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Abstract

:

The transition point from a two-dimensional (2D) to a three-dimensional (3D) structure in a series of small gold clusters remains a topic of continuing debate. In the present study, coupled-cluster CCSD(T) and DFT calculations are performed to re-examine the relative energies of several low-lying isomers of Au12, aiming to shed new light on this issue. At odds with many previous reports on the preference of a planar di-capped elongated-hexagon structure, the Au12 size is found to energetically prefer a globular cup-like form with C2v symmetry. While DFT results are not able to assign the most stable form of Au12 as the relative energies between the lowest-lying isomers are strongly functional-dependent, coupled-cluster theory calculations point out the preference of a 3D structure for having a D3h symmetry. Such a prediction is further supported by a comparison of the vibrational spectra computed using the revTPSS density functional with the available experimental infrared ones that were previously recorded from the far-IR multiple photon dissociation (FIR-MPD) experiment.
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1. Introduction


There has been continuing interest in noble metal clusters and nanoparticles owing to their actual and promising applications in, among other things, electronic devices, biochemical sensing and detection, biomedical sciences and nanocatalysis [1,2,3,4,5,6,7]. Elucidation of the atomic arrangements and structural evolution of such clusters is a fundamental step in the understanding of their chemical, optical, magnetic and catalytic properties, and also a necessary interplay with other feasible applications. Numerous studies using both theoretical and experimental approaches have been devoted to small gold clusters in recent years with the aim of deciphering their ground-state structures, including the possible lowest-lying isomeric forms of each size and their growth mechanism [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25].



As a result of a strong relativistic effect, gold clusters exhibit a preference for planar or quasi-planar shapes up to surprisingly large sizes, and a structural transition from planarity to non-planarity mostly occurs in a size between Au10 and Au14 [26]. In a recent theoretical study [27], we demonstrated that a plausible two-dimensional (2D)–three-dimensional (3D) transition of the pure neutral gold clusters likely occurs at the size of Au10, in which both planar and 3D isomers are energetically quasi-degenerate. Concerning the size of Au12, previous investigations proposed several distinct structures as the lowest-lying equilibrium structure of Au12 [16,17,18,19,20,21,22,23,24,25]. Scheme 1 displays three 2D and 3D structural motifs that have most frequently been assigned along with the computational methods employed. Most, if not all, of the previous computations were based on density functional theory (DFT), making use of a variety of functionals that invariably led to conflicting results. In fact, earlier studies reported that some 3D conformations are energetically more stable than their 2D counterparts (cf. Scheme 1) [16,17,20,23]. Other DFT studies pointed out that the Au12 size holds a high symmetry planar D3h equilibrium structure that actually reproduces the Au(111) surface of the metal bulk with slight distortions [18,19,21,28]. More recent computational studies [22,24,25] seemed to lend further support for the preference of a 2D structure (Scheme 1).



As for other transition metals, gold clusters constitute a rather challenging target for theoretical probes, in part due to the presence of many isomers that nearly degenerate in energy and their inherent characteristics such as relativistic effects. Overall, DFT calculations using different functionals lead to a divergence in the energy ordering of the lowest-lying isomers of Au12 [28]. The lack of reliable spectroscopic information also results in another source for the uncertainty of structural assignments. In fact, assignments of the available experimental spectra were also not always straightforward. Recently, Goldsmith et al. [24] carried out a thorough analysis on the structure of Au12 by comparing the experimental vibrational spectrum recorded from a far-IR multiple photon dissociation (FIR-MPD) spectrometric experiment of the Au12-Krn complexes with the theoretical ones simulated from calculated vibrational frequencies for its lowest-lying isomers. These authors [24] found that the theoretical spectrum of the most stable planar form according to the DFT energies they obtained (cf. Scheme 1) does not match the experiment well [24]. Instead, the IR spectrum of a higher-energy isomer, having a 3D shape, provides a better fit, but their conclusion was only tentative on the basis of DFT results.



