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We report vibrationally resolved photoelectron spectroscopy (PES) of Auy(CO),” (n = 1—3), in combination
with relativistic density functional theory (DFT) and ab initio calculations. The ground-state transition in the
spectrum of Au,CO™ is broad, containing vibrational structures both in the bending and in the CO stretching
modes and suggesting a large structural change from Au,CO™ to Au,CO. The ground-state transitions for
both n = 2 and 3 display a well-resolved vibrational progression in the CO stretching mode with frequencies
of 2110 4 40 and 2160 =+ 40 cm ™!, respectively. The PES data show that chemisorption of the first two CO’s
each induces a significant red-shift in the electron binding energies. The third CO is physisorbed, inducing
only a slight increase in electron binding energies relative to Au,(CO), . Relativistic DFT and ab initio
calculations are performed to determine the ground-state structures for Au,(CO),  and Au,(CO),, and the
results agree well with the experiment. Au,(CO), Au,(CO),, and Au,(CO),™ are all found to be linear, while
Au,(CO)™ is bent due to the Renner—Teller effect. A strong spin—orbit effect is found in Au,(CO),” that
quenches the Renner—Teller effect, keeping the linear structure for this anion. The physisorption in Au,(CO);~
is borne out in CCSD(T) calculations. However, a wide range of DFT methods tested fail to correctly predict

the relative energies of the physisorbed versus chemisorbed isomers for Auy(CO);™.

1. Introduction

Catalysis of highly dispersed gold nanoparticles has been a
rapidly expanding field since the pioneering work by Haruta
and co-workers.! Despite extensive state-of-the-art surface
investigations over the past 20 years,” '® the mechanisms of
the highly useful catalytic reactions involving gold are not well
understood."!? Gas-phase studies of CO and O, adsorption on
size-selected Au clusters have emerged as an alternative
approach to provide insight into the mechanisms of catalytic
CO oxidation.?™* Experimental and theoretical studies have
established that O, adsorbs molecularly on certain gold
clusters.?’~2 Coadsorption of CO and O, on small gold clusters
was also observed, in which CO and O, were shown to adsorb
cooperatively.?*?

The interaction of CO with gold clusters has been the subject
of numerous studies, and saturation adsorption of CO on gold
clusters has been observed.?**~37 Infrared spectra of Au—CO
complexes in neon matrix have led to the identifications of
AuCO, Au(CO),, Auy(CO),, Au,(CO) (n =2—5), and Au(CO),*
(n = 1—4).31* Vibrational spectroscopy on size-elected Au,,-
(CO)," and Au,,(CO),” clusters has also been reported.>>3” The
adsorption energies of CO on gold cluster cations Au,® (n =
1—65) have been determined in a radiative association kinetics
study, ranging from 1.1 eV for smaller clusters to 0.65 eV for
larger ones.’® However, the electronic and structural properties
of CO—Au," clusters remain poorly understood. We reported
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previously photoelectron spectroscopy (PES) of several series
of gold carbonyl cluster anions, Au,(CO),” (m = 2—5, n =
1—7).° We observed that adsorption of the first few CO’s
induces significant red-shifts to the PES spectra. For each gold
cluster, CO adsorption reaches a critical number, beyond which
further CO adsorption hardly changes the spectra. The critical
CO number corresponds exactly to the available low-coordinate
apex sites in the corresponding bare Au clusters. We suggested
that CO first chemisorbs to the apex sites and additional CO’s
only physisorb to the chemisorption-saturated Au—CO com-
plexes. In subsequent studies on the Aug(CO),” (n = 1-9)
complexes,’*? we observed that the first three CO’s chemisorb
to the three apex sites of the triangular Aus™ cluster. Starting
from the adsorption of the fourth CO, significant structural
changes occur for the Aug~ cluster such that it can chemisorb
up to six CO’s, whereas additional CO’s are physisorbed.

In the current Article, we report a combined experimental
and theoretical study on a series of di-gold carbonyl clusters:
Auy(CO),” and Au,(CO), (n = 1-—3). Higher resolution PES
spectra are obtained at 532 nm (2.331 eV), yielding vibrational
information and more accurate electron detachment energies.
The adsorption of the first two CO’s each decreases significantly
the electron binding energies, whereas the third CO is phys-
isorbed, inducing a slight increase in the electron binding
energies. The ground-state detachment transitions are vibra-
tionally resolved in the CO stretching mode with frequencies
of 2110 4 40 and 2160 + 40 cm™!, respectively, for Auy(CO),
and Au,(CO);. The CO frequency in Au,(CO), is substantially
red-shifted with respect to bare CO (2143 cm™"), while that in
Auy(CO); is slightly blue-shifted. The latter is unexpected and
may provide interesting insights into the nature of surface
Au—CO species.'*>*7%2 We have performed DFT and ab initio
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calculations including scalar relativistic and spin—orbit (SO)
coupling effects for Au,(CO),” and Auy(CO),. The ground state
of Au,(CO)™ is found to be considerably bent with a Au—C—0O
bond angle of 133°, whereas Au,(CO) is linear. Both Au,(CO),™
and Auy(CO), are shown to be linear. All DFT methods used
are shown to be inadequate for the Au,(CO);~ complex. Only
CCSD(T) calculations predict the physisorbed Au,(CO);~ isomer
to be the ground state, consistent with the experimental
observation.

