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ABSTRACT: The microsolvation of gold anions in diﬀerent
alcohol solvents is demonstrated by the combination of anion
photoelectron spectroscopy and quantum chemical calculations on
the Au1,2−(Solv)n (Solv = C2H5OH, n-C3H7OH; n = 1−3 for Au−;
n = 1 for Au2−). The microsolvation structures of these clusters
and their corresponding neutrals are assigned by comparing
calculations with experiments. In terms of overall regularity, the
increasing solvation number (n) and carbon chain extension both
can increase the stability of the anion. When n ≥ 2, these clusters
have low-energy isomers, where conventional hydrogen bonds
(HBs) compete with nonconventional HBs (NHBs). NHBs are
dominant when n ≤ 2 and when n is increased, vice versa.
Interestingly, a variety of theoretical calculations show that after
the hydroxy H atom of the ethanol molecule forms a weak ionic HB with Au−, there are two lowest conformations of ethanol, trans
and gauche, which could be coexisting in the molecular beams. Some theoretical methods also suggest that the gauche isomer is
more stable than the trans one, which indicates that Au− may exist as a gold gauche eﬀect similar to ﬂuorine.

1. INTRODUCTION
Since 1980s, Haruta and Hutchings discovered the supported
gold catalyst,1,2 gold nanoclusters have attracted extensive
interest in the catalytic ﬁeld.3−5 Small-sized gold nanoparticles
and gold single atoms show high catalytic activity, such as
carbon monoxide oxidation,6−12 alcohol oxidation,13,14 and
C−C bond coupling reactions.15−17 Many studies have been
carried out on the eﬀect of cluster size,18,19 supports,20,21 and
moisture22 on gold catalysis, but there are few studies on the
eﬀect of solvent conﬁguration on gold cluster reaction and
such weak interaction is still unclear. Since the large number of
noncovalent interactions and their cooperative and competitive
natures make it diﬃcult to explore the details of the solvation
interaction in the liquid and solid phases, gas-phase sizeselected solvated clusters provide a useful model for understanding such weak interaction at the molecular level. Here, we
use photoelectron spectroscopy method combined with
quantum calculation to systematically explore the interaction
between solutes and solvents, in which ethanol (C2H5OH) and
n-propanol (n-C3H7OH) are the solvents and gold anion is the
solute.
Previous studies have shown that the polarity and number of
solvent molecules have signiﬁcant eﬀects on the charge transfer
and solvation structure between solute anions and solvent
molecules.23−26 Plenty of studies have shown that there are
mainly two kinds of interactions: nonconventional hydrogen
© 2020 American Chemical Society

bonds (NHBs) and conventional hydrogen bonds (HBs)
between the solute metal anions and solvent water molecules
using infrared photodetachment spectrum and photoelectron
spectroscopy method.27−31 These two kinds of interaction
compete with each other, and the dominant interaction
changes in diﬀerent solvent environments. However, the
interaction between other solvent molecules and metal anions
is rarely studied. Wu and Qin et al.32,33 found that similar two
kinds of interaction exist between gold anion and methanol
solvent molecules, but further systematic experimental and
theoretical studies are still needed for their strength and
speciﬁc structural changes.
In order to explore the nature of the interaction between
solute and solvent molecules and the eﬀects of diﬀerent
solvents and number of solvent on the interaction, we use
anion photoelectron spectroscopy experiments combined with
quantum chemical calculations to study the Au1,2−(Solv)n
(Solv = C2H5OH, n-C3H7OH; n = 1−3 for Au−; n = 1 for
Au2−) system and obtained the change regularity of the
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Figure 1. Schematic diagram of the experimental setup. The red dot stands for the photodetachment interaction zone. (EZ, Einzel lens; ID, ions
deﬂector; and TP, turbo pump).

