Russian Chemical Bulletin, International Edition, Vol. 59, No. 11, pp. 2039— 2046, November, 2010

2039

Effect of the structure and charge of Au,, clusters
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The interaction of gold clusters Au,, of different structural and charge states with various
hydrocarbons was studied by the PBE density functional method. Saturated hydrocarbons
interact weakly with the neutral cluster Au,,, for charged Auj,* the alkane—cluster bond
energies increase threefold. Unsaturated hydrocarbons interact with cluster surface more strongly
than saturated hydrocarbons, while coordination to the benzene ring is possible for aromatic
compounds PhC,H, PhC,H;, and PhC,H;. The low-coordinative gold atoms located on the
peaks and edges of the cluster are the active adsorption site of the cluster. The appearance of
a positive charge on the cluster leads to a greater increase in the hydrocarbon—gold cluster
bond energy than the transition from the planar 2D structure to the three-dimensional (3D)
structure of the neutral cluster.
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The study of activation and adsorption of hydrocar-
bons on gold nanoclusters is important both from scientif-
ic and practical points of view. This is related first to the
catalytic activity of gold nanoparticles in hydrocarbon ox-
idation, hydrogenation, and isomerization.! An interest-
ing problem is the development and improvement of theo-
retical models for the detailed description and simulation
of adsorption of hydrocarbons on the surface of the gold
clusters.

The catalytic and adsorption properties of gold nano-
particles are determined by their structure, size, and
charge.? Small gold clusters Au,, containing up to ten atoms
are planar,3 and their energy range is small. However,
these clusters form many isomers with different structures.
For example, more than six structures are known for Au,,
among which the planar 2D configuration is most stable
(Fig. 1). The 3D structure of Auy, is characterized by
a higher energy.4 The interaction of the cluster with the
support can change the planar form of the cluster and
affect the electron density distribution.5 Therefore, charged
clusters and, first of all, cationic clusters Au,* can be
considered as models of gold nanoparticles.

Although the study of adsorption and activation of hy-
drocarbons on the gold clusters is urgent, this problem is
insufficiently considered in the literature. It is known that
molecules of saturated hydrocarbons interact very weakly

Auyg (2)
Fig. 1. Optimized structures of the Au,, clusters with different
structures and charges. The distances Au—Au (A) are presented
for the neutral and charged (in brackets) clusters.
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with the gold surface. The energy of physical adsorption of
n-alkanes on the Au(111) surface increases linearly with
the chain length from 14.5 kJ mol~! for methane to
93.6 kJ mol~! for dodecane.® The interaction of n-alkanes
with the tetrahedral cluster Au, affords stable surface com-
plexes, and the coordination sites of alkanes are the peaks
and edges of the cluster, while their localization on the
faces seems less probable.”

Adsorption of n-alkenes on the gold clusters is accom-
panied by the formation of complexes with different types
of binding. In the bonds of the n-type the C atoms are
coordinated to one metal atom, while in the bonds of the
di-o-type each C atom is bonded to different metal at-
oms.8—11 The theoretical simulation of C;H adsorption
on the Au,, clusters (» = 1—5, 8) showed that the bond
energy depends on the structure of the cluster: the maxi-
mum value was obtained for Auy (122.5 kJ mol~!), and
the minimum value was obtained for the isolated atom
(36.7 kJ mol~").10 The energy of the C;H¢—Au, bond de-
creases on going from isolated clusters to the metal sur-
face. Almost no adsorption of C3H¢ occurs on the smooth
Au(111) surface (E,q = 6.7 kJ mol~"), whereas on the mod-
el defective surface of Au/Au(111) the C;H¢—Au,, bond
energy increases to 61.8 kJ mol~!. Thus, bonds formed by
adsorption of unsaturated hydrocarbon on the cluster sur-
face depends on its structure. However, it remains unclear
whether effect of the cluster structure on the adsorption
properties is stronger than the effect of the cluster charge.

This report is a continuation of the cycle of works
devoted to the adsorption ability of the gold clusters.”>12:13
We present the results of the systematic study of the ad-
sorption and activation of hydrocarbons of various struc-
ture on the gold clusters, the nature of adsorption sites,
and the influence of the structure and charge state of the
cluster on its adsorption ability. The purpose of the present
work is the quantum chemical simulation of adsorption of
saturated and unsaturated hydrocarbons of various com-
position and structure on gold nanoparticles. The planar
and 3D clusters Au,y and Au,," are considered as models
of particles. The established regularities of the influence of
the hydrocarbon structure on its adsorption ability were
compared with the results of gas-chromatographic studies
of the composite Au(0.7%)/Al,0;.