2. Experimental and Computational Methods

2.1. Photoelectron Spectroscopy. The experiment was car-
ried out using a magnetic-bottle PES apparatus equipped with
a laser vaporization supersonic cluster source, the details of
which have been described elsewhere.® Briefly, the Au,,(CO),~
cluster anions were produced by laser vaporization of a pure
gold target in the presence of a helium carrier gas seeded with
2% CO. Various Au,(CO),” clusters were generated and
analyzed using a time-of-flight mass spectrometer. The
Auy(CO),” (n = 0—3) species of current interest were each
mass-selected and decelerated before being photodetached.
Under our experimental conditions, only relatively weak mass
signals were observed for the Au,(CO),” species, whereas no
mass signals were observed for the Au(CO),” series. These
observations suggest that Au~ and Au, are probably less
reactive with CO than the larger clusters, consistent with
previous experiments on chemical reactivity of gold cluster
anions.?!?43033 PES spectra were measured at 532 nm (2.331
eV). Photoelectrons were collected at nearly 100% efficiency
by the magnetic bottle and analyzed in a 3.5 m long electron
flight tube. The PES spectra were calibrated using the known
spectra of Rh™, and the energy resolution of the apparatus was
AEW/E, ~ 2.5%, that is, ~25 meV for 1 eV electrons.

2.2. Computational Methods. DFT calculations were per-
formed using the PW91 functional of the generalized gradient
approximation (GGA) implemented in the Amsterdam Density
Functional program (ADF 2007.01).%* The uncontracted Slater
basis sets with the quality of triple-{ plus two polarization
functions (TZ2P) were used, with the frozen core approximation
applied to the [1s>—4f'*] core for Au and the [1s?] cores for
both C and O.% The scalar relativistic (SR) and SO coupling
effects were taken into account by the zero-order-regular
approximation (ZORA).% Geometries were optimized at the SR
level, and single-point energy calculations were performed at
the SO level. Vibrational frequency calculations were carried
out to verify that the species are minima on the potential energy
surface. Vertical electron detachment energies (VDEs) were
obtained at the anion geometry by using a combined ASCF-
TDDFT approach,®” where the first VDE was calculated from
the difference of the ground-state energy of the anions and
neutrals (i.e., ASCF) and the higher VDEs were calculated from
the ground-state energy of the anions and the excited-state
energies of the neutrals by using TDDFT. To better describe
the neutral excited states, the SAOP (statistical average of orbital
potentials) functional was also used to do TDDFT calculations,
where all-electron basis sets were applied for all of the atoms.

Because of the complicated nature of the delicate electron
correlations in the gold and CO interactions,*' ab initio wave
function theory calculations at the coupled-cluster level with single
and double and perturbative triple excitations [CCSD(T)]*® were
also performed for n = 0—2 using the MOLPRO 2008 program®
to assess the accuracy of the DFT results. We used a relativistic
19-valence-electron pseudopotential (ECP60MDF)™ and the aug-
cc-pVTZ-PP basis sets’! (11s10p9d3f2g)/[6s6p5d3f2¢] for gold and
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aug-cc-pVTZ basis sets for carbon and oxygen,’” denoted as
AVTZ hereafter. The SO coupling effect was included by using
a state-interacting method”® with spin—orbit pseudopotentials
at the complete active space self-consistent field (CASSCF)™
level of theory, and SO-free energies were replaced by those
from CCSD(T) calculations. Because the proper selection of
active spaces is crucial to state-averaged CASSCF calculations,
we included all of the 5d and 6s orbitals for Au, in the active
space with all 22 electrons in 12 active orbitals being correlated,
that is, CASSCF(22e, 120). For Au,(CO) and Au,(CO),, large-
size active spaces including the 5d and 6s orbitals of Au and
the frontier 7w and st* orbitals of CO were adopted, that is,
CASSCF(26e, 160) for Au,(CO) and CASSCF(30e, 190) for
Au,(CO),. Based on the contributions of the orbitals in these
active spaces to the concerned states, the following spaces were
chosen to reduce the computational cost of the subsequent
calculations: CASSCF(6e, 60) for Au,(CO) and CASSCF(18e,
130) for Auy(CO),. The occupations of the natural orbitals agree
with each other within 0.01 and 0.002, respectively, for Au,(CO)
and Au,(CO), between the two types of active spaces. Ad-
ditionally, the first excited energies calculated using the two
types of active spaces are the same for Au,(CO), indicating the
smaller active space is appropriate. The states relevant to the
first excitation were included in the state-averaged CASSCF,
with the following states being selected on the basis of our
TDDFT results: ', °I1,, and °%, for Au, 'A” and *A’ for
Auy(CO), and ', and *I1, for Auy(CO),.

