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Nonadiabatic structure instability of planar
hexagonal gold cluster cation Au; and its spectral
signature

J. R. Soto,* B. Molina® and J. J. Castro®

Determining the structure for gold nanoclusters at which the 2D-3D transition occurs has been a
challenging problem for both theoretical and experimental studies. For gold cation clusters, quantum
chemistry calculations have produced controversial results concerning the last most stable planar
structure, some indicating that corresponds to n = 7, whereas others conclude that at this value, the
structure is already 3D. Experimentally, ion mobility spectroscopy measurements, assisted by DFT
calculations, have been interpreted as a planar structure for Au,*. Here, we show that the usually
assumed 2D non-degenerate ground state cluster structure for Au," with D, symmetry is unstable
against a puckering distortion, ending in a 3D stable structure with Dzg symmetry. The analysis is based
on the pseudo Jahn—-Teller effect through vibronic coupling between the ground state and two excited
states. This structure presents, in average, the same surface area than the 2D, being therefore
compatible with experimental results. We discuss the effects the vibronic coupling would have on
Raman, IR and UV-vis spectra. The study is based on a scalar and spin orbit relativistic DFT calculation in
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1 Introduction

The fact that small clusters and nanostructures present a
completely different physical and chemical behavior than their
constituent atoms and bulk phases, has opened an intense field
of research for more than two decades. In particular, the study
of gold nanoclusters, both supported and on the gas phase, has
been of special interest due to their unique catalytic properties
when compared to other metallic clusters.” One of the main
characteristics that has given gold nanoclusters their particular
physical-chemical properties is the relevance of relativistic
effects in determining their stable structure and electronic
configuration.** It has been suggested that those relativistic
effects are responsible for observing planar structures for gold
nanoclusters with larger number of atoms than silver and
cooper.”™® For anionic and neutral clusters, gold planar
structures have been reported for a number of atoms as high as
13, whereas for silver and cooper, planar structures correspond
to less than 7 atoms. For cations, the highest number of atoms
reported are 8 and 5 respectively.**

Recently, new experimental techniques have been developed
to study the geometrical structure of both gaseous and
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the Zero Order Regular Approximation (ZORA).

supported gold nanoclusters in different charged states.>** The
study of nanoclusters on the gas phase provides a natural
framework to understanding the dependence of those proper-
ties on the size and structure stability of the small clusters. For
gas phase clusters, analysis of anionic structures are mainly
based on photoelectron spectroscopy,” electron diffraction,>®
and ion mobility spectroscopy,* whereas for cations, only the
ion mobility technique and photodissociation spectroscopy®”
have proved to be successful. All those experimental methods
are not able to determine in a unique way the geometrical
structure, therefore they must be complemented with theoret-
ical predictions, being the density functional theory (DFT) the
most widely accepted methodology.

From a theoretical point of view, gold clusters are charac-
terized by a rather flat adiabatic potential energy surface (APES)
with several minima, differing in energy by no more than 200
meV,>* presenting therefore the difficulty in finding the global
minima. The flatness of the APES, together with the dependence
of some of the results on the functional and basis used in DFT
calculations,>* has made the analysis of the possible lowest-
energy structure for a given isomer, a difficult and challenging
problem, being the determination of the critical number of
atoms for the 2D-3D transition a typical example.*>*>?$-3%

