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Chapter 2 Hydrogen atom transfer in alkane thiol-gold cluster complexes: A density
functional theory study

2.0 Abstract

Alkane thiols, RSH, are commonly used in aqueous solutions to stabilize and prevent
aggregation of gold clusters, Aun,, where n=1-4. Initially a RSH-Au, complex is formed and,
subsequently, there is hydrogen atom transfer to form a RSAu,H complex. We examine the
energetics of this process for small gold clusters, with short-chain thiols with R = H, CH3, and
CH3CHo,, using density functional theory. A pseudopotential was employed to account for the
large relativisitic effects exhibited by gold. Equilibrium geometries and vibrational frequencies
of the RSH-Au, and RSAu,H complexes were obtained, as well as thermo-chemical values for

the transfer of a hydrogen atom from sulphur to gold.

2.1 Introduction

Gold has been used since ancient times for decorative and monetary purposes. However,
the properties of gold clusters were poorly understood until recently when advances in
experimental and theoretical techniques have enabled their quantitative study [2.1-2.6]. Research
on gold nanoparticles can be considered to date back to the mid 1800s with Michael Faraday's
interest in the bright red colour of gold colloid solutions [2.7]. By the early 1900s, the
relationship between colour and particle size was quantified by the classical theory of Mie (based
on Maxwell’s equations) [2.8], which is still used extensively today. Subsequently, the electron
band theory for metals was established which further quantified the electronic excitation of gold

nanoparticles by surface plasmon resonance [2.9]. Since the 1990s, extensive research has been

31



undertaken to control the size and shape of gold nanoclusters and to further examine the

properties and applications of gold nanostructures.

Bulk gold is known to be one of the least reactive metals. However, gold nanoclusters
exhibit unique chemical and physical properties, leading to potential applications in the field
optoelectronics and catalysis [2.10-2.24]. In particular, gold nanoclusters have demonstrated
unique catalytic properties for the oxidation of carbon monoxide (CO) at low temperatures [2.22-
2.24]. In the catalysis process, there are indications that the active sites may consist of much

smaller clusters of gold atoms.

Metal clusters can display properties such as magnetism that are not seen in the bulk
[2.25-2.27]. The chemical and physical properties of the metal cluster are dependent on the
number of atoms in the cluster and the overall charge of the cluster. For small gold clusters, these
properties can change significantly with the addition or removal of a single atom or electron

[2.28-2.33].

It has been established that relativistic effects are particularly large for gold and must be
taken into account [2.34-2.46]. In particular, the contraction of the 6s orbital (which experiences
more interactions with the nuclei) and the expansion of the 5d orbital results in a smaller than
expected 6s/5d energy gap, which results in the yellow colour of gold. Without relativistic
effects, this energy gap would be larger and (as for silver) there would be no absorption of light

in the visible region.

To prevent aggregation of gold clusters in solution, thiols are often used [2.47-2.62].
Sulphur has a strong affinity for gold, and the bond between sulphur and gold is extremely

strong. This property leads to monolayers of thiols being formed on the surface of the gold
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cluster, with the alkane thiol substituent protruding away from the gold cluster thereby protecting
the gold cluster from other functional groups present in solution. Thiols consisting of long-chain
branched alkanes form a more densely packed monolayer on the surface of the gold cluster,

providing further stabilization of the gold cluster.

The gold-sulphur interaction for gold bonded to alkane thiols and disulphides, has shown
that adsorption of alkane thiols and dialkyl disulphides leads to similar alkane thiolate
monolayers on the surface of gold. The alkane thiolate monolayer forms once dissociation of the
disulphide, S-S, or thiol, S-H, bonds occur and the gold-sulphur bond is formed. The transfer of
the hydrogen atom from the sulphur atom in the alkane thiol ligand to one or more gold atoms
within the gold cluster is the focus of the present study for complexes of small gold clusters with
short alkane thiols. To make connections with previous experimental and theoretical work, we
consider the neutral and cationic cases for clusters with 1-4 gold atoms, and the anionic case for
clusters with 1-2 gold atoms. Experimental work of Sugawara et al. [2.63] studied reactions of
cationic gold clusters with H,S and theoretical work of Hamilton [2.64] studied these reactions
for small cationic gold clusters. Theoretical work of Li and Hamilton [2.65] examined complexes

of small neutral gold clusters and H,S.

