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Small cationic gold clusters exhibit a strong affinity toward carbon monoxide. This prevents the coad-
sorption of water which would be the first step of a catalytic water gas shift chemistry on these clusters.
In a gas phase ion trap experiment with mass selected Ag,Au,,," it was however possible to demonstrate
that the replacement of gold by silver atoms in triatomic cluster ions liberates sites for H,O adsorption.

The resulting observed coadsorption effect occurs at a cross-over in the molecular binding energies of
carbon monoxide and water to these clusters determined by reaction kinetics measurements and first

principles calculations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

There is currently a strong interest in the properties of interme-
tallic compounds with finite nanoscale dimensions which are often
conveniently termed ‘nanoalloys’ [1]. With respect to the reactive
properties of such small alloy particles in heterogeneous catalysis
recent results show surprising activities and in particular product
selectivities that clearly deviate from those of the pure constituent
metal compounds [2-4].

Gas phase experiments with mass-selected clusters can contrib-
ute to gain molecular level insight into the mechanistic origin of
such new chemical properties of nanoalloy metal particles [5]. In
addition to the exactly defined size also the composition can be
varied atom by atom in such small clusters and thus detailed
trends in the chemical reactivity can be revealed [6-10].

In this contribution we explore the possibility to tune the reac-
tive properties of triatomic gold cluster cations by ‘alloying’ with
silver. Small positively charged gold clusters are known to strongly
bind carbon monoxide [9-13] which prevents the coadsorption of
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many other ligands. Here, we are interested in the interaction of CO
with water in a water gas shift reaction scheme:

H,0 + CO=2C0, +H, M

This reaction is technically important for the production of
hydrogen and the removal of noxious CO impurities in, e.g., fuel
cell feed gases. In the water gas shift reaction the coadsorption of
CO and H,0 on the catalyst represents the necessary first reaction
step, followed by activation of the ligands and the subsequent ac-
tual chemical transformation. Previous studies already indicated
that the replacement of gold by silver atoms leads to a weaker
bonding of CO to the clusters [10,11,13].

In the following we present the first investigation (experimen-
tal and theoretical) of the coadsorption of water with carbon mon-
oxide as a function of the composition of binary silver-gold cluster
cations. The results reveal that the adsorption of both molecules is
indeed possible on Ag,Au” and that this effect can be related to a
cross-over in the binding energies of these molecules to the clus-
ters of different composition.

2. Methods

The reaction between mass-selected cluster ions and neutral
reactant gases without the influence of a surface were investigated
in a gas phase low energy ion beam setup that includes a radio fre-
quency (rf) octopole ion trap inserted into a system of quadrupoles
to guide the ions and a quadrupole mass spectrometer to detect the
products. This experimental layout has been described in detail
elsewhere [14-16] and will only be described briefly here. In addi-
tion to the data acquisition routine a concise summary of the data
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evaluation methods will be given in the following. Finally, the
computational methods will be described.

2.1. Data acquisition

The sputtering of metal-alloy targets (70 wt.% Ag, 30 wt.% Au)
with a cold reflex discharge ion source (CORDIS [17]) was em-
ployed to generate the metal cluster cations. The cluster ions were
thermalized by collisions with helium gas, mass-selected by a first
quadrupole filter and subsequently guided to the octopole ion trap
which was filled with about 1 Pa helium buffer gas and small par-
tial pressures of reactant gas. The total pressure inside the ion trap
was measured by a Baratron gauge (MKS, type 627B). The temper-
ature of the trap could be varied between 20 and 300 K by resistive
heating against an attached helium cryostat. Thermal equilibration
of the clusters was achieved under these experimental conditions
within a few milliseconds [15]. After a defined reaction time, i.e.
storage time inside the trap, the products were extracted and ana-
lyzed with a further quadrupole mass filter. By recording all the
product ion concentrations as a function of the reaction time, the
kinetics of the reaction could be measured.

2.2. Data evaluation

To determine the binding energies of the carbonyl ligands to the
metal clusters the thermodynamic equilibrium evaluation method
was used (see Ref. [10] and references therein). This method is
based on temperature dependent measurements of the reactions
of interest under thermodynamic equilibrium conditions.