Because the PW91 method turned out to have large errors
for Auy(CO);™, we further performed DFT calculations using
hybrid functionals of B3LYP and TPSSh, and GGA functional
of PW91, using the NWChem 5.0 program.” On the basis of
the optimized TPSSh geometries, ab initio calculations were
further carried out at the CCSD(T) level using MOLPRO 2008.
In these calculations, we used the same AVTZ basis sets as
before. Basis sets superposition error (BSSE) was corrected with
the counterpoise method”® using Au,” and CO’s as fragments.

3. Experimental Results

The PES spectra of Au,(CO),” (n = 0—3) at two detachment
photon energies are shown in Figure 1. The 193 nm spectra
(Figure 1a), which revealed more electronic transitions, were
reported previously>® and are included here for comparison with
the 532 nm data and the theoretical calculations. The main
observations from the 193 nm data were that the first two CO’s
each induce a significant red-shift for the electron binding
energies of the ground-state transition (X) by ~0.5—0.7 eV,
whereas the third CO induces a slight blue-shift (0.17 eV) (Table
1). The second PES band (A) was observed at roughly constant
binding energies (3.9—4.2 eV), causing the X—A energy gaps
(i.e., the HOMO—LUMO gaps of the corresponding neutral
clusters) to increase as a function of CO from 2.00 — 2.55 —
3.26 — 3.35 eV for Auy(CO),” (n = 0—3) (Table 1).

The 532 nm spectra (Figure 1b) only allowed the ground-
state transition to be observed and were significantly better
resolved with vibrational structures in each case. We reported
the 532 nm spectrum of Au,™ in our previous study of Au,H™.”’
It displays a vibrational progression with a spacing of 190 £
15 cm™!, which agrees with a prior high resolution spectrum.”®
The Au,(CO)™ spectrum appears to be rather broad, and
vibrational structures were not well resolved except for a hint
of the 1 < O transition for CO stretching at ~1.75 eV. The
broad spectrum indicates a large anion-to-neutral structure
change and the involvement of multiple vibrational modes. Thus,
the adiabatic electron detachment energy (ADE) for Au,(CO)™
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Figure 1. Photoelectron spectra of Auy(CO),” (n = 0—3) at (a) 193
nm (6.424 eV) and (b) 532 nm (2.331 eV). Energy gaps between
features X and A for each species are labeled. Vertical bars indicate
the resolved vibrational structures.

TABLE 1: Observed Adiabatic (ADE) and Vertical (VDE)
Detachment Energies, Energy Gaps, and Vibrational
Frequencies from the Photoelectron Spectra of Au,(CO),” (n
=0-3)

VDE (eV)*

ADE AADE X—A gap vib. freq.
eV)* (eV)’ band X band A (eV)®  (cm H)*?
Aur- 1.94 2y 200(2) 401(2) 200 190 (15)
Auy(CO)~ 1.25(5) —0.69 1.503) 4.05(2) 2.55
Au(CO),~ 0.69 (3) —0.56 0.69 (3) 3.95(3) 326 2110 (40)
Au,(CO);~ 0.86 (3) 0.17 0.86(3) 421 (2) 3.35 2160 (40)

“Numbers in parentheses represent experimental uncertainties in
the last digits. *AADE = ADE [AuxCO),”] — ADE [Au,-
(CO),—1 "], which characterizes the influence of the nth CO molecule
to the electron binding energies of Auy(CO), .  Evaluated from the
VDE difference between bands X and A. ¢ Ground-state vibrational
frequencies of the corresponding neutral species. ¢ More accurate
ADE (1.938 4 0.007 eV) and vibrational frequency (190.9 cm™')
were reported previously (ref 78). f Because of the large geometry
change between the anion and neutral, this number should be
considered as a threshold value, which represents the upper limit of
the true ADE.