2.2 Computational Method

The Gaussian 09 program package [2.66] was used for all electronic structure
calculations. Equilibrium structures were obtained from geometry optimizations and vibrational

frequencies of these structures were calculated using the analytical second-order derivatives

33



method. All thermochemical values were obtained at 298 K using the standard procedure for

extrapolating from zero Kelvin.

As in our previous studies of neutral and cationic gold cluster complexes [2.64, 2.65]
density functional theory was used. For this study, the gradient correlated local exchange
functional B, [2.67] and the correlation functional P86 [2.68] were employed. The BP86
functional has been found to give excellent results neutral gold clusters [2.69]. In other studies,
functionals such as PW91 and B3P86 have also been shown to yield good results [2.70]. In this
study the B3P86 and B3LYP functionals were used for some calculations but, unless otherwise

noted, all results are for the BP86 functional.

As noted above, gold exhibits large relativistic effects and it is essential to account for
them. In this study we used the Stuttegart-Dresden effective core potential [2.71] in combination
with the D95 (double zeta) basis set for the alkane thiols. Other relativistic effective core

potentials, such as Hay-Wadt [2.72, 2.73] have also been shown to yield good results for gold.

2.3 Results and Discussion

We begin by considering our results for the geometries of the gold clusters. In general
agreement with other studies at similar levels of theory, the Au-Au bond distance is 2.545 A for
singlet Au,, and 2.629 A for doublet Au,". Ausand Aus" are both nearly equilateral triangles
having C,, symmetry, with an Au;-Au,-Aus bond angle of 58.8° and 60.9°, respectively and a
Auz-Au, bond distance of 2.676 and 2.713 A, respectively. Au, and Au,” are both diamond
shaped having D, symmetry with the “outer” Au-Au bond distance, corresponding to Au;-Au,
of Scheme 2.9 and 2.10, being 2.801 and 2.780 A, respectively. The “cross-diamond” bond
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distance of Au, and Auy”, corresponding to Aus-Auj in Schemes 2.9 and 2.10, are 2.642 and
2.757 A, respectively. Our results for Au, are in general agreement with previous experimental
and theoretical studies [2.31, 2.33] but we note that for Au, there is a low-lying structural isomer
which has the form AuzAu. In general, the number of low-lying structural isomers increases
sharply as the number of gold atoms increases. The Aug and Au,” structures determined in this
study were confirmed using the B3P86 and B3LYP functionals, in addition to the BP86
functional implemented throughout this study. We note that the neutral gold clusters are open
shell for odd values of n, and closed shell for even values of n (while the reverse is true for the

cationic and anionic gold clusters).
2.3.1 Geometries of the complexes

The minimum energy structures for the Au,SHR—HAu,SR reaction, where n=1-4 and
R=H, CHs;and C,Hs for the neutral, cationic, and anionic cases are illustrated in Schemes 2.1-

2.30, with selected geometric values included in Tables 2.2-2.13, in Appendix A.