For small cationic gold clusters, DFT theoretical predictions
have produced controversial results concerning the 2D-3D
transition structure.'#***'**° Calculations with B3LYP*' and
PBE* exchange correlation functionals and Stuttgart*® relativ-
istic effective core pseudopotential (RECPs) conclude that the
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Au," cluster is the last planar structure with Dgj, symmetry,*%%
whereas the same functional with LANL2DZ2 (ref. 45) and
Ermler*® pseudopotentials predicts a 3D hexagonal isomer
(puckered) with D34 symmetry, with dihedral angles of 31.6° y
31.5°.*° Also, the BP86 (ref. 47 and 48) functional with Ermler
pseudpotential predicts a puckered structure with a dihedral
angle of 27.5°.% Based on these results, Remacle and Kryachko*®
concluded that for cationic gold clusters, the number of gold
atoms at which the 2D-3D transition occurs is 7 and not 8.
Experimentally, cross-section measurements using ion mobility
spectroscopy assisted by DFT calculations (BP86/Sttutgart)®
support the prediction that D}, Au," is still 2D. Photodissocia-
tion spectra experiments, compared with predictions of dipole
allowed transitions calculated with time dependent DFT
(TDDFT), as applied to cluster structures from DFT (B3LYP) and
MP2,” were also interpreted as a planar structure for Au,",
however the authors theoretically found that the planar struc-
ture has to be distorted, resembling cyclohexane in chair
formation; similar to that reported by Remackle and Kryachko.
The controversy between these results and 3D structure with
symmetry D,q4 is reminiscent of the problem of stability in ring
planar structures on some cyclic organic compounds. It has
been reported in the literature on this subject the presence of
instabilities towards out of plane vibrational puckering modes,
in either the ground or excited state structures. This kind of
instability has been interpreted as originated from a pseudo
Jahn-Teller (PJT) effect, resulting from the coupling between
that particular state with one or several excited states.*** The
PJT effect can also occur in combination with other vibronic
couplings.®

In this work, inspired by the instability of planar structures
on several organic ring structures, we study the 2D-3D transi-
tion of the ground state of Au,' cluster through a puckered
structure arising from a PJT effect. Since the ground state with
Dg, symmetry, which is among the most stable reported struc-
tures, is non-degenerate, the only possible instability might
arises from a PJT vibronic coupling.**** We perform PBE (scalar
and spin-orbit relativistic) DFT calculations at the zero order
regular approximation (ZORA), to show that the Au," cluster
with Dgj, symmetry is unstable due to a vibronic coupling which
induce a distortion to a stable 3D structure with symmetry D;q.
We carry out TDDFT calculations for the D), structure to study
the coupling of the ground state with exited states and propose
a model of three states linearly coupled to explain the instability
of the ground state. Also, we calculated IR, Raman and UV-vis
spectra for Ds;q and Dep, Au; " cluster and show the existence of
shifts, peaks and transitions that are characteristic of the
vibronic coupling, which might be the experimental signature
of the puckering effect.

2 Computational details

The energy calculations, stability analysis and spectral proper-
ties in this work are based on DFT and TDDFT studies, using
GGA-PBE functional and all electron QZ4P basis set. As the
relativistic approximated Hamiltonian, we consider the scalar
zero order regular approximation (ZORA), as implemented in
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Amsterdam Density Functional (ADF 2012.1)* with spin-
restricted condition.***” For the purpose of studying the
dependance of the structure stability on the functional used,
and to compare with predictions found in the literature, we
calculate the electronic and structural properties for the Au,"
cluster in the Dy, and D34 symmetries for several functionals/
basis sets as are implemented in Gaussian03 (ref. 58) and ADF.
In Gaussian03, the exchange and correlation interaction were
approximated through the parametrizations BP86 and PBE of
the generalized gradient approximation (GGA), and the hybrid
B3LYP functional. The relativistic effects were probed inde-
pendently, for both pseudopotentials, LANL2DZ and Stuttgart,
with 19 valence electrons each. The DFT calculations, within
ADF, were carried out employing the functionals: PBE (GGA),
TPSS*® (meta-GGA), MO6L* (meta-GGA), and PBE with restricted
spin-orbit ZORA. The calculations for the first two functionals
were done with and without dispersion corrected terms.

The geometry optimization was performed using a quasi-
Newton method with the BFGS Hessian matrix update formula.
The optimization of the different skeletal structures of the Au,"
cluster was done following the method of Molina et al.,** by
trying all possible distorted Jahn-Teller symmetries as
symmetry constrictions. In order to improve the SCF conver-
gence we kept an accuracy of 10~ ° Hartree, and for the opti-
mization a gradient maximum limit of 10~° Hartree A~*. The
stability of the optimized structures was determined by
frequency calculations.