Experimental

Quantum chemical simulation of the interaction of hydro-
carbons with the gold clusters was performed by the density func-
tion theory (DFT) with the PBE (Perdew— Burke—Ernzerhow)
nonempirical local functional.!4 The method chosen for calcu-
lation rather well reproduces the structure and energy properties
of small-atomic gold-containing molecules and ions!® and gives
quite reliable results for the gold complexes and clusters.13:16
The calculations were performed by the PRIRODA program.!?

The relativistic effects for the gold atom are anomalously
high.18 In the framework of the non-relativistic approach, the

use of the pseudo-potential makes it possible to efficiently
take into account the most important scalar relativistic ef-
fects. For this purpose, we used the SBK pseudo-potentiall®
for which the external electronic shells are described by the fol-
lowing sets of basic functions: H [311/1], C [311/311/11], and
Au [51111/51111/5111]. Using the Gaussian 03 v. 01 program
(see Ref. 20), we calculated the superposition error of the basis
set used: it was less than 1 kJ mol~! for all complexes. The con-
tribution of the zero-point vibration energy to the total energy of
the system was calculated in the harmonic approximation.

The type of stationary points of the potential energy surface
(PES) was determined from analysis of the Hesse matrices and
analytical calculation of the second derivatives. The adsorption
energy Eyq of hydrocarbon C,H, on the gold cluster Au, was
calculated by the formula

E,q= E(Au,) + E(C.H)) — E(Au,C,H,), 1

where E(AuanHy) is the energy of the optimized complex
Au,—hydrocarbon, and E(Au,) and E(C,H,) are the energies of
the optimized isolated cluster and hydrocarbon, respectively. In
all cases, singlet states were considered for neutral systems, while
doublet states were considered for charged systems, because the
triplet and quintet states for the gold clusters are characterized
by considerably higher energies (> 1 eV).4

The adsorption properties of the composite Au(0.7%)/Al,05
were studied by gas chromatography. Measurements of the ther-
modynamic characteristics of adsorption at small and moderate
coverages of the surface were performed on a Kristall 4000M
chromatograph with a heat-conductivity detector (katharome-
ter) using helium as a carrier gas. Glass chromatographic col-
umns 25x0.2 cm in size were maintained at a constant tempe-
rature of 70—120 °C. Test compounds were normal hexane
(n-CgH 4), hexene (n-CgH,,), and hexyne (n-C¢H,), as well as
benzene derivatives: ethylbenzene (PhC,Hs), styrene (PhC,Hj;),
and phenylacetylene (PhC,H). A liquid 2-uL sample of the
sorbate was injected into the chromatograph with a microsyringe.
Chromatographic data were processed by the NetChrom V2.0
program. The specific retention volumes Vp, were calculated
from the retention times measured at different temperatures.
The adsorption heats Q were determined with allowance for the
temperature dependence of the retention volume

IV, = O/(RT) + B, (©)

where B is the integration constant. The error in determing the
heat of adsorption is +1 kJ mol~L.

Results and Discussion

Interaction of hydrocarbons Cg with Au;, and Auy,*.
The planar clusters Au,;gand Au,,* (see Fig. 1) that mimic
the Au(111) surface are formed by atoms of four types
differed in the coordination number (CN)

Atom Coordination number
3,6 6
2,5 4
1,4,7,8,9, 10 3

Hydrocarbon can coordinate to each of these atoms.
The corresponding adsorption energies of hydro-
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Table 1. Calculated energies of the complexes CgH|,—Au,q,
C¢H g—Au,, C¢H,—Au,o*, and CgH p—Au,," relative to the
energy of the complex with the coordination of hydrocarbon
to atom 1 for planar Auy, and 7 for the bulk cluster Auy,
(AEy/kJ mol~!) and the adsorption energy calculated for the most
stable isomer by formula (1) (E,4/kJ mol~1)

CH, Cluster AE|, for different types E.q
of binding (numbers of Au atom)
1 2 3 7 10
C6H10 Aulo—l 0 21 65 — 1 76
Aujpt—1 0 34 36 — -2 148
Aujp—2 28 — 23 0 8 86
Aut—2 -1 — -3 0 6 146
C¢Hip Aujp—1 0 19 62 — 1 79
Aujpt—1 0 43 47 — 7 187
Auyy—2 24 — 6 0 10 85
Aujyt—2 4 — 1 0 5 98

;

N
2
]
N
[N
(98]
g
N
—

CeHs—Auyg

C6H12*Aul0 (3)

carbons Cg4 calculated by formula (1) are listed in
Table 1.