diameter adopted by other groups.36,41,43 As a result, the large
aperture reduces the energy resolution and a grid with a 30
mm diameter and transmission of 90% was attached to the ﬁrst
reference plate to solve this problem. The detached electrons
were accelerated down a 36 cm long drift region to the
detector which consists 75 mm stacked MCPs and a phosphor
screen (PPhotonics USA, Inc.). Images from the detector
screen were recorded by a charge-coupled device camera
(Basler avA1000-100gm, 1024 × 1024). Electrons are shield
from external electric and magnetic ﬁelds by a layer of μ-metal.
A real-time intensity-weighted centroid program was used to
determine the impact position of each photoelectron. The ﬁnal
image is the result of accumulated 5000−50,000 laser shots
and transformed from velocity space to energy using the
maximum entropy velocity Legendre reconstruction technique.44 The known transitions from the detachment of the Au−
were used to calibrate all images. The best relative energy
resolution we obtained is 1.87% for Eke (electronic kinetic
energy) = 1.18 eV.
2.2. Computational Methods. The structures and
electronic properties of the Au1,2−(Solv)n (Solv = C2H5OH,
n-C3H7OH; n = 1−3 for Au−; n = 1 for Au2−) complexes were
calculated at the double-hybrid density functional theory
(mPW2PLYP).45 Correlation-consistent polarized double-ξ
basis sets with the small core pseudopotentials [aug-ccpVDZ(pp)] were used for gold atom46 and aug-cc-pVDZ for
all other atoms.47 Geometry optimizations without any
symmetry constraints were performed, and harmonic frequency analyses were performed to verify optimized minima.
Theoretical vertical detachment energies (VDE) values were
calculated under the optimized geometries of the negative state
at the same theoretical level. Each total BE was calculated as
the diﬀerence between the energy of the complexes and the
sum of the energy of the monomers. To get the more
reasonable results for BEs, the basis set superposition error
(BSSE) was estimated and corrected using the counterpoise
method.48 Natural bonding orbital (NBO) theory49 was also
performed to calculate the charge distribution in each atoms.
For geometry optimizations and harmonic frequency
analyses on Au−(C2H5OH), the Hartree−Fock method,50 the
second order Møller−Plesset perturbation (MP2) theory,51
and the hybrid density functional B3LYP 52−55 and
B3PW9152,53,56−60 approaches were also used to make
comparison with the results of the mPW2PLYP method. The
theoretical VDE values are also calculated under coupled
cluster CCSD(T) theory.61−65 Correlation-consistent polarized triple-ξ basis sets with the small-core pseudopotentials
[aug-cc-pVTZ(pp)] were used for gold atom46 and aug-cc-

structure and estimation method for the binding energy (BE)
of solvation. It is worthy to note that both of the experimental
and theoretical results suggest that there are two lowest stable
conformers of Au−(Solv) in the molecular beam. It is possible
that the gold anion exhibits the gauche eﬀect similar to that of
ﬂuorine.34,35

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS
2.1. Experimental Methods. The experimental data here
were recorded using our newly home-built photoelectron
velocity-map imaging spectroscopy. The technique was ﬁrst
proposed by Eppink and Parker36 and developed by other
research groups.37−42 Figure 1 shows the schematic view of our
apparatus. In brief, the apparatus includes three major sections:
a laser ablation ion source, a Wiley−McLaren type time-ofﬂight (TOF) mass spectrometer, and a photoelectron velocitymapping (VMI) system. Anions were produced in a pulsed
laser ablation source operated at a 10 Hz repetition rate. The
second-harmonic output of a Nd:YAG laser (∼12 mJ/pulse)
was focused onto a continually rotating gold metal target. A
general valve was employed to deliver the 5/95% Ar/He carrier
gas carrying traces of ethanol or n-propanol. The negative ions
generated by the ion source were supersonically expanded to
the TOF mass spectrometry region, where the ions were
accelerated by an electric ﬁeld perpendicular to the direction of
expansion. The ions were guided through a set of deﬂectors
into a 1.2 m-long drift zone in which ions were focused by
three sets of Einzel lens and guided by the second set of
deﬂectors. The best mass resolution for the current design is
m/Δm = 680 at masses around 200 amu.
The anions of interest were selected by a mass gate and
detected by an in-line microchannel plate (MCP) detector
which can be moved out of the ion path during the subsequent
photoelectron imaging measurement by a linear positioner.
Once inside the interaction zone of the VMI system, the massselected anions were perpendicularly crossed by the detachment laser beam which is limited to 3 mm in diameter by
passing through a set of apertures. The detachment laser is
from a dye laser system (400−920 nm, linewidth 0.06 cm−1 at
625 nm) pumped by a Quanta-Ray Pro 190 Nd:YAG laser (10
Hz).
The VMI lens system is similar to the design of Wu and Qin
et al.,40 based on the original design of Eppink and Parker.36
The lens system consists of eight electrodes: a set of reference
plates and a VMI lens system. To achieve the better sensitivity,
the aperture of reference plates and VMI lens is 20 and 24 mm
diameter, respectively, which are much bigger than 1−6 mm in
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pVTZ for all other atoms47 in Au−(C2H5OH). All the
abovementioned calculations were carried out using the
Gaussian 09 software package.66