The singlet to singlet electronic transitions for the first thirty
excited states were evaluated for the D, and D34 clusters using
the TDDFT with ZORA scalar and QZ4P basis as is implemented
in ADF. The simulated UV-vis spectra were evaluated for the first
forty optically allowed electronic transitions.

3 Results and discussion
3.1 PJT coupling in D¢, Au," cluster

Table 1, shows a comparative analysis of the electronic and
structural properties for the D, Au," cluster for 12 different

Table 1 Electronic and structural properties for the Dg,, Au;" cluster
for different methods?

Functional/basis” AExy, dau-au 13}

B3LYP/LANL2DZ 2.92 2.79 10.9i
B3LYP/STUTTGART 2.94 2.78 17.2i
BP86/LANL2DZ 1.85 2.76 12.9i
BP86/STUTTGART 1.84 2.76 7.7
PBE/LANL2DZ 1.85 2.76 14.0i
PBE/STUTTGART 1.85 2.76 6.9
MO6L (SR ZORA)/QZ4P 2.02 2.72 13.1i
TPSS (SR ZORA)/QZ4P 1.89 2.69 11.7i
TPSS-D (SR ZORA)/QZ4P 1.89 2.69 16.1i
PBE(SR ZORA)/QZ4P 1.80 2.71 12.4i
PBE-D (SR ZORA)/QZ4P 1.80 2.70 14.51
PBE(SO ZORA)/QZAP 1.35 2.69 15.6i

¢ HOMO-LUMO energy gap 4Ey (€V), distance Au-Au (day_ay, A) and
lowest frequency w (cm™'). ” Six firsts methods were implemented in
Gaussian package; the last six in ADF.

This journal is © The Royal Society of Chemistry 2014
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functional/basis combinations. There, we present the results of
the calculated HOMO-LUMO energy gap, distance between gold
atoms, and lowest frequency, resulting from the structure
optimization calculations. The comparison is made among the
hybrid (B3LYP), GGA (BP86, PBE), meta-GGA (MO6L, TPSS), and
dispersion corrected (PBE-D, TPSS-D) functionals, with the last
six within the ZORA approximation. It should be notice that the
calculated bond lengths, for the first six methods, are in the
range between 2.76 and 2.79 A, whereas the corresponding
ZORA calculations, predict shorter Au-Au distances, ranging
between 2.69 and 2.72 A. This might be a result of a better
relativistic approximation (ZORA) and a greater basis (all elec-
tron QZ4P).

The HOMO-LUMO (HL) gaps obtained for the first six
methods are larger than Au,, (1.77 eV),* being the B3LYP HL
gaps considerably overestimated, as it has been reported for
other gold clusters.®® The ZORA-SR HL gaps for all methods,
except MO6L, are in the range between 1.8 and 1.89 eV, and are
in good agreement with the corresponding BP86, PBE/LANL2DZ
and PBE/STUTTGART calculations; whereas the ZORA-SO is the
smallest, due to the extra splitting of the electronic structure
produced by the spin-orbit (SO) effect. As can be seen in Table 1,
the inclusion of dispersion corrections shows no effect on the
bond length or in the HL gap, for the two tested methods.
Apparently, the large HL-gaps obtained for the Dy, Au," cluster
would be related with its molecular stability; however, as it is
shown in Table 1, this structure presents one imaginary
frequency for every method, except for the BP86 and PBE both
with the STUTTGART pseudopotential, implying a lack of an
APES minimum and therefore subject to an instability through
a vibronic distortion. This distortion should be in the direction
of the Jahn-Teller or pseudo-Jahn-Teller active vibrational
modes. Since the calculated total electronic wave function
corresponds to a closed shell a;, state, the cation structure is
not subject to a Jahn-Teller distortion. However, this does not
rule out a possible PJT vibronic coupling, since as it has been
shown, this is the only cause of instability of high-symmetry
configurations of molecular systems in nondegenerate states.**
This situation might arises as a result of the presence of non-
degenerate electronic states strongly interacting under the
nuclear displacements in the direction of instability (Kramers
degeneracy being an exception). In the particular case of the
isomer Au," with symmetry Dgy, the instability of its non-
degenerate ground state can be explained as the result of a
strong coupling between the ground state and one or a few