Yet, the reaction experiments with water as reactant gas could
be performed reliably only at room temperature because of con-
densation effects that occurred, if the trap was held at a different
temperature than the gas inlet. Therefore, room temperature kinet-
ics measurements were performed in the case of the reaction be-
tween the metal clusters and water and statistical reaction rate
analysis employing the Rice-Ramsperger-Kassel-Marcus (RRKM)
method was applied to determine the water binding energies
[18,19]. Details of the statistical kinetics evaluation procedure
and of the corresponding error analysis have been described else-
where [10,16] and thus only a summary of this method to obtain
ligand binding energies will be given in the following.

For the analysis of the metal cluster reactions with H,O simple
association reactions according to Eq. (2) were assumed to proceed
in the ion trap.

M; + H,0 — M3H,0" 2)

During the reaction the concentration of the reactive gas in the
octopole ion trap was orders of magnitude larger than the metal
cluster ion concentration and a steady flow of the reactants was
ensured. Hence, the concentration of the reactive gas was consid-
ered to remain constant in the data evaluation procedure. Conse-
quently, the association reaction (2) was assumed to follow
pseudo-first-order kinetics with the rate constant k. The reaction
kinetics was evaluated by fitting the integrated rate equations of
the mechanism Eq. (2) to the normalized experimental kinetic data
[19]. The pseudo-first-order rate constant k contains the termolec-
ular rate constant k™ as well as the concentrations of the helium
buffer gas and the reactive gas (Eq. (3)).

k = k®[He][H,0] 3)

Thus, the termolecular rate constant can be obtained from the
experimentally determined pseudo-first-order rate constant k
and the partial pressures of Helium buffer gas and water (after cor-
rection for thermal transpiration [16,20-23]). As the total pressure
inside the trap was about 1 Pa the reactions were performed in the

kinetic low-pressure regime. Therefore, an energy transfer mecha-
nism has to be considered for the overall association reaction Eq.
(2) to occur [19]:

M; +H,0 2 (MsH,07)" Ky, kg (4a)

(M3H20+)* + He — I\/IgHzOJr + He* ks (4b)

The energy transfer mechanism consists of three elementary
steps including the formation of an energized complex (M3sH,0")*
in the first association step with the rate constant k,. The reverse
dissociation reaction with the rate constant k4 describes the poten-
tial unimolecular decomposition back to the reactants. In competi-
tion with this dissociation step, the stabilization through an
energy-transfer collision with a Helium atom is possible. ks is the
rate constant for the stabilization reaction.

If the steady-state approximation is considered [19], the overall
third-order rate constant is given by

K® = ka ks (ka + ks[He)) .

Under the given low pressure conditions the decomposition
rate constant can be considered to be much larger than the stabil-
ization rate constant (kg » ks[He]) resulting in a new expression for
the third-order rate constant

kP = k, k/kq (6)

The association rate constant k, and the stabilization rate con-
stant ks can be approximated by ion-molecule collision rate con-
stants as specified by Langevin theory [16,19,24]. Both reactions
are ion-dipole or ion-induced dipole interactions, respectively,
without energy barriers.

In contrast, the unimolecular decomposition reaction with the
rate constant kq exhibits an activation energy barrier, which is
associated with the molecular binding energy of the ligand to the
metal clusters. kq can be obtained from statistical reaction rate the-
ory in the framework of the RRKM method [18,25] and thus be
used to determine the H,O binding energies E,. For this purpose
the software package ‘MassKinetics’ was employed to simulate
the decomposition rate constant kq on the basis of a given binding
energy [26]. The vibrational frequencies of the metal clusters re-
quired in the RRKM calculations have been taken from the current
theoretical results.

In the calculations a ‘tight’ and a ‘loose’ transition state (TS)
model was assumed [16]. A ‘tight’ TS model describes bond rear-
rangement processes and results in a lower limit of E, [16,28]. In
contrast, a ‘loose’ TS model is usually associated with simple disso-
ciation reactions and thus represents a more realistic model for the
cluster-molecule systems investigated here. For a detailed descrip-
tion of the RRKM evaluation procedure please see Ref. [16].

