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Incremental Binding Energies of Gold(l) and Silver(l) Thiolate Clusters

Brian M. Barngrover and Christine M. Aikens*

Department of Chemistry, Kansas State University, Manhattan, Kansas 66506, United States

ABSTRACT: Density functional theory is used to find incre-
mental fragmentation energy, overall dissociation energy, and
average monomer fragmentation energy of cyclic gold(I) thio-
late clusters and anionic chain structures of gold(I) and silver(I)
thiolate clusters as a measure of the relative stability of these
systems. Two different functionals, BP86 and PBE, and two
different basis sets, TZP and QZ4P, are employed. Anionic
chains are examined with various residue groups including
hydrogen, methyl, and phenyl. Hydrogen and methyl are shown
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to have approximately the same binding energy, which is higher than phenyl. Gold—thiolate clusters are bound more strongly than
corresponding silver clusters. Lastly, binding energies are also calculated for pure Au,s(SR);s ™, Agrs(SR);s , and mixed Au,3

(Ag>(SH)3)s and Ag;3(Au,(SH);3)s nanoparticles.

B INTRODUCTION

The precious metals of gold and silver have held special value
to us since their discovery. Historically they were used as
currency; now, however, they are used in many more applica-
tions, especially when employed on the nanoscale level with
ligands. Some of the applications for gold(I) thiolate clusters are
in antiarthritic and antitumor drugs as well as protein labeling,
drug delivery, and sensing.' > Silver thiolate clusters have
applications as biosensors.*

In 2006, two groups independently studied the structures for
cyclic metal methylthiolate clusters using density functional
theory (DFT) and found essentially the same lowest energy
conﬁgurations.s’6 Howell investigated M,,(SR),, (M = Cu, Ag, Au
and n = 2—6) rings and found that the strain on the system is
relieved at n = 4.° Gronbeck et al. studied the structures and
fragmentation energies of cyclic (AuSR),, (R = CH;, n=2—12)
using PBE.® They found that the smallest systems had planar
structures while the larger structures went to a crown-like zigzag
conﬁguration.6 The fragmentation energies of the systems con-
verged at n = 4.° They showed that larger ligands such as
hexylthiolate, benzenthiolate, and glutathionate have minor
differences on the Au—S framework structure but negligible
effects on the highest occupied molecular orbital to lowest
unoccupied molecular orbital (HOMO—LUMO) gap.°

More recent work by Zeng and co-workers suggested helical and
catenane structures for the larger systems (1 = 6—12).” A later study
by Kacprzak et al. agreed that catenane structures are preferred for n =
10—12 but found crown structures to be lower energy than helical
structures for n = 6—9.° They also examined fragmentation energy
as a function of the metal and found Cu > Au > Ag®

Experimentally, gold(I) complexes have been crystallized and
observed by many different groups.””~"" The gold(I) crystals
seen by Bau are helical in nature.” Simpson et al., LeBlanc and
co-workers, and Wiseman et al. have all observed cyclic ring
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structures of gold(I) complexes.” "' Wiseman et al. also observed
catenane structures for larger gold(I) clusters (n = 10, 12)."!

Silver(I) complex crystals have also been synthesized and
characterized by many groups.'>~ !¢ Ahmed and co-workers have
performed X-ray crystallography and observed tetrameric ring
structure for a large silver(I) complex, whereas smaller structures
adopt a chairlike configuration.'” Dance et al. have studied many
different silver(I) complexes by using X-ray crystallography and
NMR and have seen cyclic clusters, brid%ed-linked monocyclic
clusters, and layered silver(I) clusters.">" 16

In addition, anionic chains such as Au(SR), ~ and Au,(SR); "~
are observed on the outside of the core of many different size
nanoparticles such as Au,s(SR);s~, Ausg(SR),4, and Aujg,-
(SR)44 ."7~%* They have been predicted to passivate Aujs
(SR)¢o>> and are observed on self-assembled monolayers
(SAMs).>* 7 A longer Auz(SR),~ chain was predicted by Zeng
et al. and by Jiang et al. to passivate Au,o(SR) ;6> Moreover,
these motifs could be precursors in nanoparticle growth.* In this
work we calculate the binding energies of anionic chains since
these could affect the sizes and structures of nanoparticles. The
electronic structure and optical absorption of pure Au,s(SH) 5,
Ag,s(SH)15 ™, and mixed Au;3(Ag,(SH)3)s and Ag;3(Au,-
(SH)3)s  systems have previously been studied by Aikens,"
so binding energies of the M,(SR);  chains to the 13-atom
icosahedral cores are also studied in this work.

