ag2(SbF6)4}]2 is retained in solution. Interestingly, P values are 

independent of the concentration, even below 1.0 mM, meaning that the complexes do not 

dissociate on dilution. The behavior of 3ClO4 matches that of 3SbF6 within the experimental 

error, suggesting that there is no anion effect on the aggregation tendency of these species. 

 

Figure 7. 1H PGSE NMR experiments on 3SbF6, 3ClO4, and [pzAu]acac. 

Photophysical Properties 

Since we discovered that poly(methyl methacrylate) (PMMA) and polyvinylcarbazole (PVK) are 

capable of breaking some of these aggregates, regenerating the starting materials, the 

photoluminescence was probed in polystyrene (PS), in which the colors of the aggregates and 

the emissions are closely similar to the solids but show increased intensities. For comparison, 

the photophysical properties of the corresponding gold precursor complexes were also 

measured in polystyrene. A summary of the emissions λem, the lifetimes τ, and 

photoluminescent quantum yields ϕ is given in Table 1. For the complexes with adequate 

solubility, the UV–vis absorption and photoluminescence spectra have also been recorded in 

solution (see SI, Tables S3.1 and S3.2). 

Table 1. Photoluminescent Properties of the Au–Ag Complexes in PS (10%) 

complex λem/nm (λex/nm) τ ± sd/ns (contr./%) [λem/nm] ϕ/% 
(λex/nm) 

[pzAu]CN 542max, 570sh (361, 392sh, 430, 457, 484) 1702 ± 38 (75), 350 ± 20 
(22)b [542] 

4.6 (420) 

1SbF6 567, 601max, 642sh (366, 429, 453, 488, 
528) 

1292 ± 20 (70), 216 ± 9 
(22)b [601] 

7.2 (480) 
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1ClO4 570, 610max, 653sh (366, 415sh, 488, 529) 1638 ± 33 (73), 369 ± 21 
(25)b [610] 

10.3 (480) 

[tBu-

pyAu]CN 
482max, 517, 550sh (300–350, 365, 381sh, 

408)a 
1360 ± 15 (76), 234 ± 6 

(22)b [482] 
<1 (370) 

2SbF6 465sh, 477max, 514, 547sh (320–370, 
385) 

1191 ± 13 (75), 201 ± 6 
(22)b [477] 

2.3 (370) 

2ClO4 486max, 517, 547sh (320–350, 372, 390, 
415) 

1280 ± 15 (72), 240 ± 3 
(28)b [486] 

2.6 (370) 

[pzAu]aca
c 

470, 483sh, 525max, 557 (325, 355, 400, 
423, 443) 

1589 ± 39 (72), 356 ± 22 
(25)b [525] 

<1 (415) 

3SbF6 520sh, 582max (300–500) 1563 ± 38 (72), 337 ± 21 
(25)b [582] 

3.9 (460) 

3ClO4 515sh, 560max, 587sh (300–500) 1637 ± 27 (71), 353 ± 16 
(26)b [560] 

6.9 (470) 

[pyAu]aca
c 

450a 
  

4SbF6 465sh, 498max, 530sh, 564sh (300–420) 1352 ± 40 (70), 322 ± 19 
(30)b [498] 

2.2 (370) 

[pzAu]ml
n 

500sh, 542max, 572sh (367–482) 132 ± 24 (10), 800 ± 30 (90) [5
42] 

5.8 (370) 

5SbF6 566max, 593sh (340–480) 240 ± 12 (15), 1121 ± 23 (85) [
560] 

9.4 (440) 

5ClO4 562max, 592sh (323, 370, 445–474) 231 ± 16 (12), 1356 ± 36 (88) 
[562] 

8.8 (440) 

a Weak emission. 

b One additional component of about 20–60 ns is found but with a very low contribution 

(∼5%). 

As mentioned before, the cyanide pyrazine complexes 1SbF6 and 1ClO4 are poorly soluble in 

dichloromethane. For this reason, the usual experimental methodology of mixing a 

CH2Cl2 solution of the complex with a CH2Cl2 solution of the polymer to prepare the doped film 

was unsuccessful and produced very poor dispersions. We therefore used the alternative 

strategy of mixing (C∧Npz∧C)AuCN with the PS in CH2Cl2 and adding the silver salt to this 

solution while sonicating. This generates clear films suitable for accurate measurements. 