In view of such a controversy, the present study was carried out, aiming to elucidate the geometrical and spectroscopic features of the neutral Au12 cluster making use of various DFT approaches. As for more convincing evidence on energetic parameters, wave-function-based coupled-cluster theory CCSD(T) [29,30] computations were then performed at the DFT optimized equilibrium geometries. In particular, the IR spectra of Au12 lower-lying isomers are also generated and compared with the experimental data previously recorded from the far-IR multiple photon dissociation (FIR-MPD) spectrometric experiment [24]. Although several studies have been devoted to the Au clusters functionalized with organic ligands [31], we only consider in the present work the bare gold clusters that are generated in the gas phase and spectroscopically characterized.




2. Computational Methods


Our theoretical data are collected by means of DFT calculations using different density functionals, including the PBE [32], TPSS [33], revTPSS [34] and LC-BLYP [35]. The correlation-consistent aug-cc-pVDZ-PP basis set is employed [36], hereafter denoted as aVDZ-PP, in which PP stands for an effective potential. This is a small-core relativistic pseudopotential [36] in which 60 electrons of the inner shells of the Au atom are treated as a core, and it was developed on the basis of the relativistic potential of Figgen et al. [37]. It is a two-component relativistic PP including the scalar-relativistic and spin–orbit (SO) potentials. As for further evaluation, coupled-cluster theory CCSD(T) [29,30] calculations are also performed at the revTPSS/aVDZ-PP optimized geometries using both cc-pVDZ-PP (VDZ-PP) and cc-pVTZ-PP (VTZ-PP) basis sets. In coupled-cluster theory computations, all 60 core electrons of each Au atom are frozen. The IR spectra of the lowest-lying Au12 isomers are simulated using DFT frequencies and intensities and then compared to the experimental spectra reported in ref. [24]. All electronic structure calculations in this study are performed using the Gaussian 16 [38] and Molpro 2020 [39,40,41] programs.




3. Results and Discussion


3.1. Equilibrium Structures


Optimized geometries along with symmetry point groups and relative energies (kcal/mol) of the four lowest-lying Au12 isomers are presented in Figure 1, while their Cartesian coordinates are given in Table S1 of the electronic Supplementary Information (SI) file. Figure 1 includes the 2D isomer Iso_2, which was commonly assumed as the global energy minimum in the current literature [16,17,18,19,20,21,22,23,24,25], and two 3D isomers Iso_1 and Iso_3 that were assigned to have the lowest energy in some other studies (cf. Scheme 1).



Our present calculations indicate that the 3D cup-like structure Iso_1 turns out to be the most stable form of Au12. At the CCSD(T)/cc-pVTZ-PP + ZPE level, the planar di-capped elongated hexagon Iso_2 is found to be nearly degenerate in energy with Iso_1, being only ~1.0 kcal/mol above it. The use of improved basis sets such as the core correlation cc-pwCVTZ-PP or the quadruple-zeta cc-pVQZ-PP tends to confirm the higher stability of the nonplanar Iso_1, which remains the lowest-lying isomer of Au12, being lower than the planar Iso_2 by ~0.09 eV (Table S2 of the Supplementary Materials). In view of the small energy separation between both isomers, lying within the expected error margins of the best computational results, namely ± 0.04–0.09 eV of the chemical accuracy, it can be suggested that both isomers are competitive to act as the Au12 ground state. This result thus disagrees with many previous predictions that the 2D Iso_2 form is the sole equilibrium geometry of Au12 [21,24,25]. The next isomer Iso_3 that was reported earlier as the global minimum in ref. [20] now has a relative energy of ~0.26 eV higher than Iso_1. The remaining 3D isomer, i.e., Iso_4 in Figure 1, is less stable, being located at ~0.35 eV above the ground state.



Let us mention that the 3D Iso_1 is also located as the ground state geometry of Au12 by DFT computations using the revTPSS functional. However, as seen in Table 1, calculations using other functionals usually lead to a different energy landscape. The energies of low-lying Aun isomers are again found to be greatly sensitive in the method employed [23,42,43]. Previous studies have revealed that most DFT approaches tend to overestimate the thermodynamic stability of the planar structure. Our computations using the TPSS and PBE functionals also predict the 2D structure Iso_2 to possess the lowest energy, whereas the LC-BLYP locates Iso_4 as the global minimum. Of the four density functionals considered in this study, only the revTPSS yields the same relative energy ordering with respect to the CCSD(T) results that the 3D Iso_1 is the most stable isomer of Au12. Nonetheless, the revTPSS energy gap between both 3D Iso_1 and 2D Iso_2 isomers turns out to be larger with a relative energy of ~0.17 eV.