(a)

Fig. 1 Minimum energy Dz4 puckered structure (a) side view, (b) top
view.
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excited states, which could be degenerate or quasi-degenerate
with possible interaction among them under nuclear
displacements.

The isomer Au;," with symmetry Dg;, possesses 15 vibrational
modes, with 10 different frequencies whose representation is
given by the decomposition:

Iyib=Aig+ Big + 2E>5 + Aoy + By + Boy + 2E1y + E»y (1)

of which, the modes (4,4 + 2E,,) are Raman-active, whereas (4,
+ 2E,,) are IR-active and the left four modes (Big + By + Bay +
E,,) are optically silent, all to first order. This structure can be
subject to seven different types of symmetry breaking (four
corresponding to non-degenerate and three to degenerate
normal modes), going to five possible structures with lower
symmetry Dsq, Cey, Cay, Dop y C,. We performed structure opti-
mization calculations for each symmetry, obtaining a positive
energy gain only for the symmetry reduction Dgj, to Dsq (see
Fig. 1), which is mediated by the non-degenerate B;, puckering
vibrational mode. This mode moves contiguous gold atoms in
opposite normal directions to the hexagonal plane (see Fig. 2).
The puckering mode coincides with that which had an imagi-
nary frequency for the Dg}, isomer, agreeing therefore with the
direction of the symmetry transition. Hence, the coupling of the
ground state has to be mainly with a non-degenerate excited
state with symmetry by,. This is a result of the general condition
that the vibrational mode that mediates the coupling I', must be
included in the direct product of the irreducible representations
(irreps) between the ground state I', and the excited state I".

F'erlrxlTI (2)

As shown in Table 1, the bond-length and HL-gap predic-
tions by PBE/ZORA are in good agreement with those corre-
sponding to more sophisticated/expensive meta-GGA methods,
such as TPSS. Hence, we consider appropriate to use PBE/ZORA
for the TDDFT calculations of the excited states. In order to
study the possible PJT couplings, we performed TDDFT calcu-
lations for the first thirty excited states for singlet to singlet
transitions. The results for the first twenty states are shown in
Table 2. It can be seen that the 14™ singlet-singlet transition
satisfy the condition given by eqn (2), i.e., the coupling between
the ground state with the excited state is mediated by a By,
mode, and also that the 14™ and 15" singlet-singlet excitations
are quasi-degenerate with a 4E of the order of 4 meV. Their
irreps correspond to by, and a;, respectively, and can also be
coupled to each other by the vibrational mode B, through a PJT

|_™ R |

Fig. 2 Schematic diagram of the displacements of the puckering
mode in the Dgn, Au;" cluster.
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Table 2 Singlet—singlet lowest calculated electronic excitations for
the Dgn Au;™ cluster?

Number Eg irrep
1 1.865 1b,,
2 1.984 le,y
3 1.984 leyg
4 1.995 la,,
5 2.025 1by,
6 2.054 1e,,
7 2.054 1emy
8 2.057 leg,
9 2.057 leqy
10 2.093 2€5¢
11 2.093 2€54
12 2.285 2e1,
13 2.285 2e1y
14 2.335 by
15 2.339 lasg
16 2.353 legg
17 2.353 leig
18 2.356 1b2g
19 2.464 2254
20 2.504 ez

¢ E are the transition energies (in eV) singlet-singlet.