3. RESULTS AND DISCUSSION
3.1. Photoelectron Imaging and Spectra. The photoelectron velocity-map images and corresponding photoelectron
spectra (PES) of Au−(C2H5OH)n (n = 1−3) and Au−(nC3H7OH)n (n = 1−3) obtained at 305 nm, Au2−(Solv) (Solv =
C2H5OH; n-C3H7OH) obtained at 355 nm are shown in
Figures 2−4, respectively. The bands in the photoelectron

Figure 3. Photoelectron images and spectra for Au−(n-C3H7OH)n (n
= 0−3) obtained at 305 nm. The left side shows the reconstructed
images. The double arrow shows the direction of the laser
polarization.

Figure 2. Photoelectron images and spectra for Au−(C2H5OH)n (n =
0−3) obtained at 305 nm. The left side shows the reconstructed
images. The double arrow shows the direction of the laser
polarization.

spectrum represent the electron BEs of photodetachment
transitions from the ground state of the anionic cluster to the
ground or excited states of the corresponding neutral cluster.
In the Au−(C2H5OH) and Au−(n-C3H7OH), there are two
bands (X and A) in each cluster caused by the transitions from
the ground electronic state of the anion to the ground state and
the excited state of the neutral one, respectively. Only the X
bands are observed due to the fact that these BEs exceeded the
305 nm photon energy in the larger clusters.
In Figures 2−4, the VDEs of Au1,2−(Solv)n (Solv =
C2H5OH, n-C3H7OH; n = 1−3 for Au−; n = 1 for Au2−)
were obtained from the ground state peak maxima. In Figure
2b, there are two bands (X and A), in which the X band has

Figure 4. Photoelectron images and spectra for Au2−(C2H5OH) and
Au2−(n-C3H7OH) obtained at 355 nm. The left side shows the
reconstructed images. The double arrow shows the direction of the
laser polarization.

only one sharp peak, and the VDE value is 2.84 eV, compared
with Au− (Figure 2a), and the blue shift is 0.53 eV. Only the X
band was observed in Figure 2c,d, but both X bands had two
peaks. In Figure 2c, the VDE value of the main peak (2a) and
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Table 1. Experimental and Theoretical VDEs, Anisotropy Parameters (β), and fwhm in Spectra for Au1,2−(Solv)n (Solv =
C2H5OH, n-C3H7OH; n = 1−3 for Au−; n = 1 for Au2−)
VDE (eV)
Au−
Au−(C2H5OH)n

Au−(n-C3H7OH)n

Au2−(C2H5OH)
Au2−(n-C3H7OH)

trans
gauche
2ab
2bb
3ab
3bb
3cb
trans
gauche
2ac
2bc
3ac
3bc
3cc
trans
gauche
trans
gauche

expt

theor

2.31(5)
2.84(4)

2.12
2.64(2.81)a
2.66(2.82)a
3.16
2.99
3.58
3.41
3.20
2.65
2.68
3.17
3.04
3.60
3.41
3.26
2.21
2.23
2.22
2.26

3.28(2)
3.11(2)
3.66(2)
3.54(2)
2.85(4)
3.29(2)
3.14(2)
3.60(2)
3.53(2)
2.33(3)
2.36(3)

β

fwhm (meV)

2.07
2.16

47
97

1.76

127

1.53

213

1.97

100

1.51

115

1.24

251

−0.03

145

0.39

207

a

The result that calculated under the CCSD(T)/aug-cc-pVTZ(pp) level. bThe labels are referred to mPW2PLYP-predicted geometry in Figure 5.
The labels are referred to mPW2PLYP-predicted geometry in Figure 6.

