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ABSTRACT The controlled structural modification of ligand-protected gold clusters is evaluated 

by a proper variation of the size and shape of N-heterocyclic carbene (NHC) ligands. DFT 

calculations show that the Au13 core of [Au13(NHC)8Br4]
+ can be shaped into an icosahedron 

and/or an unexpected so far cuboctahedron depending on the sterical effect inferred by the NHC 

ligand side arms. As a result, the cluster properties can be modified, encouraging further 

exploration on controlled core isomerization in ligated gold cluster chemistry. 
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Since the beginning of this century, the field of ligated gold nanoclusters (AuNCs) has been the 

subject of a tremendous development, owing to the many potential applications of these species, 

associated with their atom-precise nature, allowing accurate chemical control of their properties.1-

3 Such AuNCs can be viewed as fully delocalized mixed-valent compounds, with an averaged Au 

oxidation state comprised between +I and 0 (5d10 6sx (0 < x < 1) average configuration). The 

bonding in these clusters is associated with the 6s electrons. In the most common cases of clusters 

having a pseudo-spherical cluster core, the total number of 6s electrons tend to equal a so-called 

“magic” number (2, 8, 18, 20, 34, 40, 58…), which provides the cluster with closed-shell stability. 

These specific closed-shell electron counts are rationalized within the concept of superatom,4-6 

itself derived from the spherical jellium approximation7 that considers the cluster core as a 

homogeneous medium in which the electrons in question are subject to a spherical homogeneous 

potential. It is of critical importance to note that such an approximation assumes that the cluster 

core should be both spherical and compact enough. The Au@Au12 centered icosahedral 

arrangement is by far the most pseudo-spherical compact motif encountered in ligated AuNC 

chemistry, as exemplified by the very first AuNC characterized by Mingos and colls., namely 

[Au13(PMe2Ph)10Cl2]
3+,8 and the currently extensively studied [Au25(SR)18]

- family of compounds, 

which are described as Au@Au12 centered icosahedra decorated with 18 thiolates and 12 

peripheral Au(I) centers.9,10 All these compounds can be considered as superatoms with an 8-

electron [Au13]
5+ core of Ih symmetry and 1S2 1P6 1D0 superatomic configuration. Assuming that 

these 8 electrons are hosted in molecular orbitals (MOs) expressed as 6s(Au) combinations and 

using simple 3D Hückel theory, one is lead to a favorable situation in which the bonding ag
 and t1u 

combinations (1S and 1P within the spherical jellium approximation) are occupied, whereas the 
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antibonding combinations are left vacant. The corresponding total bonding Hückel energy is 

26.96 . 

Although it can be viewed as a piece of fcc bulk, the alternative M@M12 centered cuboctahedral 

arrangement is only slightly less compact than its icosahedral counterpart (Scheme 1). Using again 

simple 3D Hückel theory for a regular cuboctahedron (Oh symmetry), one is lead to occupied a1g
 

(1S) and t1u (1P) combinations which are slightly less bonding than their icosahedral counterparts, 

and consequently the cuboctahedron possesses a slightly lower total bonding Hückel energy of 

24.00 . Consistently, the possibility of existence of both cuboctahedral and icosahedral 

structures for 8-electron clusters has been discussed since a long time.11-13 In fact, M13 centered 

cuboctahedral superatoms exist, as exemplified by the Cu-rich clusters 

[(M@Cu12)(dithiolate)6(CCR)4]
+ (M = Cu, Ag, Au),14-16 but they are 2-electron superatoms (1S2 

1P0). In contrast to copper, all known examples of centered gold clusters with 13 atoms have 

icosahedral geometries, but a few larger AuNCs that contain a distorted Au13 cuboctahedral core 

also exist, as for instance [Au22(CCR)18],
17,18 [Au40(SR)24],

19 [AuAg28(SR)18(PPh3)4],
20 and 

[Au23(SR)16]
-.21 Only the latter is an 8-electron species.  

 

Scheme 1. Comparative views of the cuboctahedral and icosahedral polyhedra. 