2.3. Computational methods

The structural properties of all binary silver-gold trimer cluster
complexes Ag,Au,(H,0)" (n +m = 3) were determined using den-
sity functional theory (DFT) with the hybrid B3LYP functional
[29-32]. For gold and silver atoms a triple-zeta-valence-plus-
polarization (TZVP) atomic basis set combined with a 19-electron
relativistic effective core potential (19e-RECP) were employed
[33,34]. For the hydrogen and oxygen atoms we used the TZVP
atomic basis sets [35]. All structures presented were fully opti-
mized using gradient minimization techniques.

3. Results

The reactions between CO and the free gold, silver and binary
silver-gold trimer clusters have been studied in our laboratories



76 I Fleischer et al./ Chemical Physics Letters 565 (2013) 74-79

(a)  Auy(CO);" (d) Aug(H0)3"  (g)  Aug(CO)s"
600 700
(b) Angu(CO)+ (e) (h)  Ag,Au(CO)H,0)*

Ag,AU(CO)(H,0),*

AgoAut
: R
AgoAu* | Ag,AU(CO),*
400 500 400 500 400 500
(¢) Ags" (i) Ags(H0)

AQS(HZO)Z
H,0
- Ag (cOy’ 93( L,0)*

300 400
Mass /amu

Figure 1. Product ion mass distributions measured after the reaction of Aus* (a, d,
g), AgAu” (b, e, h), and Ags* (c, f, i) with CO (a-c) and H,O (d-f) at 300K
(p(He) =1 Pa; p(CO) = 0.02 Pa, except in (b) p(CO) = 0.22 Pa; p(H,0) = 0.003 Pa). The
spectra in the right column display product ion mass distributions obtained when
both reactive molecules CO and H,0 were present in the ion trap (p(CO) = 0.04 Pa,
p(H,0) = 0.004, 300 K) for Aus* (g), Ag;Au’ (h) and Ags* (i). All the spectra were
obtained after a reaction time of 500 ms.

previously [10]. Depending on the reaction temperature all inves-
tigated trimer clusters adsorb CO in sequential equilibrium reac-
tion steps. Figure 1a-c displays the corresponding product mass
spectra obtained at room temperature and a reaction time of
500 ms. The complete kinetics and temperature dependent analy-
sis can be found in Reference [10]. Under these conditions the pure
gold cluster Aus* rapidly reacts with three CO, each attached to one
gold atom of the cluster, leading to the final product Aus(CO)s*
[10]. Under similar experimental conditions, the pure silver and
the binary silver-gold cluster Ag,Au” react with only one CO each.
If the CO pressure is increased, further CO adsorption is observed.
This is shown for the case of Ag,Au® in Figure 1b. The enhanced
reactivity of Aus* toward CO is also reflected in the composition
dependent binding energy (displayed in Figure 2), which is consid-
erably higher for Aus;* than for the other trimers.

14 T H20exptl %
1 Hzothenr
124 —O—COpqypy
Cotheor

| /A
0.8—_ /

Ag;* Ag,Au* Aug*

Binding energy / eV
5
1

Figure 2. Experimental and theoretical composition dependent binding energies of
a first H,0 (squares, experimental values based on the ‘loose’ TS model) and CO
(circles) molecule, respectively, to the clusters Ags*, Ag;Au" and Aus*. Binding
energies of CO to the clusters have been taken from Ref. [10]. The lines connecting
the data points have been drawn to guide the eye.
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Figure 3. Kinetics of the reactions of Ags*(a), Ag;Au’(b), and Aus*(c) with H,0 at
300 K. The open symbols represent the experimental data, normalized to the initial
metal cluster concentration and to the total ion concentration in the trap. The solid
lines have been obtained by fitting the integrated rate equations of the proposed
reaction mechanism (Eq. (7)) to the experimental data. The experimental pressure
conditions are included in Table 1.

The interaction of H,O with Aus* has been investigated previ-
ously [36]. However, no quantitative binding energies have been
determined so far. Also no reaction studies of Ags" or of Ag,Au*
with water have been reported in the literature. Figure 1d-f dis-
plays the product mass spectra after reaction of H,O with these tri-
mer clusters at room temperature. The corresponding kinetic
traces are depicted in Figure 3. All clusters have the capability to
form adsorption products with H,0. The pure silver cluster reacts
with up to two ligands as does Ag,Au". Aus* is again the most reac-
tive cluster and leads to the complex Aus(H,0)s" as final product.