According to the previous theoretical studies,’ saturat-
ed hydrocarbons (n-C4H4) are coordinated to the edge
of the tetrahedral Au,, cluster with the bond energy
11 kJ mol~!. The optimization of the structure of the
C¢H4,—Au;, complex in which the interaction occurs with
allowance for three contacts H—Au (Fig. 2) showed that
the value of E,4 of n-C¢H , on Au, increased to 26 kJ mol~!.
On going to the charged planar cluster Au,y*, E,4 increas-
es almost three times and becomes equal to 74 kJ mol—1.

Unsaturated hydrocarbons (n-C¢H, and n-C¢H ;) in-
teract with the gold cluster through the formation of
a n-complex. The structures of the neutral and positively
charged complexes C¢H|,—Au,q and C¢H;j—Au,, with
different coordination of hydrocarbon relative to atoms 1,
2, 3, and 10 were optimized (see Fig. 2). The calculated
total energies of each complex relative to the energy of the

2.25 ,’j
4 1
71229
%
C6H12*Aul0 (1)

C6H10*Aul0 (3)

Fig. 2. Optimized structures of the complexes of the planar Au,, cluster with C¢H 4, CcH,, and CgH | of different coordination modes
of hydrocarbon to atoms 1, 2, and 3 (the atom number in the title of the complex is indicated in parentheses). Hereinafter in Figs 3, 6,
and 8 the Au atoms are designated with gray and the C atoms are white; and the calculated distances are given in A.
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most stable isomer are listed in Table 1. The coordination
of hydrocarbon to atoms 1 and 10 is most favorable for the
neutral cluster, whereas the coordination to atom 2 is
20 kJ mol~! less favorable. Alkenes and alkynes are bound
to neutral planar Au,, with nearly the same E, 4 equal to
76 and 79 kJ mol~! for n-C4H,( and n-C¢H,,, respective-
ly. When hydrocarbon is coordinated to atom 3, the dis-
tortion of the cluster structure is possible (see Fig. 2),
which is observed in the case of n-C¢H;,.

On going to the positively charged cluster Au,,*, one
can notice equalization of the values of relative energy of
the complexes obtained by coordination to atoms 2 and 3.
In this case, the adsorption energy of n-CgHq
(148 kJ mol~!) is considerably lower than that for n-C4H,
(187 kJ mol~1). The structures of the complexes are simi-
lar to those obtained earlier for the neutral cluster.

The following groups of nonequivalent atoms can be
distinguished in the 3D Au,, cluster: 1 and 6 (CN = 5); 3,
4,8,and 9 (CN =4);2,7,5,and 10 (CN = 3). According
to the calculated data, among these atoms atom 7 has the
highest adsorption strength. The adsorption energy of
n-CgH 4 on 3D Au,, is lower than that on the planar one,
E,q = 18 kI mol~!. This is related, most likely, to a de-
crease in the number of H—Au contacts to two (Fig. 3).
The optimized structures of complexes of n-C¢H;, and
n-CgH, with 3D Au,q are shown in Fig. 3. It follows from
Table 1 that the formation of complexes in which hydro-
carbon is coordinated to atoms 7 and 10 is most favorable,

W
214‘ ?

CeHy4—Auyg

226"

CeHiy—Auy, (7)

CeH g—Auy, (10)

and weaker binding is observed for atoms 1 and 3. On
going from the two-dimensional to three-dimensional
model, the energy of the hydrocarbon—cluster bond in-
creases by 10 kJ mol~! on the average for the both hydro-
carbons. The values of E, for n-C¢H,, and n-C4H,, are
86 and 85 kJ mol~!, respectively. Thus, no selective ad-
sorption of hydrocarbons containing double and triple
bonds occurs on Auy, (3D).

