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Abstract

Sequential bond dissociation energies (BDEs) and association entropies for the attachment of C2H4 ligands to ground-state Agm
+ (m = 3–13)

clusters and for the attachment of C3H6 ligands to ground-state Agm
+ (m = 3–9) clusters have been measured using temperature-dependent equilib-

rium methods. Variations in metal–ligand BDEs are examined in detail both as a function of sequential ligand addition to a given Agm
+ cluster and

as a function Agm+ cluster size for the first ligand additions. With the exception of the Ag6
+ and Ag7

+ clusters, BDEs for the loss of a ligand from
the Agm

+(L) (m = 3–13, L = C2H4; m = 3–9, L = C3H6) clusters decrease as the size of the silver clusters increase. Electronic structure calculations
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t the DFT-B3LYP level were performed in order to determine the vibrational frequencies, rotational constants and geometries of the si
lusters of interest as well as the nature of the bonding of these clusters and its variation with core ion coordination.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The chemistry of metal clusters has received considerable
ttention over the last 25 years[1–3]. This can be primarily
ttributed to the fact that the intrinsic properties of clusters are

ntermediate to those of atoms and the bulk-phase[4]. This
egion is of particular interest for coinage metals because it is has
een shown to be important in a number of catalytic reactions

5–7].
In order to elucidate the properties of these clusters, mul-

iple experimental and theoretical investigations have focused
n their interactions with small molecules[8–11]; H2 [12–14],
O[15–17], O2 [18,19]and polyatomic hydrocarbons[20–24].
hese studies have provided fundamental information on metal
luster–ligand binding energies and geometries. Despite the
ealth of information available on cluster–small molecule inter-
ctions, questions remain such as the size range of clusters
esponsible for catalytic action and where the transition to bulk-
hase properties occurs.

In an attempt to provide further insight into these issues,
program has been initiated at UCSB in which the proper-

ties of size-selected transition metal clusters are studied
deposited on metal-oxides surfaces[25] and in the gas-phase.
the gas-phase, these investigations are primarily focused
interactions of positively and negatively charged silver and
clusters with ethene and propene[26–28]. This is due to the rela
tively recent discovery that Ag and Au clusters on semicondu
surfaces can serve as epoxidation catalysts for these a
[5,29]. Here, we report on the interactions of Agm

+ (m = 3–13)
with C2H4 and on the interactions of Agm

+ (m = 3–9) with C3H6
obtained from temperature-dependent equilibrium method
ab initio calculations.

2. Experimental methods

A description of the instrument and experimental details
been given previously[12,13,30], and only a brief descriptio
will be given here. Silver ions are generated by pulsed
vaporization of a translating/rotating silver rod in a high-pres
Ar bath gas. Silver clusters exiting the source are then
selected by a quadrupole mass filter and injected into a 4 cm
drift/reaction cell containing a mixture of reactant gas (ei
∗ Corresponding author. Tel.: +1 805 893 2893; fax: +1 805 893 8703.
E-mail address: bowers@chem.ucsb.edu (M.T. Bowers).

C2H4 or C3H6) and He. The typical composition of the gas
mixture is 4.5 Torr of He combined with 0.01 to 0.5 Torr of either
C2H4 or C3H6. Equilibria (Eq.(1) where eitherm = 3–13 and
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.12.028
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L = C2H4 or m = 3–9 and L = C3H6) are quickly established as
the various silver–alkene clusters are drawn through the cell
under the influence of a small electric field.

Agm
+Ln−1 + L � Agm

+Ln (1)

The electric field is small enough so that the thermal energy
of the ions is not significantly perturbed. The clusters exiting
the cell are then mass selected by a second quadrupole and
detected.

Integrated peak areas are recorded and these values, along
with the pressure of the ligating gas (PL) in Torr, are used to
determine an equilibrium constant (K◦

P) for each reaction using
Eq.(2).

K◦
P = [Agm

+(L)n]

[Agm
+(L)n−1]

× 760

PL
(2)

The equilibrium constants can then be used to calculate the stan-
dard Gibbs free energies for the reactions,

�G◦
T = −RT ln(K◦

P) (3)

and the values obtained for�G◦
T plotted versus the temperature,

to obtain�S◦
T and�H◦

T for each reaction using Eq.(4).

�G◦
T = �H◦

T − T �S◦
T (4)

The resulting plots are linear over the experimental temperature
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are instead treated equally with the valence orbitals. This allows
for increased accuracy in the calculations without a substantial
increase in computation time. The ECP for silver incorporates
the Darwin and mass–velocity relativistic effects into the poten-
tial.