(1.25 eV, Table 1) estimated from the leading edge of the broad
spectrum should be considered as a threshold value, which
represents the upper limit for the true ADE. In contrast, the
spectra of Au,(CO),” and Auy(CO);~ each exhibit a well-
resolved vibrational progression with spacings of 2110 4 40

J. Phys. Chem. A, Vol. 114, No. 3, 2010 1249

2.524 2,507 1.143 2.553 1.142
1.919 1.982
(a) Au, (b) Au,(CO) (¢) Auy(CO),

2.641 ) 2.622 13f3:“ 2.539 1.175
OC—C O €@ coC oo

2.025 1.977
(d) Au,- (e) Au,(CO)- (f) Au,(CO),-

Figure 2. Optimized structures of Auy(CO), and Auy(CO),” (n =0-2)
at the DFT/PW9I level. Bond lengths are in angstroms.
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Figure 3. Optimized structures of Auy(CO); and Au,(CO);™ at the
DFT/PWO1 level. Bond lengths are in angstroms.

and 2160 4= 40 cm™!, respectively, which should correspond to
the CO stretch. The ADE and VDE for both the n = 2 and 3
species can be accurately determined from the intense and sharp
0—0 peak in the corresponding spectrum, as given in Table 1.

The weak broad feature at ~1.5 eV in the 532 nm spectrum
of Auy(CO),™ (Figure 1b), which is also discernible in the 193
nm (Figure 1a), has binding energies similar to the spectrum of
Auy(CO)™. It is likely due to photofragmentation, Au(CO),™
+ hv — Auy(CO)™ + CO, followed by photodetachment of the
Auy(CO)™ product. The weak feature at ~3.6 eV in the 193
nm spectrum of Au,” (Figure 1a) was identified to come from
the Au,H™ impurity previously.”” There are also visible weak
features between the X and A bands in the 193 nm spectra of
Auy(CO),” (n = 1-3), which were likely due to minor
impurities.

4. Theoretical Results

The optimized structures at PWO91 level are shown in Figure
2 for Auy(CO),” and Au,(CO), (n = 0—2), and those for n =
3 are in Figure 3. We calculated a variety of possible geometries
for Au,(CO)~, Au,(CO),, and their neutrals. In the lowest
energy structures, CO is found to coordinate to Au, terminally
via the C atom. The lowest energy structure of Auy(CO)~ (?A’,
Figure 2e) is bent with C; symmetry, whereas Auy(CO),~ (*I1,,
Figure 2f) is linear with D..;, symmetry. Both Au,(CO) ('Z) and
Auy(CO), (lZg) neutrals are linear with C.., and D..;, symmetries,
respectively. Our result for the bent Au,(CO)™ agrees with
several previous DFT calculations.®#! Our linear Au,(CO)
structure also agrees with two previous calculations.?**!

For Auy(CO);™ and Au,(CO)s, we performed PW91 geometry
optimizations on many possible structures including mixed
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TABLE 2: Calculated PW91 Adiabatic (ADE) and Vertical (VDE) Detachment Energies and Energy Gaps for Au,(CO),” (n =
0—3), and Vibrational Frequencies of the Corresponding Neutral Species®

VDE (eV) X—A gap (eV)
ADE (eV) AADE (eV)? feature X feature A PWO1 SAOP CCSD(T) vib. freq. (cm™!)¢
Auy” 1.94 2.01 3.48 1.47 1.67 1.96 177
Auy(CO)~ 1.19 —0.75 1.77 3.40 1.63 1.71 2.49 2093
Auy(CO),~ 1.06 —0.13 1.17 3.73 2.56 2.45 3.23 2095
Au,y(CO);™¢ 1.20 0.15 1.30 3.82 2.52 2095, 2119

“The X—A gaps at the SAOP and CCSD(T) levels are also included. All quantities were calculated with SO corrections except the
vibrational frequencies, for which only scalar-relativistic effects were included. ® See footnote b in Table 1. ©Ground-state vibrational
frequencies of the corresponding neutral species. For the CO complexes, the frequency refers to the CO stretch. ¢ Isomer I (Figure 3b). The
corresponding data for isomer II (Figure 3d): ADE (1.55 eV), VDE (1.74 eV), and X—A gap (1.24 eV).