As can be seen in Figure 8, there is a red-shift of the emission maxima of the cyanide silver 

complexes relative to the precursor (601 nm, 1SbF6; 610 nm, 1ClO4, 542 nm, [pzAu]CN). 

Despite the low solubility, the excitation band of the PS films is well resolved. The vibrational 

progression of the C∧N∧C pincer ligands is retained in both aggregates. This is indicative of the 

participation of the C∧N∧C in the orbitals that control these transitions, as is also confirmed 

by theoretical calculations (see below). 
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Figure 8. Excitation and emission bands of complexes 1SbF6 (green lines), 1ClO4 (red lines), 
and (C∧Npz∧C)AuCN (black lines) in PS (polystyrene) at a loading of 10 wt %. The inset shows 
pictures of the PS films used for the measurements under UV light (365 nm). 

In contrast to this, the photoluminescence of the p-tBu pyridine cyanide series seems much 

less sensitive to the formation of the silver aggregates. Thus, as can be seen in Figure S3.1, the 

complexes [{(C∧NtBu∧C)AuCN}2Ag]X (478 nm, X = SbF6, 2SbF6; 486 nm, ClO4, 2ClO4) and 

(C∧NtBu∧C)AuCN (481 nm) exhibit very similar emission profiles in the blue/green region. 

As mentioned before, the reaction with silver in CH2Cl2 solution is accompanied by a color 

change from the light-yellow of (C∧Npz∧C)Au(acac) to the deep orange of both aggregates. This 

is reflected in the red-shifts of the lowest energy absorption bands that, in any case, retain the 

vibrational spacing indicative of the 1IL(C∧Npz∧C) parentage. 

Following the same trend, the acac aggregates 3 show intense orange-yellow emissions clearly 

red-shifted with respect to the precursor in PS (582 nm 3SbF6, 560 nm 3ClO4 vs. 525 

nm [pzAu]acac) and in CH2Cl2 solution at room temperature (569 nm 3SbF6, 559 nm 3ClO4 vs. 

522 nm [pzAu]acac; Figure 9). As for the absorptions, the vibrational spacing of the C∧N∧C 

ligand indicates the participation of the pincer in the orbitals responsible for the emission. This 

fact, and the lifetimes in the 1–2 μs range, are indicative of a 3IL(C∧Npz∧C) ligand-based triplet 

origin perturbed by the formation of the polynuclear aggregate for the emissions. 
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Figure 9. (a) Low energy UV–vis absorption spectra and (b) emission spectra in CH2Cl2 (10–4 M) 
at 298 K (solid lines) and at 77 K (dotted lines) of complexes [pzAu]acac (black), 3SbF6 (green), 
and 3ClO4 (red). 

In CH2Cl2 at 77 K, the energy sequence of the emission is retained (541 nm [pzAu]acac > 544 

nm 3ClO4 > 558 nm 3SbF6). Interestingly, while the emission of [pzAu]acac at 77 K is red-shifted 

with respect to the emission at 298 K, both aggregates show a clear blue-shift of the emission 

at low temperatures. The rigidochromism found for the aggregates is consistent with the 

participation of the Ag ions in the frontier orbitals and a mixed 3CT excited state. (20) This is 

also confirmed by theoretical calculations (see below). 

While the pyridine acac precursor (C∧Npy∧C)Au(acac) ([pyAu]acac) shows only weak 

photoluminescence at 298 K both in CH2Cl2 and PS, complex [{(C∧Npy∧C)Au(acac)2}2Ag}](SbF6) 

(4SbF6) exhibits intense emissions at room temperature (λmax = 498 nm, ϕ = 2.2% in PS; λmax = 

442 nm in CH2Cl2). As can be seen in Figure 10, in CH2Cl2 at 77 K, complex 4SbF6 and its 

precursor show similar 3IL(C∧N∧C) structured emission profiles. Both the emission maxima 

and the low energy absorption bands appear slightly red-shifted in 4SbF6 with respect 

to [pyAu]acac. 
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Figure 10. Low energy UV–vis absorption spectra (a) and emission spectra in CH2Cl2 (10–4 M) 
at 298 K (b, solid lines) and at 77 K (b, dotted lines) of complexes [pyAu]acac (black) 
and 4SbF6 (blue). 