Experimental binding energies of the first H,O molecule to
these clusters have been determined via statistical analysis of the
kinetic data in Figure 3 as described in the Methods Section. The
solid lines in Figure 3 represent the best fit of the integrated rate
equations to the experimental data according to the following
sequential H,O association reaction mechanism:

M; + 3H,0 = M3(H,0)" + 2H,0 = M3(H,0);
+H,0 2 M3(H,0); (7

The thus obtained rate constants k for the adsorption of the first
water molecule are listed in Table 1 and the resulting binding ener-
gies can be found in Table 2 for the different transition state mod-
els as detailed in Section 2.2 together with the theoretically
obtained values.

From the graphical comparison of the CO and the H,O binding
energies (experimental values are displayed only for the more
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Table 1

Measured pseudo first order (k) and termolecular (k) rate constants for the investigated reactions of the trimer cluster cations Ms* with water, as well as deduced unimolecular
decomposition rate constants (kq) of the energized complexes (MsH,0")* at 300 K. Also included are the experimental pressure conditions (not yet corrected for thermal

transpiration [16]) and the Langevin rate constants k, and ks.

My* p(He) p(H,0) k k3 ka ks ka
(Pa) (Pa) (s (10728 cm®s 1) (107" cm?s 1) (10" cm?s 1) (10°s71)
Ags* 1.000 0.004 0.41+£0.08 19+6 23.27 5.328 67 £22
AgrAu” 1.000 0.004 1.17+0.23 53+17 23.13 5.322 23+8
Auz” 1.011 0.005 4.0+0.8 178 +6 22.98 5315 0.07 £ 0.02
Table 2

Binding energies E, of H,O to all investigated cluster ions Ms* as deduced by
employing RRKM theory for ‘tight’” and ‘loose’ TSs as well as DFT theory.

M;* E, Ey Ep
(eV) exptl. ‘tight’ TS (eV) exptl. ‘loose’ TS (eV) theoretical
Ags* 0.49+0.1 0.83+0.1 0.97
AgrAu” 0.47 +£0.1 0.82+0.1 1.08
Aus* 0.58+0.1 0.98 £ 0.1 1.20
Ag,Aut
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Figure 4. Kinetics of the reaction of Ag,Au" with CO and H,O at 300 K. The open
symbols represent the normalized ion signals, while the solid lines are obtained by
fitting the integrated rate equations of the proposed reaction mechanism (Eq. (8)) to
the experimental data.

realistic ‘loose’ transition state model) in Figure 2 it is apparent
that a cross over occurs in the affinity of the small clusters toward
these molecules as a function of the composition. Whereas CO
binds more strongly to Aus” than H,O the reverse relative bonding
behavior is observed for Ags*. The theoretical data confirm this re-
sult as can be seen form Figure 2. The agreement between the the-
oretical CO binding energies and the experimental data is very
favorable. Also the trend in the calculated H,0 binding energies
is quite similar to the experiment. Yet, the quantitative theoretical
H,0 binding energies are systematically 0.18-0.22 eV higher than
the experimental values.

The major goal of this Letter was to investigate the potential
coadsorption of CO and H,0 on the chosen noble metal trimers
which is the mandatory first step with respect to their prospective
activation and subsequent reaction in a water gas shift type chem-
istry. Figure 1g-i thus shows product mass spectra of the investi-
gated clusters in the case when both reactants H,O and CO are
present in the ion trap.

No difference is detected in the presence of water compared to
the result when CO is the sole reactant for Aus®. The complex
Au;(CO);" is observed as the major product. However, most sur-
prisingly, the replacement of two gold atoms by silver in Ag,Au®*
apparently liberates sites for the adsorption of H,O and the coad-
sorption complexes Ag,Au(H,0)CO™ as well as Ag,Au(H,0),CO*
are detected. The corresponding kinetic data shown in Figure 4 will
be discussed below. Finally, Ags" prefers the exclusive adsorption
of two water molecules at room temperature (see Figure 1i; ob-
tained at slightly different partial pressure conditions with respect
to Figure 1f).