From Schemes 2.1-2.10, it may be seen that the structures for the Au,SH, complexes are
similar for the neutral and cationic species. However, the structure for the anionic species is
different, such that the hydrogen atom is directed toward the gold atom. In contrast, the
structures for the HAu,SH complexes vary significantly for the neutral, cationic, and anionic
species. The most dramatic difference is that the transferred hydrogen atom and the sulphur atom
can be bridge-bonded to two gold atoms within the cluster. In particular, this bridge-bonding
occurs for the neutral Aug gold cluster, which indicates reasonable expectations for larger neutral

gold clusters. Similar results were observed for the HAu,SCH3; and HAu,SC,Hs complexes.
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2.3.1.1 Geometries of the Au,SHR, Au,SHR", and Au,SHR™ complexes

Upon hydrogen atom transfer in Au,SH; to form HAu,SH, the Au;-Au, bond length
increases by 0.122 to 2.677 A and by 0.040 to 2.669 A, for the neutral and cationic complexes,
respectively. However, the Au;-Aus, bond length decreases by 0.008 to 2.670 A for the anionic
complex. In contrast, for AusSH,—HAu3SH, the Au;-Au, bond length decreases by 0.014 to
2.662 A for the neutral complex, but increases by 0.286 to 2.999 A for the cationic complex. For
Au,SH,—HAu,SH, the Aus-Au, bond length increases by 0.251 to 3.052A for the neutral
species, but decreases by 0.132 to 2.648 A for the cationic species. For the neutral
AupSH,complexes, the Au-S distance decreases from 2.750 to 2.518 to 2.498 A in going from
n=1 to n=3, but increases slightly to 2.503A for n=4. For the cationic Au,SH, complexes, the
Au-S distance increases from 2.420 to 2.447 to 2.478 to 2.507 A in going from n=1 to n=4. For
the anionic Au,SH, complexes, the Au-S distance decreases from 3.438 to 3.406 A in going from
n=1 to n=2. Similar results were observed for the neutral, cationic, and anionic species of the

Au,SHCHj3; and Au,SHC;,Hs complexes.
2.3.1.2 Geometries of the HAu,SR, HAu,SR", and HAu,SR™ complexes

For the neutral HAu,SH complexes the most dramatic changes are seen for n=2 and n=4.
For n=2, the hydrogen atom that has been transferred is bridge-bonded to a pair of gold atoms.
For n=4, the hydrogen atom that has been transferred, and the sulphur atom are both bridge-
bonded to different pairs of gold atoms of the gold cluster. For the cationic HAu,SH complexes
the hydrogen atom that has been transferred is bridge-bonded to a pair of gold atoms for n=2, 3,
and 4. Also, when n=3, the sulphur atom is bridge-bonded to a different pair of gold atoms. For

the anionic HAu,SH complex, the hydrogen atom that has been transferred doesn’t participate in
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bridge bonding, and thus is characteristic of the anionic case. These limited results suggest that
bridge-bonding is more favorable for hydrogen than sulphur. Additionally, bridge-bonding is

more favorable for closed-shell gold clusters than open-shell gold clusters.

2.3.2 Vibrations of the Au,SHR, Au,SHR", and Au,SHR™ complexes

The vibrations of the Au,SH, complexes are vibrations associated with Au, and H,S, and
additional vibrations as a result of complex formation. The most important of the additional
vibrations is the Au-S stretch, since it is most characteristic of the complex. The Au-S stretch
frequencies are included in Tables 2.2-2.5. In summary, the frequency of the Au-S stretch
increased for the neutral, cationic, and anionic species, in going from theAu,SH, complexes to
the HAu,SH complexes. This was also true for Au,SHCH3; —HAu,SCHj3, but not always true for
Au,SHC,Hs—HAu,SC,Hs, as shown in Tables 2.6-2.13. The vibrational frequencies of
Au,SHC;Hs increased for the neutral, cationic, and anionic complexes when the cluster consisted
of 1 or 2 gold atoms. However, the vibrational frequencies of Au,SHC,Hs increased for the
neutral and cationic complexes when the cluster consisted of 3 gold atoms, but for 4 gold atoms,
the Au-S frequency decreased for the neutral case, and increased for the cationic case. In all
cases there is generally a very good correlation between a larger Au-S stretch frequency and a

smaller Au-S distance.