c

3.2. Calculated Structure and BEs. The typical low-lying
isomers of Au1,2−(C2H5OH)n and Au1,2−(C3H7OH)n complexes obtained from double-hybrid density functional theory
are presented in Figures 5 and 6, respectively, with the most
stable ones on the left. Their relative energies and theoretical
VDEs are summarized and compared with the experiment
values in Table 1.

the much weaker shoulder peak (2b) are 3.28 and 3.11 eV,
respectively. However, in Figure 2d, the intensity of the two
peaks in the X band is almost the same, and the VDE value of
the main peak (3a) is 3.66 eV, which is 0.12 eV higher than the
secondary peak (3b). Au−(C2H5OH)n and Au−(n-C3H7OH)n
(n = 1−3) have similar spectral characteristics when n is the
same. The VDE values of the X band in Figure 3b, the main
peak (2a) and acromion (2b) in Figure 3c, and the main peak
(3a) and secondary peak (3b) in Figure 3d are 2.85, 3.29, 3.14,
3.60, and 3.53 eV, respectively. The most of VDEs of solvated
clusters of n-propanol as a solvent are slightly higher than that
of the ethanol as a solvent. The PES full width at halfmaximum (fwhm) of Au−, Au−(C2H5OH), Au−(C2H5OH)2
and Au−(C 2H5 OH) 3 are 47, 97, 127 and 213 meV,
respectively. For Au−(n-C3H7OH)n (n = 1−3), fwhm of n =
1, 2, 3 is 100, 115 and 251 meV. The turning point is n = 3,
where fwhm suddenly becomes much larger for both
Au−(C2H5OH)1−3 and Au−(n-C3H7OH)1−3. Obviously, for
Au−(C2H5OH)1−3 and Au−(n-C3H7OH)1−3, the VDEs and
fwhm of their X band increase with the number of molecules in
the solvent.
According to Figure 4, the VDE values of the X band in
Figure 4a,b are 2.33 and 2.36 eV, respectively. It shows that
when the solute motif has one more gold atom from Au2−
species, similar to Au− solvated clusters, the VDEs of solvated
clusters whose solvent molecules with longer carbon chains
have higher values.
The anisotropy parameters (β) reveal the characteristics of
the photodetachment transitions. The VDEs, fwhm, and β are
summarized in Table 1. For Au− species, the β values vary from
2.1 to 1.1 with the increase of solvent numbers, corresponding
to parallel transition. The photoelectron angular distributions
(PADs) of solvated cluster anions are similar to that of solute
anions that is solvation does not signiﬁcantly aﬀect the PADs
of the solute ion.

Figure 5. mPW2PLYP-predicted geometry (distance in Å) and total
BE (kcal/mol) of Au−(C2H5OH)n (n = 1−3) and Au2−(C2H5OH)
complexes.
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Figure 8. Gauche and trans isomers of Au−(C2H5OH) complexes.