coupling. These transitions are dominantly between the
HOMO-5 (16€;,) and HOMO -2 (29e,,) to the LUMO (30e,,), with
weights 0.9814 and 0.9602 respectively. However, to make the
ground state unstable, it is necessary to couple it with at least
one of those quasi-degenerate excited states mediated by the
same vibrational mode. This is a problem of the kind (1a,, +
2a14+ big) ® By where the first state corresponds to the ground
state, and the following two to the excited states, being equiv-
alent to two combined PJT couplings. Within the linear
coupling model, the APES for the three states, which are the
solutions of the vibronic equations are given by

0.2
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E,,szsz‘FAy(Q), V:()7172 [3)

where k, are the non vibronic force constants and 1,(Q) are the
roots of the secular equation

W,y — 20| =0, vy =0,1,2. )

If the symmetrized coordinate Q goes along the B;, mode,
the W matrix is given by

-4, g O 0
W=1anQ (4,+4) apQ (5)
0 apQ (41 — 45)

were 24, and 24, are the energy gaps between the ground state
and the by, excited state and between excited states respectively,
and «;; are the linear coupling constants:

()

being V the electron-nucleon interaction operator.

Eqn (4) is a three-degree polynomial whose solutions,
substituted in eqn (3), lead to the PJT APES states. The semi-
gaps, 4, = 1.167 and 4, = 0.002 are given from the calculated
TDDFT electronic excitations (Table 2); and the PJT parameters
are determined by fitting to the corresponding TDDFT APES
states calculated for Q € (0, 0.4 A], with 4Q = 0.05 A. Fig. 3
shows the ground and excited APES states as a function of the
symmetrized coordinate Q, for the linear PJT model and TDDFT
calculations. Fig. 3(a-d) and (a’-d’) correspond to the ground
and excited states respectively for four different sets of coupling
and force constants. The first three sets were selected to show
how the PJT APES depend on the parameters, whereas the last
one corresponds to the fitting values. In Fig. 3(a) we set the
coupling constant «y; = 0, i.e., there is no coupling between the
ground and by, excited states; therefore, the ground state has

(6)

2.8

26 |
24
22
20 |

26

24

22

20 |

£,(Q) eV

26

24 -

22

20 |

26 [

24 |

22

20 |

06 -04 -02 00 02 04 06
Q(A)

Fig. 3 APES of the (1a;4 + 2a14 + b1g) ® Byg problem vs. the symmetrized coordinate Q along the puckering mode B, 4. Square dots correspond to
the APES using TDDFT and continuous line using the linear PJT model. (a—d) correspond to the ground state and (a’—d’) to the excited APES states.
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stability for Q = 0. For the same parameters, in Fig. 3(a’) we
observe that a coupling («;, = 2.0) between the excited states
produces only a matching with the excited state a;, (lower
branch). In Fig. 3(b-d and b’-d’) we show the change in the
APES for the linear PJT model as we gradually increase oy, and
decrease a4,. Fig. 3(d) and (d") show, for small Q values, the case
of the simultaneous matching for the unstable ground state
with both excited states.

The above mentioned analysis shows that through the fitting
to the TDDFT APES it is possible to estimate the PJT APES
parameters in the linear coupling model, and therefore to explain
the instability in the Dgj, high-symmetry point, Q = 0 (Fig. 3(d)). It
is worth mentioning that the coupling between excited states
has a good agreement with TDDFT only for Q values lower than
0.2. In order to go beyond this value, it would be necessary to
include the interactions with other excited states, coupled by
other normal modes besides puckering. Hence, the puckering
effect is dominant for Q values near the high-symmetry
point, coinciding with our predicted distortion direction.

3.2 Properties of the D3y Au," cluster

In this section we present the structural, electronic and vibra-
tional properties of the D;q Au," cluster that results from the PJT
symmetry breaking. In Table 3 we present the HOMO-LUMO

Table 3 Electronic and structural properties for the Dz4 Au;" cluster
for different methods?