4. Discussion

The interactions of free mass-selected gold, silver, and binary
silver-gold clusters with CO have been studied in great detail by
numerous groups experimentally as well as theoretically (please
see references in [9,10,16]). Our results for the trimer cluster car-
bonyls presented here are in excellent agreement with the concur-
rent theoretical calculations reported earlier [10]. The tendency of
small gold clusters to strongly bind carbon monoxide is also gener-
ally recognized. In particular cationic gold clusters with sizes up to
seven atoms exhibit CO binding energies clearly larger than 1 eV
[12]. The CO bonding strength then quickly decreases and remains
approximately constant around 0.7 eV for clusters with 20-65
atoms [12]. Yet, this value is still considerably above the heat of
adsorption of CO on an extended gold surface (Au(110)) which
amounts to 0.3 eV [37].

Interestingly, with 0.55 eV the CO adsorption is notably stron-
ger on a silver surface (Ag(111) [38]) than on the gold surface.
However, this relation is reversed for the case of the CO binding
to atomic cations (Au"-CO E,=2.08 eV [39]; Ag*-CO E,=0.93 eV
[40]). A similar stronger interaction of CO with gold compared to
silver is also observed for the small trimer clusters as can be seen
from Figure 2. This trend generally applies to small Ag,Au,," in that
the CO binding energy to these clusters decreases with increasing
silver content [8-10].

With respect to the structures of the trimer carbonyls theoreti-
cal simulations show that each CO molecule binds via the carbon
atom in a pl-atop position to one metal atom of the small triangu-
lar clusters [10,41]. The low temperature CO saturation coverage is
three for Agz" and Ag,Au*, but four for Aus* [10].

Much less is known about the bonding of water to small gas
phase noble metal clusters. Small gold cluster anions were re-
ported to adsorb one water molecule at room temperature and sev-
eral H,O molecules at lower temperatures [42]. The complex
Ausz(H,0)s* was detected in our ion trap experiment previously,
but no binding energies have been determined so far [36]. Earlier
experimental and theoretical studies on the Au(H,0)" complex re-
vealed binding energies of H,O to the positively charged gold atom
in the range from 1.1 to 1.8 eV [27,39,43,44]. The experimental
binding energy of H,O to Aus® determined in this contribution
(E, =0.98 eV for the ‘loose’ TS, see Table 2) is slightly below these
values.

The theoretical simulations performed in the present study re-
sult in a binding energy of 1.20 eV with the water molecule being
bound via the more electronegative oxygen atom to a gold atom, in
agreement with previous DFT calculations. In the Aus*-~H,0 com-
plex, the bound water molecule was found not to change its geom-
etry and the O-H bond length of 0.97 A is not significantly altered.
For larger gold clusters the H,O bonding strength has been found
to further decrease: Theoretical simulations of the neutral cluster
Aug yielded water adsorption energies between 0.3 and 0.6 eV
[45]. The calculated Au;o'-H,0 binding energy is 0.54 eV [46].

No data are available so far concerning the interaction of water
with silver clusters or binary silver-gold clusters. Our DFT calcula-
tions show that also in these cases the water molecule is bound to
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(a) Ag2Au(CO)(H:0)*

Em = 0.0 0.015 0.23
En(H;0) =1.04 0.98 0.815
(b) Ag2Au(CO)(H:0)."
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Figure 5. Calculated lowest energy structures of the experimentally detected
coadsorption complexes (a) AgAu(CO)(H,0)* and (b) Ag>Au(CO)(H,0),". Displayed
below the structures are also the relative total energies E,. of the complexes and
the binding energies of H,0 Ey(H,0) (the average binding energies of both H,0 in
the case of Ag,Au(CO)(H,0),", respectively). All energies are given in units of eV.

the clusters via the oxygen atom and that the H,O geometry re-
mains nearly unperturbed upon adsorption. Interestingly, the most
stable Ag,Au(H,0)" complex has the water molecule bound to a sil-
ver atom (as listed in Table 2), while the H,0 interaction is weak-
ened by 0.18 eV, if it is attached to the gold atom of the triangular
Ag,Au” cluster.