computational errors. At the mPW2PLYP/aug-cc-pVTZ(pp)
level, the lowest energy barrier from gauche to trans is
predicted to be 0.82 kcal/mol. Because the predicted energy
barrier is smaller than or comparable to typical computational
uncertainties, it is uncertain that if the two conformers can be
freely converted under the experimental conditions. The
relative energy comparison results were summarized in Table
S1 in the Supporting Information. In order to understand the
energy diﬀerence between trans and gauche isomers, the total
electronic energy analysis was performed under various
theoretical methods; the calculation results are listed in
Table S2 in the Supporting Information. The results show
that the correlation energy (Ec) correction maybe the key point
to determine the relative stability of the two isomers.
Unfortunately, the VDE diﬀerence between these two isomers
is too small to be observed in the experiment.
The PES of Au−(C2H5OH)2,3 are very similar with the
spectra of Au−(CH3OH)2,3, which indicates the coexistence of
the low-energy isomers. For Au−(C2H5OH)2, as shown in
Figure 5, the calculations show two types of structures: one is
an open structure, where both ethanol molecules are attached
independently to the Au− anion and the other is an asymmetric
structure, where the Au− anion is linked to an ethanol dimer.
Au− acts as a double acceptor for the open structures 2a, both
solvent molecules are in the primary solvation shell, forming
two NHBs with bond lengths of 2.37 and 2.35 Å, respectively.
The asymmetric structure 2b forms a NHB (2.24 Å) and a HB
(1.81 Å), where Au− acts as a single acceptor. The NHB bond
length in the asymmetric structure is much shorter than it in
the open structure, indicating that the NHB bond in the
asymmetric structure is much stronger than this in the open
structure. This strengthening in the asymmetric form perhaps
arise from the cooperative eﬀect, which was accepted in the
asymmetric isomer of I−(CH3OH)273 and Au−(CH3OH)2.32
More importantly, these two isomers of Au−(C2H5OH)2
indicate a competition for the HB versus the NHB. The
situation in Au−(n-C3H7OH)2 resembles Au−(C2H5OH)2. For
Au−(C2H5OH)3, the most stable structure 3a forms three
coordinate NHBs, similar to 2a. The next energetically higher
structure 3b consists of an ethanol monomer and an ethanol
dimer separately binding with Au−, respectively. The structure
3c involves a hydrogen-bonded network with only one ethanol
molecule closely binding with Au−. As listed in Table 1, the
mPW2PLYP/aug-cc-pVDZ(pp) VDEs of 3a, 3b, and 3c are
3.58, 3.41, and 3.20 eV, respectively, which yield gaps of 0.17
and 0.21 eV. Two peaks are experimentally observed at 3.66
and 3.54 eV in the 305 nm (4.06 eV) spectrum (Figure 2d),
giving a separation of 0.12 eV. This suggests that the
combination of 3a and 3b is closer to the experimental feature

Figure 6. mPW2PLYP-predicted geometry (distance in Å) and total
BE (kcal/mol) of Au−(n-C3H7OH)n (n = 1−3) and Au2−(nC3H7OH) complexes.

Au−(C2H5OH) resembles Au−(CH3OH) and Au−(H2O);32
the ethanol molecule is cocked with the OH toward the Au−
anion. In these cases, the Au− anion acts as a nonconventional
proton acceptor with respect to the conventional O−H donor
group and forms one Au···H NHB.67,68 The NHB bond length
is signiﬁcantly shorter than the sum of van der Waals radii of H
and Au atoms (∼2.68 Å), indicating a strong ion−solvent
interaction. However, the conformation of Au−(C2H5OH) is
more complicated than Au−(CH3OH) and Au −(H2O)
complexes.
As we know, there are two stable conformers for ethanol in
the ground state, one named as gauche and the other named as
trans, as shown in Figure 7. The trans conformation is the most

Figure 7. Gauche and trans isomers of ethanol in the ground state.

stable one in people’s general recognition.69−72 Surprisingly,
under mPW2PLYP/aug-cc-pVTZ(pp) calculations in this
work, when ethanol molecule is adjacent to the Au− anion,
the relative stability is converted, that is the gauche isomer is
more stable than the trans. The optimized structures of gauche
and trans Au−(C2H5OH) isomers are shown in Figure 8. In
order to verify this result, various methods including HF, MP2,
B3LYP and B3PW91, were also used with the same basis set.
However, the conformation stability is uncertain under
diﬀerent theoretical methods. And the energy diﬀerence
between gauche and trans isomer is very small within
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competition between these two concurrent events. The
isoenergetic isomers resulted from the competition between
HBs and NHBs. The BE of NHB in the open structure for
Au−(C2H5OH)2 2a and Au−(n-C3H7OH)2 2a is a little
stronger than that of the HB in asymmetric structure 2b by
4.24 and 3.35 kcal/mol, respectively, which is calculated at the
same theoretical level. In Au−(C2H5OH)3 and Au−(nC3H7OH)3, the NHB in 3a complexes also is a little stronger
than that of HB in 3b by 4.81 and 5.08 kcal/mol, respectively,
but much stronger than that of HB in 3c by 9.72 and 8.55 kcal/
mol. It implies that these comparable competitions between
HBs and NHBs lead to the existence of isoenergetic isomers of
Au−(C2H5OH)2 and Au−(C2H5OH)3.
Additionally, the theoretical and experimental VDEs of
Au1,2−(Solv)n (Solv = C2H5OH, n-C3H7OH; n = 1−3 for Au−;
n = 1 for Au2−) are collected and compared in Table 1. Within
the experimental uncertainty, the trends of calculated VDEs are
consistent with those of the experimental measured values. The
comparison of experimental and theoretical VDE values
conﬁrms the reliable results at the mPW2PLYP/aug-ccpVDZ(pp) calculation level. For these anion−molecule
complexes, the VDE values are all blue-shifted. This means
the anion is stabilized by the neutral solvent molecules. The
total VDEshift was obtained by the diﬀerence between VDEs of
clusters and VDE of the Au− anion (2.12 eV, calculated under
mPW2PLYP/aug-cc-pVDZ(pp) level). This can make both the
total VDEshift and values of the total BEs represent the
solvation energy to a large extent. Figure 9 shows the