chemisorption—physisorption complexes and all-CO-chemi-
sorbed structures. The two low-lying structures are shown in
Figure 3, where isomer 1 of Auy(CO);~ (C,, 2A’) contains a
physisorbed CO lying aslant above the linear Au,(CO),™ core.
In isomer II (C,, 2A”), all three CO’s are chemisorbed with one
Au atom coordinated by two CO’s. For the anions, PW91
calculations predict isomer II to be 0.48 eV lower in energy
than isomer I. For the Au,(CO); neutral, PW91 predicts isomer
I (C,, 'A”) to be more stable than isomer I (C;, 'A”) by 0.13
eV. However, the calculated VDEs and simulated PES spectrum
from isomer II of Au,(CO);~ do not agree with the experiment
(see footnote d in Table 2). Thus, further DFT and ab initio
calculations were performed to evaluate the relative energies
between isomers I and II for Au,y(CO);~. With ZPE (zero-point
energy) and SO corrections, the PW91, B3LYP, and TPSSh
methods using the AVTZ basis sets erroneously predict that
isomer II is lower in energy than isomer I by 0.46, 0.10, and
0.31 eV, respectively. While the BSSE correction is only 0.003
eV with TPSSh, it becomes as large as 0.16 eV with CCSD(T)/
AVTZ. As a result, CCSD(T) single-point energy calculations
with ZPE, BSSE, and SO corrections correctly predict that
isomer I is lower in energy than isomer II by about 0.02 eV.
Note that the two near-degenerate states of Au,(CO);~ (isomer
I) derived from the IT, ground state of Auy(CO),” are within
0.04 eV at the CCSD(T)/VTZ level of theory.

The adsorption energies of the first and second CO to Au,™
are —1.03 and —0.94 eV, respectively. These adsorption energies
reveal that the adsorption of the first CO does not prevent the
adsorption of the second CO and the first two CO’s have similar
binding strengths to those of the Au,™ core. When the two
terminal sites are used up, the third CO becomes physisorbed
with a rather small adsorption energy of —0.19 eV. This
theoretical result is consistent with our previous observation that
CO prefers apex sites on small Au,” clusters.’™>2

The calculated electronic properties for Auy(CO),” and
Au,(CO), at the PWO91 level are summarized in Table 2.
Apparently, PW91 underestimates the energy gaps by 0.5—0.9
eV. Such deviation is far larger than expected, prompting us to
compute the energy gaps using the SAOP and CCSD(T)
methods (Table 2). While the SAOP results show no improve-
ment as compared to the PW91 data, the CCSD(T) results indeed
agree well with the experiment.

5. Comparison between Experiment and Theory

As shown in Table 2, the PW91 ADE (1.94 eV) and the first
VDE (2.01 eV) for Au, ™ are in quantitative agreement with the
corresponding experimental values (Table 1). However, the
PWO91 VDE for the first excited band A (3.48 eV) is lower by
0.53 eV relative to the experimental value (4.01 eV), resulting
in a much smaller PW91 X—A gap. For Au,(CO)~, the PW91

Au, Au,(CO) Au,(CO),
40, 61 4m,
HOMO “ '—.-0 "—"‘
3oy 100 704
HOMO-1 “ :‘_‘,. 0—.—*’—04
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oos | SEBE | 000~ | 198308
2m, 8o 3mg
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Figure 4. Contour surfaces (isosurface value = 0.04 au) of the frontier
orbitals of Auy(CO), (n = 0—2).

ADE (1.19 eV) and VDE (1.77 eV) agree well with the
experimental values (Table 1). Again, the PW91 VDE for band
A (3.40 eV) is much lower relative to the experimental value
(4.05 eV). For Auy(CO),™, the PW91 ADE (1.06 eV) and the
first VDE (1.17 eV) are both too high relative to the experiment
by 0.37 and 0.48 eV, respectively. For Au,(CO);~, the PW91
ADE (1.20 eV) and the first VDE (1.30 eV) for the physisorbed
isomer (Figure 3b) are also too high, but the deviation (0.34
and 0.44 eV) relative to the experiment is similar to those for
Au,(CO),”. However, the PW91 ADE and the first VDE for
the chemisorbed isomer II (Figure 3d) totally disagree with the
experiment (see footnote d in Table 2) and thus can be ruled
out to be responsible for the observed spectra of Auy(CO); .

As mentioned above, the PW91 VDE for the first excited
state band A is all significantly underestimated, resulting in
smaller X—A gaps for all Auy(CO),” (n = 1—3) species. The
deviation from experiment is —0.53 eV for Au,” and varies
between —0.70 and —0.92 eV for Au,(CO),” (n = 1—3). The
valence molecular orbitals for neutral Au,(CO), (n = 0—2) are
shown in Figure 4. The LUMO’s for Auy(CO) and Auy(CO),
are mainly CO s* orbitals, and their HOMO’s mainly involve
a Au, o orbital. The X—A gap is equivalent to promote a Au,
o electron to the CO sr* orbital, that is, a metal-to-ligand charge
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transfer transition. It is known that TDDFT tends to underes-
timate excitation energies of charge-transfer transitions,” ex-
plaining why the errors of the PW91 X—A gaps for Au,(CO),~
(n = 1—3) are much more severe as compared to that for Au, .

