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Résumé

Nous avons calculé les spectres infrarouge et
Raman des complexes de clusters cationiques de [’or
Au ™ (n = 1-4) et de H,S en utilisant la théorie de
densité fonctionnelle. Les intensités des bandes
spectrales de H,S sont significativement amplifiées
par la formation de complexe pour les spectres
infrarouge ainsi que Raman. Les déplacements des
bandes spectrales de H,S sont corrélés avec les
changements dans les geométries et les énergies de
liaison des complexes et avec le transfert de charge
lié a la formation du complexe.

Abstract

Infrared and Raman spectra of complexes of
cationic gold clusters Au ™ (n =1-4) and H,S are
computed using density functional theory. Intensities
of H,S spectral lines are significantly enhanced upon
complex formation for both infrared and Raman
spectra. Shifts in H,S spectral lines are correlated
with changes in geometries and binding energies of
the complexes and charge transfer upon complex
formation.
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Introduction

Gold nanoclusters have unique physical and chemical
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properties that depend strongly on cluster size (1). To
inhibit coalescence, sulphur-containing molecules are
often used as surfactants because they form particularly
stable gold nanocomplexes due to the strength of the gold-
sulphur bond. The gold-sulphur bond has been used in
nanodevices for attaching nanocrystals to surfaces or
electrodes (2). Of relevance to the present paper, gold
nanoparticles have been used for surface enhanced
Raman scattering studies with a variety of molecules
acting as chromophores (3-5). Also of relevance are
recent infrared multiphoton dissociation studies of
complexes of small cationic gold clusters and carbon
monoxide (6,7).

Sugawara et al. have initiated an experimental study
of the reactivity of gold cluster cations with a variety of
sulphur-containing molecules in the gas phase using
Fourier-transform ion-cyclotron resonance (FT-ICR)
mass spectrometry. They have recently published results
for the reactions of Au * with H,S for n = 1-12 (8).
Motivated by this work, we characterized geometries and
binding energies of the Au "SH, complexes for n=1-4
(9). In this paper, we extend this work to characterize
the infrared and Raman spectra of these complexes.
Shifts in spectral lines are correlated with changes in
geometries and binding energies of the complexes and
charge transfer upon complex formation. We focus on
the effect of the Au * cluster on the infrared and Raman
spectrum of H,S.

Procedure
The Gaussian 03 program package (10) was employed

for all electronic structure calculations. Equilibrium
structures were obtained from geometry optimizations,
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and harmonic frequencies of these structures were
computed using the analytical second-order derivatives
method.

As in our previous study (9), density functional theory

Table 1: Vibrations of H,S and selected vibrations ofAu”+ andAu”*SHz;
mode (using Herzberg ordering), description, frequency in cm™, IR
intensity in km/mol and Raman intensity in A*amu.

(DFT) was employed throughout. We used the B3P86

Species Mode  Description Frequency IR Intensity Raman Intensity
functional which combines the Becke three-parameter - » o
hybrid exchange functional (11) with the Perdew gradient- HS Y asym ste ’ ’
corrected correlation functional (12). Other gradient- v, sym str 2711 038 126.2
corrected functionals such as PW91 can also give v, bend 1218 17 182
satisfactory results for coinage metals (13). For coinage
. . . e . Au’ v AwAustr 140 0.0 438
metals in general, and gold in particular, it is essential to ’ !
include relativistic effects (14), and we do so by employing ~ Aw’ v, breathing 172 0.0 9.5
the Stuttgart-Dresden relativistic effective core potential Ay’ v, breathng 156 0.0 125
(15) in combination with the D95 (double zeta) basis set
. . . AUSH, v, asymstr 2652 425 77.7
for H,S, which was extended to include polarizing
functions. Other relativistic effective core potentials such v, sym sir 2635 46.0 160.1
as RECP can also give satisfactory results for coinage v, bend 1202 25 17.6
kk 1
metals (13). The B3386/ SDD** method which we v symHS i 649 133 a4
employ was shown to give good results for complexes of ’
Cu and Ag clusters with NH, (16). Ve Au-Sstr 298 21 3.6
Au'SH, v, asymstr 2669 27.0 89.6
Results and Discussion v, symste 2653 0.1 5410
The geometries of Au " and H,S have been previously Vs bend 1207 38 189
characterized (9). For n =3 and 4, the gold cluster cations v sym H,S tit 601 113 159
are planar, and the Au," cluster has D,, symmetry while y AuS s 284 00 9r
the Au," cluster has D,, symmetry. For H,S, with C, ’
symmetry, the calculated H-S distance is 1.346 A V7 AwAustr 129 L7 1.2
(experimental value 1.3455 (17)). Aw'SH, v, asymstr 2682 21.6 852
The g§0metries of Au "H.S have also been p.reviously v, symstr 2665 303 6
characterized (9). For all complexes, the S atom is bonded
to a single Au atom, and the geometries of both Au " and Vs bend 1207 37 160
H,S are only slightly perturbed. In going fromn = 1to 4, v, symH,S tit 560 8.9 46
the H-S distance d.ecreases from }.358 to. 1.355t0 1.353 v, ALS st 264 0.4 49
and 1.353 A, while the Au-S distance increases from _
2.320102.349 t0 2.384 t0 2.407 A. Both these trends are v brating 169 01 >3
indicative of weaker bonding between Au " and H.S as Vi HSrock 66 25.8 11
the cluster size increases, and, indeed, the binding energy s v asymstr 2686 19.5 775
(AH ) of the complex decreases from 60.3 to 45.5 to
. . v sym str 2668 28.0 210.9
39.3 to 34.7 kcal/mol for this sequence. This can be 2
understood on purely electrostatic grounds: as the cluster v, bend 1203 7.2 1.0
size increases, the charge per Au atom decreases, and N symHS til 545 104 6.1
the attraction between the Au and S atoms is ‘
. v Au-Sstr 251 1.0 3.4
correspondingly smaller. k
It is useful to characterize changes in the electron v, breathing 149 02 13.7
density distributions upon complex formation by v HSrock 45 200 0.7