2.3.3 Energetics of hydrogen atom transfer

Thermo-chemical values for the Au,SHR—HAu,SR reactions at 298 K are included in
Table 2.1, and are summarized here for simplicity. We first consider the results for R=H. For the
neutral complexes, transfer of a hydrogen atom from sulphur to gold is favourable for all cases,
as indicated by the negative AG values. The entropy changes for these reactions are unfavourable

and they are driven by the negative AH values. The least negative AG value is for the n=2 case.
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In contrast, for the cationic complexes hydrogen transfer is favourable only for the n=2 case.
Similar to the neutral complexes, the hydrogen transfer for the anionic complexes are favourable

for all values of n, with the entropy changes for these reactions being unfavourable.

For the R=CH3 and R=C,Hs neutral complexes, transfer of the hydrogen atom from
sulphur to gold is favourable for all cases except n=2. For the cationic complexes, transfer of the
hydrogen atom from sulphur to gold is most favourable for n=2, but is also favourable for n=4.
For the anionic complexes, transfer of the hydrogen atom is favourable for all values of n. As
noted above, the neutral gold clusters are open-shell for odd values of n while the cationic gold
clusters are open-shell for even values of n. Thus, for these small gold complexes, the AG values
are strongly dependent on the reactivity of the gold cluster. However, the AG values are negative

for the Au, cluster which indicates the most reasonable expectations for larger gold clusters.

2.3.4 Activation energies of hydrogen atom transfer

Finally, we briefly consider the transition states (however, the structures are not shown)
for the Au,SHR—HAu,SR reactions at the same level of theory. For the n=1 neutral and cationic
cases with R=H, the calculated activation energies were 26.6 kJ/mol and 105.9 kJ/mol,
respectively. In chapter 4 we address future studies by calculating the activation energies for
larger n and also for R=CHj3, and R=C,Hs. Additionally we calculate the reaction rate constant of

hydrogen atom transfer using transition state theory.

2.4 Conclusions

In conclusion, the optimized structures of neutral and cationic gold clusters consisting of

1-4 gold atoms, and anionic gold clusters consisting of 1-2 gold atoms, bonded to dihydrogen
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sulphide, methane thiol and ethane thiol were determined using the BP86/SDD functional.
Common trends of these clusters including bond lengths, characteristic gold-sulphur vibrational
stretching and energetically favourable transfer of a hydrogen atom from sulphur to gold were
examined. We find that when the number of gold atoms is large enough, both the hydrogen atom
that has been transferred and the sulphur atom are typically bridge-bonded to different pairs of

gold atoms in the cluster.
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Scheme 3.34 Minimum energy structures of [Aus;OHC,Hs]" — [HAuUs0C,Hs]".

Scheme 3.35 Minimum energy structures of AusOHC,Hs—HAu,0C;Hs.

Scheme 3.36 Minimum energy structures of [Au;OHC,Hs]” — [HAuU4OC,Hs].
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Table 3.13 BP86/SDD AusOHC;Hs Geometries. Bond lengths in A and vibrations in cm™
(intensities in parentheses in km/mol).

Cationic Neutral Anionic
Reactant Product Reactant Product Reactant Product
Au;-O 2.160 2.041 2.213 2.155 3.314 2.041
H:-O 0.989 3.719 0.990 3.758 1.013 3.710
C:;-O 1.523 1.444 1.511 1.486 1.473 1.461
C.-Co 1.526 1.525 1.530 1.532 1.541 1.543
Aur-Au, 2.757 2.715 2.609 3.191 2.630 2.718
Aui-Aus 2.733 5.170 2.772 2.742 5.168 5.034
Aui-Aug 2.756 5.263 4,938 2.663 7.753 5.414
Auy-Aus 2.671 2.725 2.712 2.695 2.632 2.710
Aus-Auy 2.677 2.610 2.573 2.702 2.630 2.744
H.-0O-C; 111.907 123.476 110.423 122.664 108.808 120.336
H.-O-Auy 119.398 5.514 113.193 93.857 7.027 7.680
O-Au;-Auy 122.192 152.197 170.000 42.947 98.499 156.512
O-Au;-Auy 121.170 146.173 107.938 156.178 103.185 164.329
Aur-Aui-Aus 58.233 18.129 60.450 53.370 10.832 21.929
Au-0O 478.84 365.53 448.42 347.55 129.83 561.32
stretch (26.4) (1.3) (114.5) (14.3) (2.0) (72.8)
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Appendix C