In order to include the dispersion corrections, we carry out further calculations using the DFT-D3 functional. Computed results summarized in Table S3 (Supplementary Materials) reveal that the 3D Iso_1 is consistently more stable than the 2D Iso_2. More remarkably, the energy gap between both isomers turns out to be larger at the expense of the 2D isomer. At the revTPSS-D3/aVDZ-PP level, the latter lies ~1 eV above the former (Table S3). Calculated Gibbs energies confirm the nearly degenerate stability of both isomers Iso_1 and Iso_2 at temperatures T = 100, 200 and 300 K (cf. free energy ΔG values in Table S4 of the Supplementary Materials). However, this result needs to be regarded with caution. The low values of harmonic frequencies could indeed bias the entropic term. Nonetheless, in view of such low frequencies, anharmonic corrections are also quite small, and could not change the entropy evaluation much.



In the density of states (DOS) of bulk gold, it has been found that while deep levels below −1.0 eV are mostly formed by  d -orbitals, those near the Fermi level and upper are determined by  s -orbitals [44]. On the contrary, the partial DOS plots of Iso_1 and Iso_2 (Figure S1, Supplementary Materials) reveal the significant contributions of both  d  and  s  orbitals in such regions. More importantly, we in addition find that the planar structure has a much stronger sd-hybridization than the globular counterpart (Figure S1). The result is thus consistent with earlier findings on a correlation between a propensity to favor planar structures of small gold clusters with a strong sd-hybridization [16].



We now examine the vibrational signatures of the lower-lying Au12 isomers in comparison to the experimental spectra recently reported by Goldsmith et al. [24]. Accordingly, the cluster was produced via laser ablation and thermalized to ~100 K and then recorded with the presence of messenger Kr atoms. We thus consider the Au12Krx (x = 1, 2) complexes and find that the Kr atoms tend to anchor on the cornered Au atoms as they are more positively charged than the others (Figure S2). The binding energy of the Kr atom to Au12 amounts to ~0.04 eV (revTPSS/aVDZ-PP). Overall, complexes of Iso_1 remain more stable than those of Iso_2, being ~0.13 eV higher (Figure S3), and the introduction of Kr atoms induces minor changes on the intensities in the low-energy region, while the peak positions remain almost unchanged (Figure S4). Therefore, our analysis on the FIR-MPD spectra is based on the simulated ones of Au12 isomers, as displayed in Figure 2.



These results allow a conclusion to be drawn that the 2D isomer Iso_2 was not the carrier of the experimental vibrational signals. In this context, the 3D Iso_1 can effectively be assigned as the main carrier of the observed spectrum because it provides us with the best experimental agreement. Accordingly, the highest peak centered at ~180 cm−1 in the computed spectrum of Iso_1 corresponds to the most intense signal observed experimentally near 180 cm−1. Moreover, this isomer shows a shoulder peak at ~187 cm−1 and a lower intensity signal at ~140 cm−1 that are also all detected experimentally. In contrast, the simulated IR spectra of other 3D isomers, namely Iso_3 and Iso_4, do not match the experiment at all (Figure 2).



In ref. [24], the 3D Iso_1 was also suggested to be mostly responsible for the observed spectrum of Au12, albeit it is not the lowest-energy form obtained from DFT computations using the PBE and HSE06 functionals. It can be argued that calculations using the current DFT functionals have led to another energy ordering of the 2D/3D crossover in the Au12 system. Most of these density functionals can emphasize the very small energy differences between the lowest-lying isomers at a certain size of gold cluster, but they are not able to accurately reveal the identity of the most stable form.