To further investigate the large PW91 deviations of the X—A
gaps, CCSD(T) and SAOP calculations were performed for
Au,y(CO), (n = 0—2). Auy(CO); was omitted in these calcula-
tions because the nature of its electronic transition to the first
excited state is similar to that of Auy(CO), due to the
physisorbed nature of the third CO. The CCSD(T) X—A gaps
are also shown in Table 2, and they are in quantitative agreement
with the experiment. However, the overall performance of the
asymptotically corrected SAOP (Table 2) functional is no better
than PWOI.

The structural changes between the anions and neutral CO-
complexes are also consistent with the experimental observa-
tions. The Au,(CO)™ anion is bent with a ZAuCO angle of 133°
(Figure 2e), while the ground state of Au,(CO) is linear (Figure
2b), which explains the broad ground-state PES band. The CO
bond length is also slightly shortened from Au,(CO)™ to
Auy(CO) by 0.042 A, consistent with the observation of CO
stretch in the 532 nm spectrum (Figure 1b). The large difference
between the calculated ADE and VDE for Au,(CO)™ reflects
the large structural changes upon electron detachment. For
Auy(CO),™ and the physisorbed Au,(CO);™, there is very little
structure change upon electron detachment. The main difference
is the slight shortening of the CO bond length, consistent with
the simple CO stretching progression observed in the 532 nm
spectra of Auy(CO),” and Auy(CO);~ (Figure 1b). Again, the
difference between the calculated ADE and VDE for Au,y(CO),™
and Au,(CO);~ is also very small, in line with the small
structural change upon electron detachment. The simple CO
vibrational progression observed in the 532 nm spectrum of
Au,(CO);~ can also rule out the chemisorbed isomer II because
there are more significant structural changes between the anion
and the neutral (Figure 3c and d). The calculated CO stretching
frequencies for Auy(CO), at the PW91 level are 2093 cm™! for
n=1,2095 cm ' for n = 2, and 2095 and 2119 cm™! for n =
3 (Table 2). Considering the complexity of the Au—CO
system,'*303! the agreement between the computed and experi-
mental frequencies is reasonable.

Overall, the theoretical results are in good agreement with
the experiment, lending considerable credence to the structures
identified for Au,(CO),” and Auy(CO), (n = 1-3).

6. Discussion

6.1. Auy(CO)” and Auy(CO), : Renner—Teller Effect
versus Spin—Orbit Effect. The decrease of electron binding
energies upon CO chemisorption to Au,™ in the Auy(CO),” (n
= 1—2) complexes is quite unusual, suggesting strong chemical
interactions. The molecular orbitals shown in Figure 4 allow a
qualitative understanding of this trend. The LUMO of Au, is
an antibonding o orbital. The terminal coordination of CO to
Au, in the linear complexes would significantly destabilize this
orbital. Consequently, the LUMO’s of Au,y(CO) and Au,(CO),
become the unoccupied CO sr* orbitals, which are much higher
lying relative to the LUMO of Au,. Occupation of these high
lying CO-centered LUMO’s by the extra electron in the
Auy(CO),” anions would result in reduced electron binding
energies relative to the bare Au, .

In the linear structure, occupation of the doubly degenerate
LUMO would lead to doubly degenerate electronic states: 2T
for Au,(CO)~ and *I1, for Auy(CO), . In these linear anions,
the degenerate electronic states are unstable against bending
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vibrations, resulting in the Renner—Teller (RT) effect that would
distort the linear structures and lift the electronic degeneracy.®?
The RT effect is similar to the Jahn—Teller effect for nonlinear
molecules. The bent structure of Auy(CO)™ is entirely a
consequence of the RT effect. However, the RT effect does not
seem to occur in Au,(CO), : our optimized structure for this
anion with SO effect remains linear, in agreement with the
simple vibrational progression in the 532 nm PES spectrum.
Our analysis showed that the 457, LUMO of Au,(CO), contains
19% Au 6p and 3% Au 5d characters, leading to a SO splitting
energy of 0.20 eV, which is larger than the RT effect (0.16
eV). Thus, the RT effect is quenched and the anion remains
linear as a result of the strong SO effect. A similar analysis
revealed that the 6;t LUMO orbital of Auy(CO) contains 15%
Au 6p and 8% Au 5d character. Because the Au 6p orbitals
have a large SO effect, less Au 6p character results in less SO
splitting (0.09 eV) for Au,(CO)™ as compared to Au,(CO),~
(0.20 eV). The calculated RT energy is 0.67 eV for Au,(CO)™,
much larger than the SO splitting energy for Au,(CO)™. Hence,
the RT effect dominates in Auy(CO)~, leading to the bent
structure. There is a previous report of a bent Au,(CO),”,*
which is problematic because of the neglect of the SO effect.