C.1 Supplementary information for Chapter 4: Transition state theory of hydrogen atom transfer

in alkane thiol-gold cluster complexes.

Table 4.1 Thermochemical values at 298 K for hydrogen atom transfer from sulphur to gold, for
the gold cluster complexes with hydrogen sulphide, H,S, methane (Me) thiol, SHCH3, and
ethane (Et) thiol, SHC,Hs. Energies in kJ/mol and entropies in J/mol/K.

BP86/SDD MO06-2X/SDD MP2/SDD
AG AS AH AH, | AG AS AH | AH, | AG AS AH AH,
AUSHZ
-> -48.0 | -109 | 511 | 44 | 136 | -156 | 9.1 | -50 | -17.4 | -188 | -22.8 | -2.0
HAuUSH
AuU,SH»
> -195 | 49 | -133 | 57 |56 | -50 |-70|-74 | -82 -1.7 -8.7 -6.5
HAu,SH
AuSHMe
> 503 | -2.7 | 511 | 45 72 | -101 | 42 | -89 | -347 | -38 | -358 | -4.2
HAuSMe
Au,SHMe
> 25.1 16.4 29.8 -53 | 131 | -158 | 85 | -35 | 1438 2.7 15.6 -6.4
HAu,SMe
AUSHEt
> 477 | 97 | 505 | 44 | 75 1.3 79 | 57| -33.7 | -56 | -355 | -3.6
HAUSEt
AU,SHEt
> 0.2 0.4 0.3 59 [191| 20 |19.7]| -75| 149 -5.0 13.5 -3.9
HAuU,SEt

Table 4.2 Activation Energies (in kJ/mol) for hydrogen atom transfer from sulphur to gold, for
the gold cluster complexes with hydrogen sulphide, H,S, methane (Me) thiol, SHCH3;, and

ethane (Et) thiol, SHC,Hs.

BP86/SDD MO06-2X/SDD MP2/SDD
AuSH,>HAuSH 26.7 32.1 3.0
Au,SH,~> HAuU,SH 47.8 0.7 67.7
AUSHCH3;>HAUSCH3 25.1 13.6 5.9
Au,SHCH3;> HAU,SCH3 28.5 63.7 77.5
AUSHC;Hs>HAUSC,Hs 35.1 13.5 64.2
Au;SHC,Hs> HAU,SCoHs 13.9 65.0 71.4

131




Table 4.3 Reaction Rate Constants (in s™*) for hydrogen atom transfer from sulphur to gold, for
the gold cluster complexes with hydrogen sulphide, H,S, methane (Me) thiol, SHCH3, and

ethane (Et) thiol, SHC,Hs.

BP86/SDD MO06-2X/SDD MP2/SDD
AuSH,>HAuUSH 1.3x10° 1.5x10’ 1.9x10"
Au,SH,> HAuU,SH 2.6x10* 4.6x10% 8.7x10°
AUuSHCH3;>HAUSCH; 2.5x10° 2.6x10% 5.8x10™
Au,SHCH3;> HAU,SCH; 6.2x10" 4.2x10" 1.7x10"
AUSHC,Hs>HAUSC,Hs 4.4x10° 2.7x10% 3.6x10"
AU,SHC,H5~> HAU,SC,Hs 2.3x10™ 2.5x10" 1.9x10°

Scheme 4.1 Minimum energy structures of BP86/SDD AuSH,—HAuSH.