Functional/basis AEyy, dau-Au Dihedral angle
B3LYP/LANL2DZ 2.97 2.778, 2.808 32.6
B3LYP/STUTTGART 2.97 2.778, 2.799 27.4
BP86/LANL2DZ 1.91 2.743,2.778 35.2
BP86/STUTTGART 1.88 2.747, 2.767 27.0
PBE/LANL2DZ 1.91 2.741,2.778 36.1
PBE/STUTTGART 1.88 2.747, 2.767 26.7
MO6L (SR ZORA)/QZAP 2.05 2.711, 2.726 23.2
TPSS (SR ZORA)/QZ4P 1.92 2.681, 2.699 25.8
TPSS-D (SR ZORA)/QZ4P 1.95 2.673,2.707 35.4
PBE(SR ZORA)/QZAP 1.83 2.696, 2.715 26.5
PBE-D (SR ZORA)/QZ4P 1.85 2.690, 2.717 31.3
PBE(SO ZORA)/QZ4P 1.41 2.680, 2.704 29.8
B3LYP/LANL2DZ* 2.779, 2.807 31.6
B3LYP/ERMLER"’ 2.747,2.773 31.5
BP86/LANL2DZ*° 2.750, 2.777 27.5

“ HOMO-LUMO energy gap 4Ey; (eV), distances Au-Au (dau_au, A) and
dihedral angle (°). On the third column the values correspond to center-
vertex and the vertex-vertex distances respectively.

Table 4 Active normal mode frequencies for the Dz4 Au,* cluster?

View Article Online
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energy gap (4Ey;), distances between gold atoms (day_au) and
dihedral angle calculations for twelve different functional/basis
combinations and compared with results reported in the liter-
ature. As can be seen from this Table, all methods predict a 3D
structure with a dihedral angle varying from 23.2° to 36.1°. The
ranges of center-vertex (d.,) and vertex-vertex (d,,) distances
obtained in this work using the LANL2DZ and Stuttgart pseu-
dopotentials are between 2.741 and 2.778 and 2.767 and 2.808
respectively. These ranges are in agreement with those reported
in the literature.””** Our ZORA calculations predict bond
lengths in the range from 2.680 to 2.726 A, with a range lower
than the non-ZORA calculations; this behavior is consistent
with that predicted for Au," in Dg,, symmetry (see Table 1). The
most relevant effect of including the spin-orbit term can be seen
in the narrowing of the HOMO-LUMO gap. This is due to the
additional splitting of the electronic states, predicting values
between 0.42 and 0.64 eV smaller than the other methods, with
the exception of B3LYP, which overestimates this gap for 1.14 eV
respect PBE(SR ZORA). As in the D¢y, case, the HL gaps obtained
for this cluster are larger than those reported for Cg (1.57 €V)*
and Au,, with symmetry 74.°> The dispersion correction effect in
this case is also negligible.

The cluster Au," with symmetry D;q, like Dep,, possesses 15
modes of vibration with 10 different frequencies, whose repre-
sentation is given by the decomposition

Fvib = 2A1g + 2Eg + Alu + 2A2u + 3Eu (7)

and their frequencies are shown in Table 4. From these, four
normal modes are Raman active (24,4 + 2E,), five are IR active
(245, + 2E,) and only one is optically silent (4,,), having there-
fore one more Raman and two more IR than the corresponding
with Dg}, symmetry. The 24,, mode corresponds to the breathing
mode, and the 1A;, mode is predicted, from the STUTTGART and
SR ZORA functional, with the lowest frequency; whereas for the
LANL2DZ and SO ZORA is the second lowest. This mode corre-
sponds to the puckering mode in Dy, which has an imaginary
frequency. The highest frequency corresponds to an IR-active
mode (3E,) with very low intensity (0.001 and 0.01 km mol * for
SR ZORA and SO ZORA respectively). The 14,, and 2E, IR-active
modes present the highest intensity.