The malononitrile coordination polymer 

{[{(C∧Npz∧C)Au(malononitrile)2}2Ag(THF)](SbF6)}n (5SbF6) shows an intense deep-orange 

emission in PS (566 nm). The red shift with respect to the precursor 

(C∧Npz∧C)Au(malononitrile) ([pzAu]mln; 528 nm; see Figure S3.2) is presumably due to 

perturbed 3IL(C∧Npz∧C) transitions. As can be seen in Figure S3.2, both 

complexes 5SbF6 and 5ClO4 show similar emission. The lack of influence of the anion in the 

photophysical properties is in accordance with the structure of 5SbF6 described before. 

Theoretical Calculations 

To provide a better insight into the nature of the photophysical properties of these aggregates, 

and in particular to explore the effect that the interaction with the silver centers has on the 

frontier orbitals of the molecules, we have performed density functional (DFT) and time-

dependent density functional theory (TD-DFT) calculations. Details of the calculations can be 

found in the SI. For comparison and consistency, we also carried out calculations on the 

mononuclear precursors with the same method. 

It is well established that both the lowest energy absorptions and the emissions in (C∧N∧C)AuX 

complexes are dominated by the cyclometalated ligand as the frontier orbitals are located in 

this chromophore, with little or no contribution from the X ligands. (1,3,6) However, it is also 

well-known that while the frontier orbitals are located on the C∧N∧C pincer, the energy of 

the 1IL(C∧N∧C) and 3IL(C∧N∧C) transitions are indirectly affected by subtle changes in the 

electronics of the global system. (6,8,12) 

As can be seen in Figure 11, for the fragment [{(C∧Npz∧C)AuCN}2Ag]+ (1+), both HOMO and 

LUMO are mainly located on the (C∧Npz∧C) ligand, with Au participation in the LUMO. These 

orbitals mimic the frontier orbitals of the precursor [pzAu]CN. While very similar in shape 

to [pzAu]CN, the orbitals of 1+ show a smaller HOMO–LUMO gap and smaller vertical S0 → S1 

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02987/suppl_file/ic8b02987_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02987/suppl_file/ic8b02987_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02987/suppl_file/ic8b02987_si_001.pdf
javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig11
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.8b02987#fig11


excitation energy (see SI). This is a general trend for all the aggregates: In all cases, the frontier 

orbitals are mainly C∧N∧C/Au based orbitals (see SI), and the calculations predict a red shift 

of the lowest energy absorptions and the emissions. These results are consistent with the 

assignment of the absorption and the emission, respectively, as 1IL(C∧N∧C) and 3IL(C∧N∧C) 

transitions are perturbed by the formation of the aggregate. 

 

Figure 11. HOMO and LUMO frontier orbitals for [pzAu]CN and 1+. Isovalue = 0.02 
(electrons/bohr3)1/2. 

The calculations also show an increase of the oscillator strength of the vertical S0 → S1 

transition as a consequence of the formation of the aggregate. This is consistent with the 

rigidity of the aggregates compared with the precursors and explains the increased emission 

quantum yields of the Au/Ag systems compared with the mononuclear precursors. 

In the acac series, the cyclometalated ligand also plays a predominant role in the 

composition of the frontier orbitals. However, there is a clear influence of the Ag centers in 

some of the orbitals responsible for the photophysical properties. In Figure 12, we include 

the frontier orbitals of 3ClO4 as an illustrative example. The HOMO orbital is centered on the 

{Ag2(ClO4)4} core, while LUMO is centered on the pincer with strong pyrazine character. The 

predominance of the pincer in the lowest empty orbitals is a general feature of the series. 

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02987/suppl_file/ic8b02987_si_001.pdf
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However, in some cases we observe orbitals that are delocalized between two (C∧Npz∧C)Au 

moieties through the AgTd centers. 

 

Figure 12. HOMO and LUMO frontier orbitals for 3ClO4. Isovalue = 0.02 (electrons/bohr3)1/2. 