Table 4.4 BP86/SDD AuSH, Geometries. Bond lengths in A and vibrations in cm™ (intensities

in parentheses in km/mol).

Reactant Transition State Product
Au-S 2.750 2.697 2.412
H:-S 1.387 2.169 1.393
H:-S-H, 94,142 90.326 97.308
H1-S-Auy 95.326 36.352 97.707
Au-S stretch 146.19 (5.8) 203.71 (25.1) 284.13 (0.0)
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Scheme 4.2 Minimum energy structures of M06-2X/SDD AuSH,—HAuSH.

Table 4.5 M06-2X/SDD AuSH, Geometries. Bond lengths in A and vibrations in cm™
(intensities in parentheses in km/mol).

Reactant Transition State Product
Au-S 2.941 2.459 2.417
H.-S 1.366 3.667 3.796
H:-S-H, 95.202 78.672 95.959
Hq-S-Auy 95.069 19.320 14.286
Au-S stretch 104.46 (11.5) 258.97 (0.4) 276.05 (2.2)

Scheme 4.3 Minimum energy structures of MP2/SDD AuSH,—HAuSH.
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Table 4.6 MP2/SDD AuSH, Geometries. Bond lengths in A and vibrations in cm™ (intensities in

parentheses in km/mol).

Reactant Transition State Product
Au-S 2.780 3.255 2.352
H:-S 1.369 1.368 3.736
H:-S-H, 95.691 95.821 96.703
H:-S-Auy 100.586 132.090 14.849
Au-S stretch 111.43 (13.3) 35.59 (2.8) 384.50 (60.8)

Scheme 4.4 Minimum energy structures of BP86/SDD Au,SH,—HAu,SH.

Table 4.7 BP86/SDD Au,SH, Geometries. Bond lengths in A and vibrations in cm™ (intensities

in parentheses in km/mol).

Reactant Transition State Product
Au;-S 2.518 2.538 2.349
Hq-S 1.389 1.387 1.393
Aui-Au, 2.545 2.550 2.677
H:-S-H, 94.374 94.234 95.820
H:-S-Auy 100.309 99.040 96.047
S-Aui-Auy 178.971 157.254 171.977
Au-S stretch 225.08 (10.8) 211.55 (9.0) 344.96 (11.7)
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Scheme 4.5 Minimum energy structures of M06-2X/SDD Au,SH,—HAu,SH.

Table 4.8 M06-2X/SDD Au,SH, Geometries. Bond lengths in A and vibrations in cm™
(intensities in parentheses in km/mol).

Reactant Transition State Product
Au;-S 2.644 2.643 2.363
H;-S 1.366 1.366 4.062
Aui-Au; 2.570 2.570 2.748
H;-S-H, 95.629 95.650 96.447
H;-S-Au; 99.431 99.500 9.767
S-Au;-Au; 179.539 179.972 166.379
Au-S stretch 192.20 (16.8) 191.85 (19.7) 331.98 (19.6)

Scheme 4.6 Minimum energy structures of MP2/SDD Au,SH,—HAu,SH.
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Table 4.9 MP2/SDD Au,SH; Geometries. Bond lengths in A and vibrations in cm™ (intensities

in parentheses in km/mol).

Reactant Transition State Product
Au;-S 2.514 2.440 2.344
H:-S 1.370 2.162 4.007
Aui-Au, 2.537 2.537 2.667
H:-S-H, 95.997 90.186 96.709
H:-S-Auy 103.050 39.572 9.273
S-Aui-Auy 178.017 178.839 162.170
Au-S stretch 239.18 (15.2) 360.65 (91.9) 360.46 (16.5)

Scheme 4.7 Minimum energy structures of BP86/SDD AuSHCH3;—HAuSCHs.

Table 4.10 BP86/SDD AuSHCH3; Geometries. Bond lengths in A and vibrations in cmt
(intensities in parentheses in km/mol).