The positive charge on the 3D cluster results in equal-
ization of the energy of the complexes with different coor-
dination modes of hydrocarbon and in an increase in E,4
compared to neutral 3D Au,,, and for n-C¢H,, the in-
crease is more substantial (1.7 times). According to the
calculation, selective adsorption of alkenes and alkynes is
possible on 3D Au,,*. Unlike the planar cluster Au,,*, the
3D cluster more strongly adsorbs hydrocarbons containing
the triple bond rather than those with the double bond. It
was of interest to confirm experimentally the result obtained.

Measurement of the adsorption heat of hydrocarbons on
the gold nanoparticles supported on alumina. The measure-
ments of retention volumes of n-C¢H,4, n-C¢H,, and
n-CgH,o on the composite Au(0.07%)/Al,05 in the tem-
perature range from 100 to 150 °C (Fig. 4) showed that the
interaction of n-C4H |4 with the sample surface is weakest.
At all temperatures the retention volumes increase on
going from n-alkanes to n-alkenes and further to n-alkynes

Vi(CsHig) <V, (CeHyp) < V,,,(CeHyg).

el

1.24 2.19%} :

0.7

C6H10—Au10 (1)

30
/2.26

CeHy—Auy (10)

A.2.19
237“

Fig. 3. Optimized structures of the complexes of the bulk Au,, cluster with C¢H 4, C¢H |5, and C¢H |, with different coordination

modes of hydrocarbons to atoms 1, 7, and 10.
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2.4 2.5 2.6 7-1-103/K-!

Fig. 4. Logarithm of the retention volume (InV,,) of n-C4H 4
(1), n-C¢Hy, (2), and n-C4Hy (3) vs inverse temperature for
Au(0.07%)/Al,0;.

The calculation of the selectivity of adsorption o
(ratio of retention volumes of adsorbates at different
temperatures) revealed that the minimum selectivity is
observed for the pair n-CqH,/n-C¢H4 the maximum
one is observed for the pair C¢H,o/C¢H4 (Fig. 5, a),
and the selectivity of adsorption of C¢H;,/C¢H, is inter-
mediate (Fig. 5, b). Thus, the Au(0.07%)/Al,05 sample
has a high selectivity of retention toward the studied
aliphatic hydrocarbons. This tendency is confirmed by
the quantum chemical simulation of hydrocarbons Cg

In(V3/V1) a
10 |
O 1
9 2
8|
7L
6
110 130 150 T/°C
11’1(V3/V2) b
5.0 F
45}
4.0
35k
3.0F
110 130 150 T/°C

Fig. 5. Selectivity o vs temperature at V3/V; = CcH;o/C¢H 4 (a)
and V3/V, = C¢H,o/CsH ; (b): Au(0.7%)/A1,05 (1) and AL,O5 (2).

with Auy, in the case of the 3D charged gold cluster.
This suggests that the model clusters considered ade-
quately reflect the adsorption sites of the composite
Au(0.07%)/A1,05.

The differential heats of adsorption (Q,) determined by
Eq. (2) increase on going from saturated hydrocarbons
(45 kJ mol~! for n-C4H 4 and 49 kJ mol~! for n-C4H,) to
unsaturated hydrocarbons (58 kJ mol~! for n-C¢H ). Sim-
ilar dependence is probably related to both dispersion in-
teractions and specific interactions of m-electron bonds
with the active sites on the adsorbent surface. When Au
particles are immobilized on the Al,O5 surface, the in-
fluence of the electron configuration of the carbon at-
oms on adsorption is retained. As with the starting y-Al,Os,
on going from n-alkane to n-alkene and then to
n-alkyne with the equal number of atoms, the retention
values on the composites (Au/Al,0O5) increase due to the
n-bonds.

Adsorption of light and aromatic hydrocarbons on the
gold clusters. To determine the influence of the hydrocar-
bon structure on the adsorption energy on the cluster sur-
face, we performed the quantum chemical simulation of
the interaction of the planar and 3D clusters Au;, and
Au,* with simplest hydrocarbons C, (C,Hg, C,Hy, and
C,H,) and with aromatic hydrocarbons Ph—C, (PhC,Hjs,
PhC,H;, and PhC,H). We considered the coordination
only to the gold atom, which showed that highest activity
in forming bonds with hydrocarbon Cg: this is atom 1 in
planar Au;, and atom 7 in 3D Au;, The optimized
structures of the uncharged complexes Au;,—C,H,
(x = 2, 4, 6) are presented in Fig. 6. Analogous struc-
tures of the hydrocarbon—cluster complexes with a slight
change in the distances Au—C (2.20 A for C,H,, 2.24 A
for C,H,) and Au—H (1.98 A for C,Hg) are formed
for Au,,*.