examining changes in atomic charges of S and the Au
bonded to S. We employ Mulliken charges, as they are
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Figure 1. IR spectra for (a) H,S, (b) Au,’, (c) Au," and (d) Au,".
Frequencies in cm™ and integrated intensities in km/mol.

widely used and have been employed for other cationic
transition metal complexes (18), but, rather than reporting
absolute charges which have well-known problems with
basis set dependence, we report charge shifts. Upon
complex formation, the S charge increases by 0.21, 0.13,
0.09 and 0.09 for n =1 to 4, and, for the same sequence,
the Au charge decreases by 0.46, 0.25, 0.12 and 0.05.
This trend of decreasing charge transfer is consistent
with the trends of decreasing Au "SH, binding energy,
increasing Au-S distance and decreasing H-S distance
noted above.

We now consider the IR and Raman spectra of H,S,
Au " and Au, "SH,. Our results for the vibrations of H,S
and selected vibrations of Au * and Au 'SH, are
summarized in Table 1.

The IR spectrum of H,S is well-known experimentally
(19). The calculated vibrations of H,S (with experimental
values in parenthesis) are asymmetric stretch at 2731
(2627), symmetric stretch at 2711 (2615) and bend at
1218 (1183) cml. Calibration with experiment would
therefore require scaling by a factor of approximately
0.96, which is typical of calculated values (which neglect
potential terms beyond quadratic). The calculated IR
intensities are 2.0, 0.8 and 1.7 km/mol for the asymmetric
stretch, symmetric stretch and bend. Thus the asymmetric
stretch is the most intense IR vibration. The calculated
IR spectrum of H,S is shown in Figure 1(a). For Au,’,
the calculated vibrations are low frequency in the 10-
160 cm™ range, and the calculated IR spectra for n = 2-
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Figure 2. Raman spectra for (a) H,S, (b) Au,", (c) Au," and (d) Au,".
Frequencies in cm and integrated intensities in A%/amu.

4 are shown in Figure 1(b)-(d). All calculated IR intensities
are very small (and zero for Au,’, which is included for
completeness).

Conventional IR spectroscopy of gas phase ions is
difficult due to low ion densities, and, to date, matrix
isolation has been the technique of choice (20). Using
matrix isolation or specialized techniques (such as velocity
modulation), high resolution gas phase IR spectra have
been obtained for cations such as NCCN* (21) and H,0"
(22), but these studies are far from routine.

The Raman spectrum of H,S is well known
experimentally, and Raman spectroscopy has recently
been used to detect H,S in low concentrations in
desulphurized natural gas samples (23). The calculated
Raman intensities are 88.7, 126.2 and 38.2 A%amu for
the asymmetric stretch, symmetric stretch and bend. Thus
the symmetric stretch is the most intense Raman vibration.
The calculated Raman spectrum of H_S is shown in Figure
2(a). For Au ", the calculated Raman spectra for n = 2
to 4 are shown in Figure 2(b)-(d). Most calculated Raman
intensities are small, but, for » =3 and 4, the “breathing”
mode at 172 and 156 cm! is visible in Figures 2(c) and
(d).