Reactant Transition State Product
Au-S 2.709 2.419 2.418
H:-S 1.389 3.947 2.773
C-S 1.905 1.894 1.892
H,-S-C 97.254 106.138 101.380
H:-S-Auy 95.908 8.762 34.370
Au-S stretch 159.72 (0.1) 274.57 (0.5) 273.86 (0.8)
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Scheme 4.8 Minimum energy structures of M06-2X/SDD AuSHCH3;—HAuSCH3.

Table 4.11 M06-2X/SDD AuSHCH; Geometries. Bond lengths in A and vibrations in cmt
(intensities in parentheses in km/mol).

Reactant Transition State Product
Au-S 2.883 2.887 2.561
H.-S 1.367 1.365 4.135
C-S 1.873 1.881 1.856
H.-S-C 98.093 98.591 101.294
H:-S-Auy 98.330 97.840 0.518
Au-S stretch 119.44 (18.8) 118.40 (18.9) 192.67 (2.6)

Scheme 4.9 Minimum energy structures of MP2/SDD AuSHCH3;—HAuSCHjs.
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Table 4.12 MP2/SDD AuSHCH3; Geometries. Bond lengths in A and vibrations in cm™
(intensities in parentheses in km/mol).

Reactant Transition State Product
Au-S 2.694 2.702 2.471
H:-S 1.371 1.370 4.057
C-S 1.905 1.913 1.890
H;-S-C 98.028 98.433 104.255
H:-S-Auy 101.141 99.204 0.115
Au-S stretch 146.40 (17.1) 143.68 (22.1) 235.84 (0.7)

Scheme 4.10 Minimum energy structures of BP86/SDD Au,SHCH3;—HAu,SCHj.

Table 4.13 BP86/SDD Au,SHCH3 Geometries. Bond lengths in A and vibrations in cm?
(intensities in parentheses in km/mol).

Reactant Transition State Product
Au;-S 2.493 2.346 2.348
H:-S 1.390 5.923 4.135
C-S 1.911 1.911 1.903
Aui-Au, 2.547 2.614 2.616
H.-S-C 97.268 105.903 95.914
H1-S-Auy 100.042 1.271 10.858
S-Auz-Auy 179.019 155.284 155.105
Au-S stretch 240.36 (0.7) 337.60 (28.7) 336.56 (24.4)
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Scheme 4.11 Minimum energy structures of M06-2X/SDD Au,SHCH3;—HAu,SCHs.

Table 4.14 M06-2X/SDD Au,SHCH3; Geometries.

(intensities in parentheses in km/mol).

Bond lengths in A and vibrations in cm™

Reactant Transition State Product
Au;-S 2.605 2.347 2.612
H,-S 1.367 5.915 4,182
C-S 1.875 1.879 1.883
Auz-Au, 2.572 2.770 3.109
H;-S-C 98.541 102.762 102.965
H.-S-Auy 99.787 29.100 0.802
S-Au;-Au, 178.795 118.761 49.016
Au-S stretch 203.16 (28.9) 333.62 (6.6) 197.71 (13.2)

Scheme 4.12 Minimum energy structures of MP2/SDD Au,SHCH3;—HAu,SCHs.
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Table 4.21 MP2/SDD Au,SHC,Hs Geometries. Bond lengths in A and vibrations in cm™
(intensities in parentheses in km/mol).

Reactant Transition State Product
Aui-S 2.486 2.331 2.530
H:-S 1.374 5.744 4.115
C:-S 1.922 1.936 1.936
C-Co 1.550 1.553 1.548
Aui-Au, 2.539 2.654 2.842

H:-S-C, 97.383 97.034 102.242
H:-S-Auy 103.333 32.659 0.298
S-Aui-Auy 177.637 114.464 53.665

Au-S stretch 171.13 (0.0) 406.83 (2.0) 181.24 (2.9)
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