than that of 3b and 3c. Previous studies show that the
contributions for the bands in the 305 nm spectra for
Au−(C2H5OH) and Au−(C2H5OH)2 are mainly from a single
structure (Figure 2b,c), respectively. In contrast, both
structures 3a and 3b should be responsible for the broader
feature of the experimental band in Au−(C2H5OH)3 (Figure
2d). Similar situations were also found in the Au−(nC3H7OH)3 complex.
For Au−(n-C3H7OH), as shown in Figure 6, the calculation
also shows two isomers in the ground state, that is, trans and
gauche. The gauche isomer is the most stable. For Au−(nC3H7OH)2, an open structure 2a and an asymmetric structure
2b are also obtained. In the open structure, bond lengths of
two NHBs are 2.38 and 2.35 Å. The NHB and HB in the
asymmetric structure are 2.25 and 1.82 Å, respectively.
Comparing with that in the Au−(C2H5OH)2 complex, it
indicates that the change in the length of the carbon chain
almost does not inﬂuence the distance between the Au− anion
and hydroxyl group. For Au−(n-C3H7OH)3, the most stable
structure also forms three coordinate NHBs 3a, the structure
which consist of a propanol monomer, a propanol dimer 3b is
the second stable one, and the structure which contain a
hydrogen-bonded network 3c is the energetically highest.
Besides, the near-linear Au···H−O of Au−(C2H5OH) (bond
angle: 169 and 165° for trans and gauche isomers, respectively)
and Au−(n-C3H7OH) (bond angle: 167 and 162° for trans and
gauche isomers, respectively) also agree with the description of
the NHB model.67,68
For Au2−(C2H5OH), as shown in Figure 5, the ethanol
monomer also exists in both trans and gauche conformations.
The gauche isomer is the more stable form. The only NHB
bond length is 2.42 and 2.44 Å for the two isomers,
respectively. A similar result is obtained in Au 2 − (nC3H7OH); both trans and gauche propanol monomers are
also obtained in this complex, and the gauche isomer is also the
more stable form. The only NHB bond length is 2.43 and 2.46
Å for the two isomers, respectively.
On the basis of the optimal geometry, the calculated total
BEs with the BSSE correction provide the comparison between
the strength of the ion−solvent and solvent−solvent
interactions. In this research, the BSSE calculations are
performed under the mPW2PLYP/aug-cc-pVDZ(pp) level;
the BE value has been shown in Figures 5 and 6. When the ﬁrst
solvent molecule is added, there is only ion−solvent
interaction and the bond is of the NHB type. The computed
BE values may be used as an estimate of the strength of the
NHBs. This can be understood by the following comparison:
in trans-Au−(C2H5OH), the NHB length is 2.33 Å and the BE
is −12.76 kcal/mol, and in trans-Au2−(C2H5OH), NHB length
is 2.42 Å and the BE is −9.82 kcal/mol. This may indicate that
a longer NHB length causes an increase in the energy content
of the cluster, making it somewhat loosely bound. The NHB
length and BE of gauche-Au−(C2H5OH) are 2.35 Å and
−13.46 kcal/mol, respectively. These are more robust than
those of gauche-Au2−(C2H5OH). However, when such
comparison is made between trans- and gauche-Au−(C2H5OH)
isomers, this conduction cannot be understood well. Similar
results are also obtained in Au−(n-C3H7OH) and Au2−(nC3H7OH) clusters. When the second solvent molecule is
added to the gold anion, the cluster exhibits two kinds of
interactions, including solvent−solvent interactions (forming
HBs) and ion−solvent interactions (forming NHBs). Steric
and other eﬀects between the solvent molecules may cause a