Bl COMPUTATIONAL METHODS

The fragmentation energies for the gold and silver clusters are
determined by using DFT with Becke Perdew (BP86)**** and
Perdew—Burke—Ernzerhof (PBE)** functionals and polarized
triple-C (TZP) and quadruple-C (QZ4P) basis sets. A few
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Figure 1. Optimized cyclic structures for Au,(SCH3), (x = 2—9). Key: Au: black; S: yellow; C: gray; H: white.

Table 1. Binding Energies of Cyclic Gold Methylthiolate Clusters

BP86/TZP PBE/TZP PBE (ref 6)
group size Einc (eV) E,, (eV) Eiotal (eV) Einc (eV) E, (eV) Eiotal (eV) Ejne (eV) Ey (eV)
dimer cis 1.07 0.54 21.59 1.17 0.58 21.69 1.16 0.58
dimer trans 1.09 0.55 21.61 1.18 0.59 21.70
trimer 4.00 1.69 35.86 4.07 1.75 36.04 4.07 1.74
tetramer 2.58 191 48.69 2.65 1.98 48.95 2.61° 1.96
pentamer 1.95 1.92 60.91 2.02 1.99 61.23 1.97 1.97
hexamer-crown 1.89 1.92 73.06 1.96 1.98 73.45 2.01 1.98
hexamer-helix 1.89 1.92 73.06 2.05 2.00 73.55
heptamer-helix 1 1.95 1.92 85.27 2.03 2.00 85.84
heptamer-helix 2 1.96 1.92 85.27 2.00 2.00 85.80
heptamer-crown 1.93 1.92 85.25 2.08 2.00 85.79 1.96 1.98
octomer-helix 1 1.93 1.92 97.46 1.99 2.00 98.09
octomer-helix 2 191 1.92 97.45 2.05 2.00 98.11
octomer-crown 2.01 1.93 97.52 2.03 2.00 98.08 2.01 1.98
nonomer-helix 1 1.83 191 109.55 1.99 2.00 110.35
nonomer-helix 2 1.95 1.92 109.66 2.05 2.01 110.43
nonomer-crown 1.89 1.93 109.68 1.97 2.00 110.31 1.96 1.97

“ Corrected value (originally reported as 1.96).

energies have also been calculated with the Tao—Perdew—
Staroverov—Scuseria (TPSS) functional.>> All calculations are
performed using the Amsterdam Density Functional (ADF)*
package. We include scalar relativistic effects by incorporating
zero order regular approximation (ZORA).>” The cluster sizes
range from one to four metal atoms with corresponding thiolate
ligands, which have hydrogen, methyl, or phenyl groups. Both
functionals were also used to find the fragmentation energies of
the cychc gold thiolate clusters ranging from two to nine metal
atoms.’~® Energies for both functionals are compared. The

11819

energies of interest are the incremental fragmentation energy,
calculated as E;. = E[RS(MSR), ] — E[MSR] — E[RS-
(MSR),_; ] (M =Au, Agand R = H, CHj3, Ph), and the overall
dissociation energy, which is calculated as E = E[RS-
(MSR),, ] — (n+1)E[SR™] — #nE[M"]. In addition, an average
monomer fragmentation energy is computed for cyclic systems
as E,, = [E[(AuSR),] — nE[AuSR]]/n. The incremental and
overall dissociation energies for the gold and silver clusters are
calculated to determine the stability of the clusters. The same
calculations are done on the mixed metal core nanoparticles for

dx.doi.org/10.1021/jp2061893 |J. Phys. Chem. A 2011, 115, 11818-11823
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Table 2. Binding Energies of Gold- and Silver-Thiolate
Anionic Chains

BP86/TZP PBE/TZP
S (eV) Etotal (eV) e (eV) Etotal (eV)