The composition dependent H,O binding energy trend observed
in the present experiments is similar to that of CO (Figure 2) in that
Ey, decreases with increasing silver content. However, this trend is
much less pronounced for the H,O binding energies (which are
actually quite similar for Ags™ and Ag,Au"*) and thus, a cross over
occurs as apparent from Figure 2. This results in comparable H,0
and CO binding strength to the binary cluster Ag,Au", but a stron-
ger interaction of CO with Aus®, in contrast to Ags*, which binds
H,0 more strongly. The experimental observations in this respect
are well supported by the results of our first principles calculations
(Table 2 and Figure 2).

This cross over in E, with the change in composition is clearly
reflected in the results of the coadsorption experiment as shown
in Figure 1g-i. The gold trimer reacts to Aus(CO)s*, while the silver
trimer yields Ags(H,0);>". Apparently, the most strongly bound li-
gand prevents the coadsorption of the more weakly bound mole-
cule. Similar competitive adsorption effects have been observed
also for other ligands on gold clusters previously [47]. In the case
of Ag,Au", however, coadsorption of H,O and CO is indeed detected
leading to the complexes Ag,Au(H,0)CO* and Ag,Au(H,0),CO*
(Figure 1h). The calculated structures of these complexes are de-
picted in Figure 5. Interestingly, the structures of Ag,Au(H,0)CO*
with the water molecule attached to Ag and the CO bound to Au
is almost degenerate with the structure, in which both molecules
H,0 and CO are attached to silver atoms. In contrast, the binding
of H,0 to Au is clearly energetically unfavorable (Figure 5a).

The mechanism of this coadsorption reaction can be deduced
from the kinetic measurements shown in Figure 4. The first reac-
tion step is the adsorption of one CO molecule followed by sequen-
tial H,O adsorption:

Ag,Au’ + CO + 2H,0 = Ag,Au(CO)" + 2H,0 = Ag,Au(CO)
% (H,0)" + H,0 = Ag,Au(CO)(H,0); (8)

Although the CO binding energy to Ag,Au" is comparable to the
H,0 binding energy (cf. Figure 2), the order of magnitude larger CO
partial pressure apparently determines the pre-adsorption of CO.

A further interesting aspect is the stoichiometry of the largest
observed coadsorption complex Ag,Au(CO)(H,0)," (Figure 1h). Be-
cause the number of H,0 (CO) molecules corresponds to the num-
ber of silver (gold) atoms it might be speculated based on the
experiment that these ligands are each attached to one of the
respective metal atoms. This structural conjecture is nicely con-
firmed by the results of our quantum chemical calculations, which
are depicted in Figure 5b. The lowest energy structure of Ag,_
Au(CO)(H,0)," is indeed clearly the one with the H,0 molecules
adsorbed onto the silver atoms.

Yet, nothing can be deduced from the experimental data about
the potential activation and/or reaction of the adsorbed molecules
because no fragment loss has been detected in the mass spectra.
However, considering the above observation that each molecule
is attached to one separate metal atom and that the mechanisms
Eqgs. (7) and (8) reveal equilibrium reaction kinetics, i.e. the ad-
sorbed CO and H,0 may be lost again, a further interaction of CO
with H,O might be rather unlikely without an additional Lang-
muir-Hinshelwood type reaction step. In this case the future strat-
egy will be to extend the experiments to larger cluster sizes and in
particular to higher temperatures which might help to overcome
potential activation barriers involved in the perspective water
gas shift chemistry on the binary silver-gold clusters.

5. Conclusion

In this contribution the adsorption and coadsorption behavior
of H,O and CO on pure and binary silver-gold cluster cations
Ag.Au,,” (n +m = 3)was investigated employing gas phase reaction
kinetics measurements in an ion trap and first principles DFT
simulations. In particular, for the adsorption of water on the inves-
tigated clusters binding energies could be determined for the first
time via statistical reaction rate analysis. These results are in
favorable agreement with the respective calculated data. The com-
parison to the CO binding energies revealed a cross over in the
binding energy values with H,O being more strongly bound com-
pared to CO on Ags*, while the reverse was observed for Aus*.
For Ag,Au” the bonding strength of H,0 and CO are almost identi-
cal and only in this case coadsorption is observed resulting in the
complexes Ag,Au(CO)(H,0)" and Ag,Au(CO)(H,0),".
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