Figure 9. mPW2PLYP predicted values of total BE vs total VDEshift of
the title complexes.

calculated total BEs as a function of the calculated total
VDEshift of the complex’s studies in this work. There is a very
well linear relationship between the data of BE and total
VDEshift with slope equaling 1. The linear correlation
coeﬃcient, (R) are 0.9994 and 0.9998 for Au−(C2H5OH)1−3
and Au−(n-C3H7OH)1−3, respectively. For this solvent system,
the total VDEshift values can roughly be used to estimate the
BEs of the microsolvent, which provides an approximation
evaluating method for BEs.
3.3. Microsolvation Properties. The geometric analyses
of Au−(C2H5OH)1−3 and Au−(n-C3H7OH)1−3 evoke the
similarities in microsolvation between Au1,2−(H2O)1,2 and
Au1,2−(CH3OH)1,2. The solvation model is in the surface state
with solvent molecule number ≤ 3; this is consistent with that
in the F−(H2O)1−6 system.74 When the number of solvent
molecules is increased, we expect the model will transfer to the
interior state.
The natural charges were obtained by using NBO analysis.
In both cases, the extra charges mainly locate in the solute Au
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(as shown in Table 2) and the charges on the H atoms are
positive, indicating the protonic character of the H atoms in

trans Au (C2H5OH)
gauche Au−(C2H5OH)
2ab Au−(C2H5OH)2
2bb Au−(C2H5OH)2
3ab Au−(C2H5OH)3
3bb Au−(C2H5OH)3
3cb Au−(C2H5OH)3
trans Au−(n-C3H7OH)
gauche Au−(n-C3H7OH)
2ac Au−(n-C3H7OH)2
2bc Au−(n-C3H7OH)2
3ac Au−(n-C3H7OH)3
3bc Au−(n-C3H7OH)3
3cc Au−(n-C3H7OH)3

Au

Ha

Oa

−0.92
−0.92
−0.85
−0.86
−0.80
−0.82
−0.83
−0.92
−0.91
−0.85
−0.86
−0.79
−0.81
−0.81

0.51
0.50
0.50
0.50
0.50
0.51
0.50
0.51
0.50
0.50
0.50
0.50
0.51
0.50

−0.87
−0.87
−0.87
−0.90
−0.86
−0.88
−0.94
−0.87
−0.86
−0.86
−0.91
−0.87
−0.88
−0.96
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both complexes. Each can be described as a closed shell and
has a spherical symmetry as a proton acceptor with the H
atom, indicating a strong electrostatic interaction. Obviously,
all interactions between the Au anion and C2H5OH or nC3H7OH are dominated by the electrostatic contribution in
these electron donor−acceptor complexes, as in the case of
solvation of halide ions. The number of directly coordinated
C2H5OH and n-C3H7OH molecules to Au− aﬀects the charge
transfer capacity from the Au− anion to solvent molecules.
Natural population analysis also supports the larger charge
transfer from the Au− anion in large cluster size than in small
cluster size, and this result should illustrate the monotonic
increase of VDE with the increase of the solvent molecule, as
shown in Table 1.
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Au1,2−(Solv)n
−

The hydrogen bonding of the microsolvated
(Solv = C2H5OH, n-C3H7OH; n = 1−3 for Au ; n = 1 for
Au2−) system was studied by using photoelectron spectroscopy
and theoretical calculations. The results show that for
Au1,2−(C2H5OH)2,3 and Au1,2−(n-C3H7OH)2,3, the comparable
competitions between HBs and NHBs lead to the existence of
isoenergetic isomers. NBO analysis indicates that the electrostatic contribution in these electron donor−acceptor complexes dominate all interactions between the Au− anion and
C2H5OH or n-C3H7OH. Besides, we found the total VDEshift
values can roughly be used to estimate the BEs of the
microsolvent. We propose that there are probably two
conformers, trans and gauche, coexisting in the molecular
beam, according to our experimental and theoretical analysis,
but the spectrum resolution is not high enough to distinguish
them. Experiments conﬁrm that it would be a fruitful area for
further work.
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