Recent FIR-MPD measurements combined with DFT calculations have confirmed that the open-shell Au11 system tends to exhibit a non-planar conformation, i.e., 11_2 in Figure 3, in its ground state [24]. In the present study, we find two lowest-lying isomers competing for the equilibrium geometry of Au11 that are displayed in Figure 3. At the revTPSS/aVDZ-PP + ZPE level, 11_1 is found to be 0.1 eV more stable than 11_2. The same energy ordering is also found by (U)CCSD(T)/aVDZ-PP + ZPE calculations but with a larger energy gap of 0.2 eV in favor of the former. The most stable form Iso_1 of Au12 is indeed obtained by adding one extra Au atom to the lowest-lying isomer 11_1 of the smaller-sized Au11. Such an evolution, which forms the basis for the successive growth algorithm for the structural search, lends further support for the preference of the 3D structure Iso_1 over its 2D counterpart Iso_2.



To further evaluate the dynamic stability of the isomer, we carry out some ab initio molecular dynamic (AIMD) simulations [43] for both 3D Iso_1 and 2D Iso_2 isomers with a time scale of 2.0 ps at 100, 200 and 298 K, in view of the fact that the clusters are experimentally generated in low-temperature beams. Figure S5 (Supplementary Materials) shows the potential energy variations subject to the simulation times. At temperatures below 298K, the potential energies of both 3D and 2D isomers are not significantly varied, suggesting that they have a high thermodynamic stability with this temperature range.




3.2. Electronic Properties


Plots of the frontier orbitals, including HOMO and LUMO, of Iso_1 and Iso_2 isomers are presented in Figure 4. At the revTPSS/aug-cc-pVDZ-PP level, such states of both structures are nearly degenerated in energy. The energies of the HOMO and LUMO in Iso_1 amount to −0.162 and −0.197 a.u., respectively, which are comparable with the corresponding values of −0.164 and −0.202 a.u. in Iso_2. As a result, the total electronic energies of these forms turn out to be almost the same.



As for a supplement of energetic data, the vertical ionization energies (IEv), vertical electron affinities (EAv) and first vertical excitation energies for the S0 → S1 transition of the four isomers considered are listed in Table 2. The IEv of the neutral Au12 is calculated by taking the geometry of the vertical cation to be the same as the optimized neutral, whereas the EAv refers to the value obtained at its optimized neutral structure for the vertical anion. Using the revTPSS functional combined with the aug-cc-pVTZ-PP basis set, we find that the ability to donate and accept an electron of both planar and nonplanar isomers are comparable. The IEv values of Iso_1 and Iso_2 are predicted to be 7.0 and 7.1 eV, respectively, while the corresponding EAv values amount to 2.8–2.9 eV (Table 2), which are rather large electron affinities. Similarly, a tiny difference is also observed for the first vertical excitation energies in the UV–visible absorption spectra of Iso_1 and Iso_2 (cf. Table 2). These results are rather particular as both IE and EA values of clusters tend to be altered with respect to not only the size, but also the shape [44].



The optical properties of gold clusters attract a great deal of interest owing to their importance in both basic and applied research, and thus have been the subject of numerous studies using both experimental and computational approaches alike [45,46,47,48]. However, as far as we are aware, the experimental UV spectrum for Au12 is not available yet. Calculations performed for both 2D and 3D isomers using the time-dependent density-functional theory (TD-DFT) with the revTPSS functional and aug-cc-pVTZ-PP basis set show that the absorption spectrum of the 3D Iso_1 contains some particularly strong transitions between 435 and 465 nm (Figure 5), along with lower intensity peaks near 500 nm. The 2D Iso_2 exhibits a more symmetric spectrum with a sharper band at ~440 nm. Figure 4 also reveals that the planar isomer Iso_2 absorbs the light in the visible region much better than its 3D counterparts. Let us mention that TD-DFT calculations using the revTPSS functional tend to underestimate the S0 → S1 transition energy as compared to those including the long-range exchange effects. For the planar Iso_2, such a transition observed at 1.1 eV by the revTPSS is smaller than the corresponding value of 1.3 eV located previously with the LC-ωPBEh functional [48].