We now consider results for the vibrations of
Au "SH,. The above comments regarding the difficulty
of conventional IR spectroscopy of gas phase ions apply,
of course, to ionic complexes. Besides the techniques
noted above, infrared multiple photon dissociation
(IRMPD) employing a fixed-frequency IR laser
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Figure 3. IR spectra for (a) Au*SH,, (b) Au,"SH,, (c) Au,"SH, and (d)
Au,'SH,.
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Figure 4. Raman spectra for (a) AuSH,, (b) Au,"SH,, (c) Au,"SH,
and (d) Au,"SH,.

combined with an optical parametric oscillator (to shift
the wavelength of the IR radiation) has been used to
obtain IR spectra of either trapped ionic complexes
(24,25) or mass-selected ionic complexes injected into
an octopole ion guide (26,27). Of immediate relevance to
the present paper are IRMPD studies of Au, "CO (6,7).
We note that free electron lasers (FEL) provide a reliable
broad-band light source for IRMPD studies (28), and IR
spectroscopy of gas phase ions employing FEL may be
more prevalent in the future.

The calculated IR spectra of Au “SH, for n =1 to 4
are shown in Figure 3(a)-(d), and the calculated Raman
spectra are shown in Figure 4(a)-(d). The H,S lines are

s = Au)

o=t

v

Figure 5. Symmetric H,S tilt motion for Au,"SH_; (a) over plane of
Au," and (b) in plane of Au,".

clearly visible in these spectra, and the most striking
observation is that the intensity of these lines is
significantly enhanced, particularly in the IR spectra. Upon
complex formation, the IR intensity of the H,S
asymmetric stretch increases by a factor of 10-20, while
the IR intensity of the H,S symmetric stretch increases
by a factor of 30-50, making it the most intense IR
vibration. Overall, the Raman intensities of the H,S
asymmetric and symmetric stretch also increase, but by
less than a factor of 2. In going from n = 1 to 4, the
asymmetric stretch is red shifted by 79, 62, 49 and 45
cm’!, while the symmetric stretch is red shifted by 76,
58,46 and 43 cm!. These shifts correlate with decreasing
S-H distances which, in turn, correlate with increasing
Au-S distances and decreasing Au-SH, binding energies.
The shifts in the asymmetric and symmetric stretch lines
could therefore be used for determination of cluster size
in the complex.

Of'the 3-6 additional vibrations due to the formation
of the Au "SH, complex, the Au-S stretch may be most
characteristic of the complex. The Au-S stretch
decreases as the cluster size increases, which is
consistent with changes in the Au-S distance noted above.
The Au-S stretch is at 298, 284, 264 and 251 cm! for n
= 1 to 4 but, unfortunately, the IR intensity is low. For the
Au "SH, complexes, there is an intermediate-frequency
mode, which we call the symmetric H_S tilt, that involves
symmetric motion of the hydrogen atoms parallel to the
plane of the Au atoms (for n = 3 and 4). This motion is
shown in Figure 5 for Au,"SH,. The symmetric H_S tilt,
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Figure 6. H,S rock motion for Au,"SH_; (a) over plane of Au," and (b)
in plane of Au,".

which is at 649, 601, 560 and 545 cm™ forn=1,2, 3 and
4, has much higher IR intensity than the Au-S stretch
(more than 10 times higher for n =3 and 4) and is easily
seen in Figure 3(a)-(d). For n = 3 and 4, there is a low-
frequency mode that we call the H,S rock, which involves
back and forth motion of the hydrogen atoms
perpendicular to the plane of the Au atoms and a resultant
alternation of this component of the dipole moment. This
motion is shown in Figure 6 for Au,"SH,. The H,S rock,
which is at 66 and 45 cm™ for n = 3 and 4, has even
higher IR intensity than the symmetric H,S tilt and is
easily seen in Figures 3(c) and (d). The shifts for both
the symmetric H,S tilt and H,S rock correlate with
changes in geometries and binding energies of the
complexes noted above, and thus these vibrations could
also be used for determination of cluster size in the
complex.

In summary, we have computed infrared and Raman
spectra for complexes of small cationic gold clusters and
hydrogen sulphide and observed that the intensities H,S
spectral lines are significantly enhanced upon complex
formation, particularly for the infrared spectra. Also, two
of the additional vibrations due to formation of the
Au "SH, complex are relatively intense in the infrared
spectra. Shifts in these three sets of spectral lines are
correlated with changes in geometries and binding
energies of the complexes, as well as charge transfer
upon complex formation. Despite the strong Au-S bond,
H,S can therefore act as a chromophore to determine
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cluster size in the Au "SH, complex. This is consistent
with the observation that CO can act as a chromophore
to determine cluster size in the Au “CO complex (6,7).
Unfortunately, there are no experimental results for the
vibrations of Au "SH,. However, zero kinetic energy
(ZEKE) spectroscopy has been employed to determine
low-frequency vibrations for the cationic copper and
silver-ammonia (29,30) and copper-pyridine (31)
complexes. The ionization energy of gold is significantly
higher but, if an electronically excited state of AuSH,
could be found, it might be possible to obtain its ZEKE
spectrum using two photon ionization (32).
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