It seems interesting to compare the calculated values
of E,, for C,H¢, C,H,, and C,H, with the earlier obtained
values for n-CgH 4, n-C4H 5, and n-C4H | (see Table 1).
The dependences of the adsorption energy on the type of
hydrocarbon for the planar and 3D clusters Au;yand Au ;"
are shown in Fig. 7. It is seen that saturated hydrocarbons
are bound most weakly to the gold cluster: their bond
energy increases from 9 kJ mol~! to 74 kJ mol~! (C¢H 4,
2D). As it was expected, the energy of interaction increas-
es with the chain length. In this case, the higher
bond energy is characteristic of adsorption on the planar
charged cluster. Similar regularity is observed for un-
saturated hydrocarbons: the adsorption energy increases
on going from hydrocarbons C, to C4. Among the neutral
clusters, the 3D cluster is the most active, while the planar
cluster is the most active among the positively charged
clusters. Ethylene is adsorbed more strongly than acety-
lene (the values of E,4 for C,Hy are 79 (2D cluster),
119 (2D* cluster), 70 (3D cluster), and 117 kJ mol~!
(3D™ cluster)).
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Fig. 6. Optimized structures of the neutral complexes of the planar and 3D Au,, clusters with C,H,, C,H,, and C,Hg.

Aromatic compounds PhC,Hs, PhC,H;, and PhC,H
can interact with the gold clusters not only through the
formation of the m-complex with the substituent but also
via the interaction with the aromatic system of the ben-
zene ring (Fig. 8). In this case, the values of E, 4 increase,

E,4/kJ mol~!
180 - —-— ]
160 | =7
140 o
® 5
120
100
80
i
60
40
<4
20

1 2 3 4 5 6 7 8

Fig. 7. Calculated (/—4) and experimental (5) adsorption ener-
gies of hydrocarbons PhC,H; (1), C,Hg (2), C¢Hy4 (3), C,H,
(4), PhC,H (5), PhC,H; (6), C,H, (7), C¢Hy (8), and CgH,
(9) on the planar or 3D clusters Au;, and Au,,*: planar cluster
Auyy" (1), 3D cluster Auyy* (2), planar cluster Auy, (3), and 3D
cluster Auy, (4); experimental value of adsorption heat on the
composite Au(0.7%)/Al,05 (5).

9 Hydrocarbon

for instance, for phenylethane E,4 increases to 31 E,4
kJ mol~! (2D"). The calculated bond energies of the 3D
neutral gold cluster with PhC,H (78 kJ mol~!) and
PhC,Hj; (80 kJ mol~!) coincide with the measured values
of heats of adsorption of phenylacetylene (78 kJ mol~!)
and phenylethylene (74 kJ mol~!) on the composites
Au(0.07%)/A1,0;.

The composites Au(0.07%)/Al,05 studied in the
present work can be used as selective sorbents and cata-
lysts of various reactions, including those involving hydro-
carbons.2! According to the performed simulation, the
most probable adsorption and catalytic centers are Aus™
(0 < 8 < 1), which can appear on the surface due to the
interaction of a particle with the support or with the frag-
ments of organic molecules remaining on the surface at
some methods of production.?2 The use of supports con-
taining surface Bronsted and/or Lewis acid sites favors an
increase in these centers.23 The introduction of an addi-
tional metal also affects the charge redistribution on the
particle surface.?!

Thus, the models developed for the adsorption of hy-
drocarbons of various composition and structure on the
gold surface showed that the active adsorption sites are the
most coordinatively unsaturated gold atoms situated on
the peaks and edges of the cluster. If the cluster contains
positively charged atoms, the energy of the hydrocarbon—
cluster bond increases more considerably than for the dis-
tortion of the planar 2D structure. The comparison of the
obtained theoretical results of the data of gas-chromato-
graphic studies of Au(0.7%)/Al,05 showed that the con-
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PhC2H3—Au10 (7)

PhC2H5*Aul0

Fig. 8. Optimized structures of the neutral complexes of the planar and 3D clusters Au;, with PhC,H, PhC,H;, and PhC,Hs.

sidered model clusters adequately reflect the adsorption
sites of the real composite.
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