3.3 Spectral properties

In order to show the effect of puckering on the Au," cluster, we
present in Fig. 4a and b, the calculated SR ZORA Raman and IR

Method W1a,, Woa,, W1E, W2k, W14, Woa,, W1E, W2E, W3E,

B3LYP/LANL2DZ 15.7 111.7 59.1 104.6 36.3 62.6 13.8 71.5 155.4
B3LYP/STUTTGART 13.4 112.5 60.5 107.8 35.4 61.7 14.8 73.3 155.4
PBE/LANL2DZ 19.3 120.0 62.9 112.1 36.0 68.4 16.2 77.0 169.2
PBE/STUTTGART 3.6 117.6 59.7 109.8 31.4 58.9 10.1 71.0 161.1
PBE(SR ZORA)/QZ4P 17.1 124.3 66.8 122.0 35.1 67.2 18.0 84.1 174.1
PBE(SO ZORA)/QZ4P 21.3 127.6 69.1 123.8 31.6 71.0 19.1 85.5 179.5

% Raman-active (w, A W2A,5 W1E,Y wZEg) and IR-active (w14, , W2a,; W1E, ®W2g, and w3p ) normal modes frequencies in cm ™.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Vibrational spectra for Au,* cluster in symmetries Dzq and Degy,.
Intensities (a) Raman and (b) IR. The label on top of each peak corre-
sponds to the normal mode irreps: irrep(Dgp)(irrep(Dzq)).

spectra in both D34 and Dg;, symmetries. For the Dy, symmetry,
the Raman spectrum shows all the three active modes
mentioned in Section 3.1 and only two IR (the 3E, has a higher
frequency and very low intensity). These modes remain active
after puckering, however the 1E,, and 14,, Raman modes suffer
a blueshift of 1.64 and 1.00 cm™ ' respectively, while the 2E,,
mode shows a redshift of 3.31 cm~". The IR spectrum only
presents redshift (3.90 cm™" for the 14,, mode and 1.83 cm™*
for the 1E,, mode). There is one new Raman active mode (14,,)
coming from the puckering mode B;, and two new IR modes

05
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Energy (eV)
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Fig. 5 UV-vis spectra of the Auy* cluster in symmetries Dzg and Dgp.
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(1E, and 24,, with intensities 0.04 and 0.08 km mol " respec-
tively) from the E,, and B,, Dg;, original modes. It is worth
mentioning that the SO ZORA spectra present similar qualita-
tive behavior, although with larger shifts. Their corresponding
Raman values show blueshifts of 2.00 and 1.5 cm™*, and
redshift of 4.3 cm™'; while the IR redshifts are 5.5 and 2.4 cm ™.

Changes due to puckering in the calculated UV-vis spectrum
are shown in Fig. 5, which is naturally divided into two zones:
visible (2-3 eV) and UV (3.5 eV and beyond). The visible zone is
reminiscent to that obtained by S. Lecoultre et al.*® for C,,-Aus;
this structure can be seen as a substructure of Au,'. The details
of the visible spectra are included in Table 5, listing the optically
allowed MO transitions with oscillator strengths f> 0.1 x 10~
In Table 6 are tabulated the energy levels and irreps of the
molecular orbitals participating in these transitions. The visible
zone consists of five excitations for the Dg, symmetry (4e;, and
1a,,) and one more a,, for Ds;q. Basically the excitations are
between the same MO in both symmetries; however, there are
differences on the relative weights for which each transitions
contributes to the excitation. The blue shift (around 20 nm) for
the first two peaks 1e;, and 2e,, due to puckering can be very
well appreciated in Fig. 5. For the UV-zone, the changes are
mainly on the heights of the peaks, although light shifts and
new peaks around 4.2-4.5 eV might probably affect the lumi-
nescence properties of the cluster and could be used as a
signature of puckering.