It is noteworthy that in the bent Au,(CO)™ structure the singly
occupied orbital has weaker o-donation from CO and a
considerable Au—Au o* character like in the Au,” anion.
Consequently, the Au—Au bond lengths in these two anions
are both lengthened by more than 0.1 A as compared to the
corresponding neutrals. On the contrary, in Auy(CO),” the
excess electron is located in the neutral LUMO, which has a
small o-bonding character between the two gold atoms due to
the D.., symmetry. Therefore, the Au—Au bond length of the
éuz(CO)z’ anion is smaller than that of the neutral by 0.014
A.

6.2. Comparison between DFT and ab Initio Methods for
Au,(CO);: Physisorption versus Chemisorption. The ex-
perimental PES spectra of Auy(CO);™ are similar to those of
Auy(CO),” (Figure 1), suggesting that the third CO in
Au,(CO);~ is physisorbed to a Auy(CO),” core. However, at
the PWO1 level of theory, the chemisorbed isomer II (Figure
3d) is predicted to be the lowest in energy for Auy(CO);~, but
its calculated first VDE (1.74 eV), second VDE (2.98 eV), and
energy gap (1.24 eV) deviate considerably from the experiment
(first VDE, 0.86 eV; second VDE, 4.21 eV; energy gap, 3.35
eV). Furthermore, one of the Au atoms in this isomer is
coordinated by two CO ligands, which is inconsistent with the
general observation that each low-coordinate Au atom can only
chemisorb one CO ligand at low CO coverage.’*™? It is known
that DFT methods can carry large errors in predicting relative
energies of isomers with significantly different geometries or
physiochemical interactions.®* Indeed, single-point CCSD(T)
calculations show that the physisorbed isomer I is more stable
by ~0.02 eV, suggesting the PW91 calculations carry a large
error (at least 0.5 eV) for the relative energies for the Au,(CO);~
isomers. This is not totally surprising considering the compli-
cated nature of Au—CO interactions and the weak interactions
involving the physisorbed CO. We also note that the popular
B3LYP, PWO91, and TPSSh methods with SO corrections also
incorrectly predict that isomer II is 0.10, 0.46, and 0.31 eV,
respectively, lower in energy.

In isomer I of Au,(CO);~ (Figure 3b), the distance between
the C atom of the physisorbed CO and the middle point of the
two Au atoms is 3.342 A, and the C-+-Au distance is 3.575 A.
This C+-++Au distance is much larger than the sum of the atomic
radius, indicating only weak van der Waals interactions between
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the third CO and Au,. Treating such weak interactions is still a
challenging bottleneck for DFT methods, suggesting the im-
portance of accurate experimental data and the interplay of
combined experimental and theoretical efforts.

6.3. Auy(CO), and Au,(CO);: Classical versus Nonclas-
sical Au(0)—CO Complexes. The 532 nm spectra of Auy(CO),™
and Auy(CO);~ (Figure 1b) represent the only species for which
it is possible to resolve a CO stretching progression among all
Ay, (CO),” (m = 2—6; n = 1—9) complexes that we have
investigated.’*™>? Relative to free CO molecule (vibrational
frequency: 2143 cm™!), the vibrational frequency of Auy(CO),
(2110 cm™) is red-shifted, making the Auy(CO), complex a
“classical” carbonyl species. In contrast, the vibrational fre-
quency of Au,(CO); (2160 cm™") is slightly blue-shifted relative
to free CO, making it a “nonclassical” carbonyl species.?”%

Chemical bonding in transition metal carbonyl complexes
(M—CO) comprises M=—CO o donation and M—CO 7 back-
donation: CO is both a g-donor and a sr-acceptor ligand.?* The
CO stretching frequency is a useful indicator of the magnitude
of o- and z-bonding in metal carbonyls. In classical M—CO
transition metal complexes, strong M—CO 7 back-donation
weakens the CO bond, resulting in a red-shift in the CO
stretching frequency. However, strong o donation or weak 7
back-donation can lead to stronger CO bonding and an increased
CO stretching frequency in nonclassical M—CO complexes.
Surface studies show that CO stretching in Au(0)—CO species
is at ~2110 cm™!,537%2 where the red-shift relative to free CO
molecule is small. Our current observation of a CO stretching
frequency of 2110 cm™! in Au,y(CO), is in excellent agreement
with the surface results. Our observed CO stretching in
Au,(CO), falls between those observed for Au,(CO)," and
Au,,(CO),” from gas-phase IR spectroscopy.*