Au(SH),~ 3.24 1321 3.30 13.30
Auy(SH);~ 2.40 25.59 2.46 25.75
Aus(SH),~ 214 37.70 2.18 37.93
Auy(SH)s™ 2.03 49.70 2.07 49.99
Aug(SH)s ™ 2.00 61.68 2.08 62.07
Au(SCH3), ™ 3.22 13.48 3.29 13.57
Au,(SCH3)3~ 2.32 26.07 2.36 26.20
Aus(SCH3),~ 2.13 38.46 223 38.70
Auy(SCH3)s~ 2.02 50.74 2.09 51.06
Aug(SCH3)s~ 2.01 63.01 2.10 63.43
Au(SPh), ™ 2.99 12.45 3.01 12.40
Au,(SPh); ™~ 2.15 23.97 2.15 23.94
Aus(SPh),~ 1.94 35.36 2.07 35.40
Auy(SPh)s ™ 1.83 46.64 1.99 46.78
Ag(SH),~ 2.84 11.01 2.88 11.09
Ag(SH);~ 2.06 2125 2.10 21.40
Agy(SH)4~ 1.86 31.28 1.92 31.50
Ag,(SH)s~ 1.76 4121 1.81 41.52
Ags(SH)s~ 1.77 51.16 171 51.44
Ag(SCH3),~ 2.84 1115 2.89 11.22
Ag(SCH3);3~ 2.05 21.51 2.10 21.66
Agy(SCH3),~ 1.90 31.72 1.96 31.96
Ag4(SCH3)s~ 1.81 41.83 1.85 4215
Ags(SCH,3)s~ 1.82 51.96 1.89 52.37
Ag(SPh),~ 2.61 10.18 2.61 10.13
Ag(SPh);~ 1.82 19.57 1.88 19.53
Ags(SPh),~ 1.73 28.86 1.83 28.87
Agy(SPh)s~ 1.67 38.02 1.75 37.99

MUE 0.056 MAD 0.061

comparison with overall binding energy calculated as E,yeran =
E[Mls(Mz(SR)s)si] - E[M13+5:| - 6E[M2(SR)37] and aver-
age binding energy calculated as E,yerage = Eoveran /6.

B RESULTS AND DISCUSSION

We performed calculations on cyclic methylthiolate gold
clusters (Figure 1) and their anionic chain analogs. The values
we calculated for E;,,. and E,, shown in Table 1 are in agreement
with Hikkinen, Gronbeck, and co-workers.® Our cyclic clusters
are also in agreement with experimentally known gold structures
found by Bau,” Simpson et al,’ LeBlanc et al,'® and Wiseman
et al.'" with sulfur—gold—sulfur bond angles of approximately
180 degrees, and gold—sulfur bond lengths of approximately
2.3 A. The DFT calculations of the cyclic clusters showed that the
dimers have BP86 monomer fragmentation energies of 1.07 eV
for the cis configuration and 1.09 eV for the trans configuration.

In comparison, the PBE monomer fragmentation energies of the
dimers are 1.17 eV for the cis configuration and 1.18 eV for the
trans configuration. At the TPSS/TZP level of theory, these
fragmentation energies are predicted to be 1.11 and 1.13 eV,
respectively. These systems also have average binding energies of
0.54 and 0.55 eV for BP86 and 0.58 and 0.59 eV for PBE. The
trimer is much higher in both monomer fragmentation and
average binding energies than the dimers. The monomer frag-
mentation energy is 4.00 eV for BP86 and 4.07 eV for PBE, and
average binding energy is 1.69 and 1.75 eV for BP86 and PBE,
respectively. The monomer fragmentation energy at the TPSS
level of theory is 4.06 eV, so both BP86 and PBE are in good
agreement with this functional. As shown in Table 1, the cyclic
clusters converge from four to six metal atoms with monomer
energies about 1.90 eV for BP86 and about 2.00 eV for PBE, and
average binding energies of 1.92 eV for BP86 and about 2.00 eV
for PBE. Convergence is achieved when the incremental binding
energies do not vary significantly from those of the next smaller
sized cluster. Our values are in good agreement with data from
Hikkinen.®

Incremental energies for both the cyclic clusters and the anionic
chains converge after four metals. The cyclic clusters are less stable
than the anionic chains. For the cyclic clusters the incremental
binding energies converge at 1.92 and 1.97 eV (Table 2) compared
to the anionic chains that converge at 2.01 and 2.10 eV with the
BP86 and PBE functionals, respectively.