It turns out that, within the framework of our general investigations on the stabilization of AuNCs 

by NHCs (NHC = N-heterocyclic carbene),12-24 we found that some NHCs can, in certain 

circumstances, stabilize cuboctahedral cluster cores, suggesting rational control of the core 
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structure with respect to the nature of the ligand shell. NHCs have been recently introduced in 

AuNC chemistry as alternative neutral 2-electron ligands of phosphines and appear to favor 

promising photo-emissive properties.25-38 This is why we recently investigated, by means of 

density-functional theory (DFT) calculations (see SI for computational details), hypothetical NHC 

analogues of the 8-electron phosphine/halogenide heteroleptic clusters [Au13(PR3)nX12-n]
(n-7)+ (X = 

halogen).8,39-42 Interestingly, our calculations show that at least in the tetrabromide case, the 

cuboctahedral [Au13(NHC)8Br4]
+ species can be stabilized, as described below. 

Six different NHC ligands of different size and shape were considered, MeIm, EtIm, iPrIm, 

tBuIm, iPrBzIm and BzBzIm (see top of Figure 1). The assumed starting structure considered in 

the geometry optimizations is that of the structurally characterized [Au13(PR3)8X4]
+ (X = Cl, Br, 

I),39,40 i.e., a centered icosahedral core and the four bromide positions describing a tetrahedral-like 

arrangement. In fact, two bromide ligands are connected to one icosahedral edge and the two others 

to the opposite vertices of two edge-sharing triangular faces, in such a way that the ideal symmetry 

of the Au13Br4 skeleton is D2d. When the smaller N,N’-dimethylimidazolidene (MeIm) and N,N’-

diethylimidazolidene (EtIm) NHC ligands are considered, the centered icosahedral arrangement is 

conserved (Figure 1).  With the medium-sized N,N’-diisopropylimidazolidene (iPrIm) ligand, two 

geometrical isomers fully characterized as true energy minima are found, with an icosahedral and 

a cuboctahedral core and different orientations of the ligands (Figure 1). The cuboctahedral isomer 

lies 0.33 eV lower in energy (0.71 eV in free energy) than the icosahedral isomer. This is an 

interesting result since both isomers are isoelectronic. In general, the icosahedral and 

cuboctahedral structures differ by their electron count with the latter being more electron-rich than 

the former. Similar results were also found for the related chloro- and iodo- species 

[Au13(iPrIm)8X4]
+ (X = Cl, I) (Figure S1). With the bulkier ligand N,N’-ditertbutylimidazolidene 
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(tBuIm), two more open-core structures are computed to be stable that can be viewed as highly 

distorted icosahedral and cuboctahedral arrangements, due to the excessive steric effect of tBuIm 

(Figure 1). The loss of compacity is accompanied by a reduction of the HOMO-LUMO gap (0.85 

eV in the most stable cuboctahedral form), suggesting these species are unlikely to be isolated. By 

replacing the imidazolidine group of iPrIm with benzoimidazolidene, a larger sized ligand, N,N’-

diisopropylbenzoimidazolidene (iPrBzIm), was designed, which led to solely the cuboctahedral 

structure (Figure 1). Surprisingly, replacing the isopropyl group of iPrBzIm with benzyl generates 

the N,N’-dibenzylbenzoimidazolidene (BzBzIm) ligand, which, despite its still more important 

size, led to only the icosahedral structure. These results suggest that both the size and shape of the 

NHC ligands play a crucial role for the icosahedral vs. cuboctahedral core arrangement of 

[Au13(NHC)8Br4]
+ species, where the use of iPrBzIm ensures an effective structural isomerism. 