Au—CO complexes are rare, but it is generally believed that
o donation is important in Au—CO complexes, whereas s back-
donation is negligible, making them nonclassical carbonyl
complexes. This usually involves a Au™ center.’”%* However, a
nonclassical Au(0)—CO species has not been reported in the
literature.*3453762 The Au,(CO); complex represents an example
of nonclassical Au(0)—CO species. Although our measured
frequencies (2160 cm™!) carry large uncertainties, the relatively
large CO vibrational spacing in the 532 nm spectrum of
Auy(CO);™ in comparison to that of Au(CO),™ is quite obvious
(Figure 1b). The CO stretching frequencies in Au,(CO), and
Auy(CO); differ by as large as 50 cm™!, despite the fact that
the third CO in Au,(CO);~ and Au,(CO); is shown to interact
weakly with the chemisorbed Au,(CO), core (Figure 3a and
b), suggesting that the weakly bonded CO influences the
interactions of the terminal CO with gold. As shown in Figure
3a, the physisorbed CO is in a bridging position and weakly
interacts with both Au atoms. It is conceivable that the weak
CO—Au; interactions withdraw net charge from the Au, core,
thus strengthening the CO—Au o donation and weakening the
Au—CO 7 back-donation for the terminal CO’s.

The active Au species in gold catalysts have been assigned
on the basis of the observed CO frequencies as follows:
Au(0)—CO (2105—2120 cm™ 1), Au®t—CO (2130, 2145 cm™),
Au(l)—CO (2160—2170 cm™!), and Au(ll)—CO (>2170
cm™1).1334762 However, two recent benchmarking theoretical
works on the simplest AuCO complex*'8! showed the complex-
ity of the Au—CO system, suggesting that the equilibrium
geometry, the adsorption energies, and in particular the CO
vibrational frequency are all challenging properties to calculate
for the current approximate methods. In this context, gas-phase
vibrational information such as that obtained from the current
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study is valuable both in helping resolve the controversy in
surface studies and in calibrating the computational methods.
For example, numerous surface studies have shown Au carbonyl
species with CO frequencies between 2150 and 2170 cm™!, and
their assignments have been inconsistent and controversial =8
Freund and co-workers”’ reported an intriguing surface carbonyl
species at 2165 cm™!, which appeared at higher or saturated
CO exposure. It corresponds to a more weakly bound CO
relative to those on Au(0) sites and is assigned to CO bound to
extremely small Au clusters with Au™ character, inconsistent
with the common notion that cationic Au absorbs CO more
strongly. In light of our current observation, it is conceivable
that nonclassical Au(0)—CO complexes with physisorbed CO
may be relevant to the surface IR data.

7. Conclusions

We report a combined experimental and theoretical study of
a series of gas-phase di-gold carbonyl clusters, Auy(CO),” (n
= 1—3). Photoelectron spectroscopy shows that adsorption of
the first two CO’s each induces a significant red-shift in the
electron binding energies (0.69 and 0.56 eV) and the third CO
only induces a slight blue-shift (0.17 eV), indicating a chemi-
sorption-to-physisorption transition from n = 2 to n = 3 in
Auy(CO),”. The ground-state detachment transitions for
Auy(CO), and Au,(CO);™ are vibrationally resolved, yielding
vibrational frequencies of 2110 % 40 and 2160 £ 40 cm™! for
the neutral Auy(CO), and Au,(CO); clusters, respectively. The
Au,(CO)j; species represents a nonclassical Au(0)—CO complex
and may be relevant to surface carbonyl species under high CO
coverage. DFT calculations at the PW91 level are carried out
to determine the structures of Auy(CO),” and Au,(CO), (n =
1—3). Both Au,(CO) and Au,(CO), are found to be linear
molecules with CO coordinated to Au terminally via C.
However, Au,(CO)™ is found to be bent due to the Renner—Teller
effect, whereas strong spin—orbit effects in Auy(CO),” quench
the Renner—Teller effect to remain linear. Au,(CO);™ is found
to be a physisorbed complex, in which the third CO is only
weakly interacting with a linear Au,(CO),” core. Both pure
GGA and hybrid DFT methods are found to be inadequate to
predict the relative energies for the CO physisorption versus
chemisorption in Au,(CO);~. CCSD(T) calculations have to be
used, showing that the physisorption isomer is the ground state,
in agreement with the experimental observation.
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