Since both gold and silver nanoparticles are of interest
experimentally, we examined binding energies of both gold and
silver anionic clusters (Figure 2). The two types of metal clusters
have substantially different incremental energies. As seen in
Table 2, the gold clusters have higher energy than the silver
clusters. The mean unsigned error (MUE) and mean absolute
deviation (MAD) between gold and silver clusters are the
same at 0.29 eV, meaning that the gold clusters always
have higher binding energies than the silver clusters. Thus,
the gold thiolate chains are predicted to be more stable than
the silver thiolate chains. A similar trend was observed for
cyclic clusters.®

We also looked at the effect of different residue groups
attached to the sulfur. With the attachment of hydrogen we see
incremental binding energies of 3.24 eV for the Au(SH),  and
2.84 eV for Ag(SH),  at the BP86/TZP level of theory. As the
cluster size increases we see a decrease in incremental energy,
from approximately 3.24 and 2.84 eV for systems with one
metal atom to 2.00 and 1.77 eV for Aus(SH)s~ and Ags(SH)s
respectively. The incremental fragmentation energy appears
to converge approximately for clusters with four to five
metal atoms.

Changing residue groups to methyl does not change the
energies by a significant amount: Au(SCH3), and Ag(SCH3), ™~
have incremental fragmentation energies of 3.22 and 2.84 eV at
the BP86/TZP level of theory. The same trend for increasing
cluster size holds true: Aus(SCH;)s  and Ags(SCH;3)s both
have lower energies than their smaller counterparts with E;,.
energies of 2.01 and 1.82 eV. Again, the incremental fragmenta-
tion energies converge at four to five metal atom clusters.

The change to phenyl as the residue group shows different
results than observed with the other two residue groups. The
smallest phenyl clusters have E; . energies of 2.99 eV for gold and
2.61 eV for silver. The E;,,. energies also decrease with the growth
of the clusters. Au,(SPh)s ™ has incremental energies of 1.83 eV
for BP86 and 1.99 eV for PBE and Ag,(SPh)s ™ has energies

11820 dx.doi.org/10.1021/jp2061893 |J. Phys. Chem. A 2011, 115, 11818-11823
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Figure 2. Optimized anionic chain structures for Mx(SR)[ (M = Au and Ag; R = H, CHj, and Ph; x = 1—S5; y = 2—6). Key: Au: black; Ag: silver; S:

yellow; C: gray; H: white.

of 1.67 eV for BP86 and 1.75 eV for PBE. We expect that the
E;. values for this system also converge after four metal atoms,
which suggests that additional AuSPh and AgSPh units will bind
with E;,. values of approximately 1.83 and 1.99 eV for gold with
BP86 and PBE, respectively, and 1.67 and 1.75 eV for silver with
BP86 and PBE. This suggests that the energies of formation are
significantly different for aliphatic and aromatic ligands. As the
clusters grow in size, their incremental energies decrease, but
their total energy increases in a linear fashion. The increase in
total energy is expected because larger molecules have a greater
overall binding energy.

On the basis of the DFT calculations that we have performed
on the gold and silver thiolate anionic chain clusters, the BP86
functional generally resulted in a slightly lower energy than the
PBE functional, with a MUE 0f 0.056 eV and a MAD of 0.061 eV.
The slight difference in values comes from the reversal of the
trend on a few of the phenylthiolate clusters. Energies can be
specifically compared in Table 2. TPSS incremental binding
energies for Au(SCH3),~ and Au,(SCH3) ™~ are predicted to be
3.22 and 2.31 eV, respectively, which are in very good agreement
with the BP86 results and only differ slightly from the PBE values.

BP86 calculations with a quadruple- basis set are employed to
determine the effects of larger basis sets. Fragmentation energies
calculated with the TZP basis set are generally lower than

energies calculated with the QZ4P basis set. The MUE between
the TZP and QZA4P is 0.022, and the MAD is 0.029. The
difference in MUE and MAD values comes from some of the
small methylthiolate silver clusters that have lower energy with
QZAP than TZP as seen in Table 3.