 

Figure 1. Optimized structures of the investigated [Au13(NHC)8Br4]
+ clusters, with relative 

energies between isomers. EHL is the HOMO-LUMO gap.  
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The experimentally characterized phosphine-protected [Au13(PMePh2)8Br4]
+ analogue39 was 

also calculated for comparison (Figure S2). Its optimized structure conserves the experimentally 

observed icosahedral arrangement and no high-energy cuboctahedral isomer could be found. This 

gives confidence in the results which were found with the different NHC ligands. To evaluate the 

steric effect of the phosphine ligands, the larger triphenylphosphine ligand was considered (Figure 

S2). The optimized structure of [Au13(PPh3)8Br4]
+ is comparable to that of the icosahedral species 

[Au13(PMePh2)8Br4]
+. These results indicate that the Au13 core isomerization is more likely to 

occur within NHC-protected species. The Au13 core of [Au13(PMePh2)8Br4]
+ is more compact than 

that of the icosahedral form of [Au13(iPrIm)8Br4]
+ (ico), with a shorter average distance between 

the centered Au and the peripheral Au12 shell (Tables S1 and S2). 

To further evaluate the influence of the bromide distribution on the Au13 core, a model cluster 

[Au13(iPrBzIm)8Br4]
+  derived from [Au13(dppp)4Cl4]

+,41,42 in which the four bromide positions 

describe a rectangle (ideal symmetry of the Au13Br4 skeleton: D2h), was considered. Its optimized 

structure maintains the icosahedral arrangement (Figure S3), but lies 0.18 eV above the low-energy 

cuboctahedral isomer. 

The Kohn-Sham molecular orbital diagrams of the two isomers of [Au13(iPrIm)8Br4]
+ are shown 

in Figure 2. They reflect an 8-electron superatomic configuration in both cases. In spite of the fact 

that the Auc-Aup distances in the icosahedral isomer (av. 2.796 Å) are shorter than those in its 

cuboctahedral counterpart (av. 2.830 Å), a larger HOMO-LUMO gap is found for the 

cuboctahedral isomer (Table S1). This counterintuitive result, which is not reproduced in the 

corresponding bare [Au13]
5+ fragments, originates from a ligand effect that tends to lower the 

energy of the LUMOs of the icosahedral isomer. This effect is to be related to a more important 

ligand steric congestion in the icosahedral form. Examination of the Au-C bond distances (Table 
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S4) and of the corresponding Au and C natural atomic orbital (NAO) charges (Table S3) indicate 

similar metal-ligand bonding in both isomers of [Au13(iPrIm)8Br4]
+. 

 

Figure 2. Kohn-Sham molecular orbital diagrams of the [Au13(iPrIm)8Br4]
+ (ico) and 

[Au13(iPrIm)8Br4]
+ (cubo) isomers. Red, blue and black stick correspond to superatomic 1P, 1D 

and 1F levels, respectively. 

The optical properties of both phosphine- and NHC-protected Au13 superatomic clusters have 

been widely explored, owing to their potential use as optical devices.43,44 It is easily assumed that 

the tuned kernel structure of a ligated Au13 superatomic cluster will lead to tailored optical 

properties. The time-dependent (TD)-DFT simulated UV-Vis spectra of the [Au13(NHC)8Br4]
+ 

species, as well as that of the experimentally characterized [Au13(PMePh2)8Br4]
+ analogue, are 

gathered in Figure 3a. The shape of the calculated UV-Vis spectra of [Au13(PMePh2)8Br4]
+ is in a 

good agreement with the available experimental spectra.39,40 The computed lowest absorption 

energy wavelength (427 nm) is close to the corresponding experimental value (440 nm). The 

absorption spectrum of its related NHC counterpart, [Au13(iPrIm)8Br4]
+ (ico), exhibits a red-shifted 

lowest energy band (518 nm) but a blue-shifted highest energy band, which is in line with our 
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previous studies.24 As expected, the [Au13(iPrIm)8Br4]
+ (cubo) isomer shows an intrinsically 

different UV-Vis spectrum. In comparison to its icosahedral isomer, its lowest energy band is blue-

shifted to 425 nm, which is in agreement with its larger HOMO-LUMO gap. The absorption 

spectrum of the cuboctahedral [Au13(iPrBzIm)8Br4]
+ (cubo) shows similar features as those of 

[Au13(iPrIm)8Br4]
+ (cubo), suggesting that the differences in the UV-Vis spectra between these 

[Au13(NHC)8Br4]
+ series are mainly dominated by the Au13 core structure, and less affected by the 

nature of the protecting ligands. 