The results are consistent with the photophysical properties discussed before, but the 

complexity of the systems precludes the determination of the role of the silver ions with more 

detail. 

 

Conclusions 

 

In summary, we have prepared a series of AuIII/AgI aggregates by employing cyclometalated 

(C∧N∧C)AuX complexes as building blocks linked by silver ions. The X ligands used (cyanide, 

acac, malononitrile) act as donors that stabilize the aggregates. In some cases, the free 

nitrogen of the pyrazine-based AuIII precursors induces the formation of high nuclearity 

structures. Even anions like SbF6
– or ClO4

–, which are typically considered to be weakly 

coordinating, participate in the stabilization of the multimetallic centers by bridging 

interactions. The aggregate structures persist in CH2Cl2 solutions. These AuIII/Ag clusters show 

intense photoluminescence in polystyrene and in solution, with emissions dominated 

by 1IL(C∧N∧C) and 3IL(C∧N∧C) transitions perturbed by the aggregation, which show strongly 

enhanced intensities and are red-shifted with respect to the nonaggregated starting materials. 

Increased oscillator strength of the vertical S0 → S1 transition and reduced nonradiative 

processes are traced to the rigidity of these structures. These results demonstrate a 

synthetically facile strategy for the generation of compounds with enhanced and easily 

modulated emissions. 



 

Author Information 

Corresponding Authors 

Julio Fernandez-Cestau - School of Chemistry, University of East Anglia, Norwich, NR4 7TJ, 

United Kingdom; http://orcid.org/0000-0001-7663-6222;  
Email: juliofernandez50@gmail.com 

Elena Lalinde - Departamento de Química − Centro de Investigación en Síntesis Química, 

Universidad de La Rioja, 26006, Logroño, Spain;  http://orcid.org/0000-0001-7402-1742 

Mikko Linnolahti - Department of Chemistry, University of Eastern Finland, Joensuu Campus, 

Joensuu, Finland;  http://orcid.org/0000-0003-0056-2698 

Manfred Bochmann - School of Chemistry, University of East Anglia, Norwich, NR4 7TJ, United 

Kingdom;  http://orcid.org/0000-0001-7736-5428; Email: m.bochmann@uea.ac.uk 

Authors 

Raquel J. Rama - School of Chemistry, University of East Anglia, Norwich, NR4 7TJ, United 
Kingdom;  Departamento de Química Inorgánica, Universidad de Sevilla, E- 41092 Sevilla, 

Spain;  http://orcid.org/0000-0001-9586-1599 

Luca Rocchigiani - School of Chemistry, University of East Anglia, Norwich, NR4 7TJ, United 

Kingdom;  http://orcid.org/0000-0002-2679-8407 

Benoıt̂ Bertrand - School of Chemistry, University of East Anglia, Norwich, NR4 7TJ, United 

Kingdom;  http://orcid.org/0000-0003-0542-4454 

 

Notes 

The authors declare no competing financial interest. 

 

Acknowledgments 

This work was supported by the European Research Council and by the Ministerio de Economía 
y Competitividad (MINECO, project CTQ2016-78463-P). M.B. is an ERC Advanced Investigator 
Award holder (grant no. 338944-GOCAT). R.J.R. acknowledges the VI PPIT-US for a research 
fellowship. The computations were made possible by use of the Finnish Grid and Cloud 
Infrastructurea resources (urn:nbn:fi:research-infras-2016072533). 

http://orcid.org/0000-0001-7663-6222
mailto:juliofernandez50@gmail.com
http://orcid.org/0000-0001-7402-1742
http://orcid.org/0000-0003-0056-2698
http://orcid.org/0000-0001-7736-5428
mailto:m.bochmann@uea.ac.uk
http://orcid.org/0000-0001-9586-1599
http://orcid.org/0000-0002-2679-8407
http://orcid.org/0000-0003-0542-4454


 

References 

(1) (a) Tang, M. C.; Chan, A. K. W.; Chan, M. Y.; Yam, V. W.-W. Platinum and Gold Complexes 
for OLEDs. Top. Curr. Chem. 2016, 374, 46. (b) López-de-Luzuriaga, J. M.; Monge, M.; Olmos, 
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