For both of the functionals and basis sets compared in this
work, differences between various levels of theory are less than
the differences obtained by changing metal atoms or residue
groups. The change in the functionals account for about 3% of
the total E;,. and the basis sets are about 1% of the total E;,,
which means that they account for only a small fraction of the
total. In seeing this comparison and with the thought of cost and
run time in mind, a calculation using either functional will give a
reasonable value with a MUE again of 0.022 and 0.056 and a
MAD of 0.029 and 0.061 for the basis set and functionals,
respectively. For our calculations the smaller basis set yields
answers within about 0.02 to 0.03 eV of those of the quadruple
basis set, and this level of accuracy is sufficient for this work.

In addition to examining anionic chains, we have also studied
the binding energies of the [M,(SH);]  units to icosahedral
metal cores to form M,s(SH) s~ nanoparticles. We investigate
the pure gold, pure silver, and mixed systems that were previously
studied in ref 31. The 13-atom core metal nanoclusters of gold
and silver show the same trends that the other clusters studied

11821 dx.doi.org/10.1021/jp2061893 |J. Phys. Chem. A 2011, 115, 11818-11823
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Table 3. Basis Set Effects on the Binding Energies of Gold-
and Silver-Thiolate Anionic Chains

BP86/QZAP
I (eV) Etotal (eV)

Au(SH)27 3.26 13.38
AuZ(SH)‘:f 245 25.94
Au3(SH)47 2.19 38.25
Au(SCH3)27 3.24 13.67
Auz(SCH3)37 2.36 26.44
Au3(SCH3)47 2.17 39.03
Au(SPh), ™ 3.08 12.67
Auz(SPh)37 2.17 24.42
Au3(SPh)47 2.02 36.03
Ag(SH)27 2.84 11.03
Agz(SH)37 2.07 21.29
Ag3(SH)47 1.85 31.33
Ag(SCH3)27 2.82 11.18
AgZ(SCH3)37 2.03 21.56
Ag3(SCH3)47 1.88 31.79
Ag(SPh);f 2.61 10.24
Agz(SPh)37 1.83 19.69
Ag3(SPh)47 1.77 29.08
MUE 0.022

MAD 0.029

Table 4. BP86/TZP Overall and Average Binding Energies of
M,(SH); ™ to the Icosahedral Core of M,s(SH) 5~
Nanoclusters

cluster sizes Eqveran (€V)

e (@)

Agi3(Auy(SH)3)s~ 63.88 10.65
Auy3(Ag:(SH)s)s 71.33 11.89
Agls(Agz(SH)3)57 65.15 10.86
Aup3(Auy(SH)3)s 69.97 11.66

show. The gold core binds stronger to the ligands than the silver
core; however, both cores bind stronger to the silver ligands than
the gold ligands, as seen in Table 4. The silver cores have overall
binding energies of 63.88 eV for the gold motifs and 65.15 eV for
the silver motifs and the corresponding gold cores have overall
binding energies of 69.97 eV for the gold motifs and 71.33 eV for
the silver motifs. The average binding energies show the same
trend: the silver core with the gold motifs has an average binding
energy of 10.65 eV and with the silver motifs it has an average
energy of 10.86 eV. The gold core with gold motifs has an average
energy of 11.66 eV, and with the silver motifs it has an average energy
of 11.89 eV. This could be explained in two ways: that the silver
ligands are unstable by themselves in solution or that the cores are
very strongly bound to the silver ligands.

B CONCLUSIONS

In this body of work, we have shown that the incremental
binding energies of cyclic clusters and anionic chains converge
after four metal atoms, and that the cyclic clusters are less stable
than their anionic analogs. Our cyclic cluster models are in
agreement with experimentally known structures and calculations.

We have also shown that there is no significant difference
between the BP86 and PBE functionals as well as between the
triple-C and quadruple-¢ basis sets. Both contribute very little to
the total monomer fragmentation energy; the choice of func-
tional affects the energy by about three percent and the basis set
yields differences of only about one percent. A larger factor for
energy change comes from the changing of residue groups. The
hydrogen and methyl groups showed similar energies, whereas
the phenyl group showed lower binding energies.

The icosahedral core metal nanoparticles show the same
trends as the smaller clusters. The gold cores have higher overall
binding and average binding energies than the silver cores.
However, the silver thiolate motifs have higher energies in both
categories than the gold thiolate motifs.
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