4 Conclusions

Through DFT and TDDFT joint calculations in the ZORA
approximation, we have shown that the nondegenerate ground
state of the Au," cluster in Dg;, symmetry presents an instability
towards a puckering structure, similar to that found in some
organic cyclic structures. It was shown that the puckering
distortion results from a PJT electron-vibron coupling, which
can be described in a first approximation, by a linear coupling
of three electronic states (ground and two excited states)
through the B,, puckering vibrational mode. Our linear model
is able to predict simultaneously the APES behavior for the
ground and the two excited states. This is valid only for values of
the symmetrized coordinate of 0.2 around the maximum
symmetry point; beyond that range, it would be necessary to use
either a nonlinear model or to take into account another
vibronic interactions between excited states besides the puck-
ering mediated mode. The calculated vibrational spectra for
both symmetries show strong similarities, however the corre-
sponding to the D34 symmetry has particular features that are
indicative of the puckering modes. In particular, when
compared to the D¢, spectrum, we would like to highlight the
red shift of the 2E,, Raman mode of 3.31 cm ™! and the 1A,, IR
of 3.90 em™" (4.3 and 5.5 cm~ ' for SO ZORA), and the new
Raman (1 A;,) and two IR (1E, and 2A,,) modes. The UV-vis
spectra also show some differences. For the first two e;, tran-
sitions a blue shift of around 20 nm is predicted, and new
transitions appear in the energy range of 4.2-4.5 eV, which can
produce different luminescence properties. These features
might be used to experimentally distinguish between the two
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Table 5 Calculated excitation energies for the Dg;, and Dzq Auy* clusters?
Degn D3q
E f MO transition w E f MO transition w
leyy 2.06 2.06 18b,, — 30e5g 0.52 le, 2.14 5.12 46e, — 46eg 0.64
32e;, — 30e5, 0.45 32a,, — 46€, 0.27
2€1y 2.28 9.86 18byy — 30ex, 0.42 3ey 2.36 6.36 28y, — 46e, 0.60
32e;, — 30e5, 0.40 46e, — 46e, 0.21
3e1y 2.67 0.84 31leyy — 30eyg 0.64 4e, 2.66 0.48 45e, — 46e, 0.91
32e1, — 2725, 0.18
17b,y — 30e;, 0.15
225, 2.71 0.32 45e, — 46e, 0.96
1a,, 2.77 0.77 14e,, — 30e,, 0.99 3a,, 2.80 0.45 44e, — 46e, 0.96
51y 3.03 46.0 32e;, — 27454 0.66 7€y 3.05 43.5 46e, — 36a;, 0.61
17byy — 30€z, 0.11 31a,, — 46e, 0.12

? Energy E (eV), oscillator strengths (f x 10~?), corresponding dominant occupied to virtual MO transitions and weight (w) of the first optically

allowed excited states.

Table 6 Orbital energies (in eV) of the ground state for the D¢y, and D3zq4
Au;" clusters

Den Ds3q

MO irrep E irrep E

HOMO-12 17byy —11.055 42e, —11.185
HOMO-11 14e,, —11.045 31a,, —11.057
HOMO-10 31ep, —11.034 44e, —11.043
HOMO-9 15e4g —11.032 3da;g —11.021
HOMO-8 2624 —11.032 45ey —10.973
HOMO-7 9by, —10.970 35a;¢ —10.954
HOMO-6 28ey, —10.887 43¢y —10.835
HOMO-5 16€;g —10.720 44eq —10.680
HOMO-4 18b,, —10.514 32a5, —10.605
HOMO-3 dae,, —10.438 14a,, —10.564
HOMO-2 29¢e,, —10.401 13a,, —10.327
HOMO-1 9254 ~10.310 45e, ~10.299
HOMO 32e5, —10.225 46e, —10.212
LUMO 30e5g —8.430 46ey —8.380
LUMO+1 27234 —7.497 362, —7.462

structures. Our prediction of a structural instability of the 2D
Dg, symmetry for the nondegenerate ground state of the Au,"
cluster, ending in a 3D puckered D34 structure, is consistent
with reported theoretical structures by Gloess et al., and
Remacle and Kryachko; and also with the ion mobility data by
Gilb et al., since in average, it has approximately the same
cross section that the planar hexagonal structure, having
therefore the same mobility properties, hence being the two
structures indistinguishable by this particular experimental
technique.
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