4. Concluding Remarks


In summary, high-accuracy coupled-cluster CCSD(T) calculations revealed that, at odds with many previous reports, the neutral gold cluster Au12 tends to exhibit a 3D conformation in its ground state. The global energy minimum of such a small gold cluster cannot reliably be assigned by relying merely on DFT energetic results as the relative energies between the lowest-lying isomers are greatly dependent on the functional employed. Of the four density functionals employed, the revTPSS is found to reach closer to the CCSD(T) results for relative energies than either the TPSS, PBE or LC-BLYP. Experimental information, namely vibrational spectra, plays a crucial role in providing us with more persuasive evidence on the identity of the cluster geometry in its ground state. Indeed, a comparison of simulated IR spectra of lower-lying Au12 isomers with those obtained from the FIR-MPD experiment (Au12Krn complexes) clearly support a preference of the 3D cup-like isomer over the others. Along with our recent results [27] that revealed a likely coexistence of both 2D and 3D structures of Au10, a preference for a 3D isomer at the size of Au12 reinforces the view that the onset of the planar–nonplanar structural transition of pure gold clusters Aun likely occurs at the size of n ~ 10.
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Scheme 1. Some structural motifs previously assigned as the most stable isomer of Au12. Results were obtained by density function theory computations using different functionals. 
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Figure 1. Some low-lying isomers located for the Au12 cluster along with symmetry point group and relative energy with respect to the lowest-lying isomer Iso_1. Relative energies given in parentheses are in eV and obtained from CCSD(T)/cc-pVTZ-PP calculations at revTPSS/aug-cc-pVDZ-PP optimized geometries with ZPE corrections. 
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Figure 2. Experimental and theoretical IR spectra of Au12 isomers. Calculated spectra are plotted with a half-width at half-height of 5 cm−1. The experimental FIR spectra are taken from ref. [24]. Simulations are made using harmonic vibrational frequencies (without scaling) and intensities obtained by revTPSS/aug-cc-pVDZ-PP computations. 






Figure 2. Experimental and theoretical IR spectra of Au12 isomers. Calculated spectra are plotted with a half-width at half-height of 5 cm−1. The experimental FIR spectra are taken from ref. [24]. Simulations are made using harmonic vibrational frequencies (without scaling) and intensities obtained by revTPSS/aug-cc-pVDZ-PP computations.



[image: Symmetry 14 01665 g002]







[image: Symmetry 14 01665 g003 550] 





Figure 3. Two lowest-lying isomers competing for the ground-state structure of the Au11 cluster. Values given in parentheses are their relative energy in eV (revTPSS/aVDZ-PP + ZPE). 
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Figure 4. Energy (a.u.) and symmetry of frontier orbitals in Iso_1 and Iso_2 isomers and their energies (values in parentheses in a.u.; revTPSS/aVDZ-PP). 
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Figure 5. Computed absorption spectra (TD-DFT/revTPSS/aVTZ-PP) for the lowest-lying isomers of Au12. The spectra are plotted with a half-width at half-height of 0.2 eV. 
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Table 1. Relative energies (eV) of four lowest-lying Au12 isomers computed at different levels.
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Isomer

	
TPSS

	
PBE

	
LC-BLYP

	
revTPSS

	
CCSD(T)




	
aVDZ-PP

	
VDZ-PP

	
VTZ-PP






	
Iso_1

	
0.10

	
0.36

	
0.13

	
0.00

	
0.00

	
0.00




	
Iso_2

	
0.00

	
0.00

	
0.22

	
0.17

	
0.52

	
0.04




	
Iso_3

	
0.38

	
0.74

	
0.78

	
0.18

	
0.11

	
0.25




	
Iso_4

	
0.37

	
0.41

	
0.00

	
0.52

	
0.41

	
0.33
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Table 2. Vertical ionization energies (IEv), vertical electron affinities (EAv) and the first vertical excitation energy (S0 → S1 transition) of Au12′s lowest-lying isomers (revTPSS/aVDZ-PP).
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	IEv, eV
	EAv, eV
	Energy of S0 → S1 Transition, eV





	Iso_1
	7.01
	2.80
	1.06



	Iso_2
	7.07
	2.90
	1.08



	Iso_3
	7.09
	2.78
	1.24



	Iso_4
	6.94
	2.79
	0.95
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