A more detailed analysis of the differences in the optical properties of the icosahedral and 

cuboctahedral forms of [Au13(iPrIm)8Br4]
+ can be traced from the MO diagrams shown in Figure 

3b. In the case of the icosahedral isomer, the transitions associated to the main absorption band at 

518 nm are from the three 1P levels to the 1Dx
2

-y
2 LUMO level. For the cuboctahedral isomer, the 

transitions associated to the main absorption band at 425 nm are from two of the three 1P levels 

(1Px and 1Py) to the 1Dx
2

-y
2 type LUMO, 1Dyz type LUMO+2 and 1Dxz type LUMO+3 levels. 

 

Figure 3. (a) TD-DFT simulated UV-Vis spectra of the [Au13(NHC)8Br4]
+ species as well as the 

experimentally characterized [Au13(PMePh2)8Br4]
+ analogous. (b) The frontier molecular orbitals 
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composition and the transitions associated to the main absorption band for [Au13(iPrIm)8Br4]
+ (ico) 

and [Au13(iPrIm)8Br4]
+ (cubo) isomers. 

Finally, owing to the relevant photoluminescent properties reported for the experimentally 

characterized NHC-protected AuNCs series25-38 ascribed to a phosphorescent emission originating 

from the T1 → S0 decay, it is also interesting to see the difference in phosphorescent emissions 

induced by the core isomerization in the investigated [Au13(iPrIm)8Br4]
+ isomers. As for most of 

the known 8-electron superatoms, the T1 states of both isomers can be viewed as the result of a 

HOMO (1P) → LUMO (1D) excitation (see Figures S5 and S6). Unsurprisingly, their optimized 

structures  are more expanded than their corresponding S0 state, the effect being somewhat larger 

in the case of the cuboctahedral isomer (Table S4 and Figure S4). The phosphorescent emission 

wavelength of [Au13(iPrIm)8Br4]
+ (ico) is calculated at 1.14 eV (1087 nm), and the value of the 

[Au13(iPrIm)8Br4]
+ (cubo) isomer is 1.62 eV (765 nm). Such a blue shift of the emission 

wavelength from the ico-isomer to the cubo-isomer is in line with the increased HOMO-LUMO 

gap of the latter one. The low emission energy of the icosahedral form results mainly from the low 

energy of its S0 LUMO, due to ligand mixing (see above). These results show that it is possible to 

design superatomic clusters with fine-tuned absorption and emission properties through ligand-

induced core isomerization. 

In summary, following previous reports on other systems,45-50 we have shown that AuNC core 

isomerization can be ligand-controlled. Our DFT calculations on the hypothetical NHC-protected 

clusters [Au13(NHC)8X4]
+ (X = Cl, Br, I) show that isomerization can be achieved by simply tuning 

the size and shape of the NHC ligands. When the smaller MeIm and EtIm ligands are considered, 

the core structure conserves an icosahedral arrangement. With the medium-size iPrIm ligand, two 

isomers with both of icosahedral and (very rare) cuboctahedral core structures are found. 
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Increasing the ligand size to NHC = iPrBzIm leads to the sole cuboctahedral structure. The 

differences of two [Au13(iPrIm)8Br4]
+ (ico/cubo) isomers in their geometries, electronic structures 

and optical properties (including emissive properties) were further investigated. In comparison 

with the icosahedral [Au13(iPrIm)8Br4]
+ isomer, its cuboctahedral variation shows a larger HOMO-

LUMO gap, inducing differences in their absorption and emission properties. Our results provide 

a rational approach to achieve the controllable core isomerization in the widely studied Au13 

superatomic clusters which encourages further exploration on core isomerizations that could 

induce controlled differences in chemical and physical properties in ligated gold cluster chemistry. 

Beside of modulating properties through isomerization, the mechanistic isomer interchange 

pathways, that could be investigated by using variable temperature NMR studies,13,51,52 might also 

deserve interest. The above reported results strongly encourage further experimental work in this 

direction. 
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