Geometry optimizations of Agm+(C2H4)n and Agm
+(C3H6)n

clusters of interest were performed over a wide variety of con-
ceivable geometries in order to obtain minimum energy cluster
conformations and to ensure that no alternate theoretical geome-
tries exist that significantly differ from those reported here.
All confirmed minima consist of largely unperturbed C2H4 and
C3H6 ligands bound to a metal core ion.

4. Results

Plots of�G◦
T versusT for the additions of C2H4 and C3H6

to Ag4
+ are given inFig. 1 and similar plots for C2H4 and

Fig. 1. Plot of experimental�G◦
T vs. temperature data for the association reac-

tions Ag4
+(L)n−1 + L �Ag4

+(L)n (L = either C2H4 or C3H6). For n = 5 of the
C2H4 system, the slope of the line is 10 cal/(mol K) more positive than then = 4
line (see text for details).
ange for all systems reported here. A least squares fitting
edure is used to obtain the slope and intercept of each line
lopes determine the association entropy for Eq.(1) (�S◦

T ) and
he intercepts give the corresponding�H◦

T values. The reporte
ncertainty in these values is a measure of variance in the

rom the fit. The 0 K bond dissociation energy (BDE) is t
etermined by fitting and extrapolating the data to 0 K using

istical thermodynamics. The necessary vibrational freque
nd rotational constants are taken from density functional th
DFT) [31] calculations (see Section3). In all cases, vibrationa
requencies are varied over a wide range of physically rea
ble values, and the effect on�H◦

0 is included in the error limits
t should be stressed that uncertainties in these parameter
ittle effect on the final values of�H◦

0. A thorough discussio
f this fitting procedure and an estimation of the errors invo
as been given previously[30,32].

. Theory

The product ions of interest were examined theoretical
etermine the molecular parameters needed to analyze the

mental data and to identify factors important in the bond
ncluding 0 K BDE’s (D0) for comparison with the experime
ally determined values (−�H◦

0). DFT calculations were carrie
ut using the B3LYP hybrid functional[33,34]and the Gaussia
3 package[35]. For all of the calculations reported here, c
on and hydrogen were described using the standard 6−31+G**
asis set[36]. The basis set for silver is a (5s6p4d)/[3s3p2d] c

raction of the Hay–Wadt (n + 1) effective core potential (ECP
alence double zeta basis proposed by Hay and Wadt[37,38].
ere, the outermost core orbitals are not replaced by the EC
-
e
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-
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Fig. 2. Plot of experimental�G◦
T vs. temperature data for the association reac-

tions Ag4
+(L)n−1 + L �Ag4

+(L)n (L = either C2H4 or C3H6).

C3H6 additions to Ag6+ are given inFig. 2. All other �G◦
T

versusT data plots for the systems discussed here can either
be found insupplementary informationor have been published
elsewhere[28]. The intercepts and slopes of the lines yield the
�H◦

T and�S◦
T values given inTables 1–11for the Agm

+(C2H4)n

(m = 3–13) systems, respectively, and inTables 12–18for the

Table 1
Data summary for Ag3+(C2H4)n−1 + C2H4 �Ag3

+(C2H4)n

n Experiment Theory

−�H◦
T

a,b −�S◦
T

a,c −�H◦
0

b Td De
b D0

b

1 21.6± 0.5 23.1± 1 21.5± 0.8 450–675 17.84 16.55
2 19.8± 0.6 26.0± 1 19.7± 0.9 375–575 15.23 14.15
3 17.3± 0.3 28.5± 1 17.1± 0.6 300–425 12.39 11.17
4 5.7± 0.4 19.7± 3 5.5± 0.6 130–195 – –

a Values have been previously reported[28].
b In units of kcal/mol.
c In units of cal/(mol K).
d Temperature range over which equilibrium data was acquired, in Kelvin.

Table 2
Data summary for Ag4+(C2H4)n−1 + C2H4 �Ag4

+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 19.4± 1.4 23.3± 4 19.2± 1.8 400–515 16.15 14.80
2 18.7± 0.6 27.4± 2 18.6± 0.9 340–450 12.53 11.53
3 17.6± 0.2 30.2± 1 17.4± 0.5 300–375 10.18 9.11
4 12.8± 0.5 31.1± 2 12.5± 0.7 225–300 7.52 6.60
5 – – ∼4.6d 130 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.
d Estimated by assuming that the association entropy was 10 cal/(mol K) more

positive than that of the previous ligand addition.

Table 3
Data summary for Ag5+(C2H4)n−1 + C2H4 �Ag5

+(C2H4)n

n Experiment Theory

−�H◦
T

a,b −�S◦
T

a,c −�H◦
0

b Td De
b D0

b

1 18.8± 0.8 24.3± 2 18.7± 1.1 400–535 13.88 12.73
2 18.4± 0.8 27.8± 2 18.2± 1.2 375–455 12.23 11.07
3 25.9± 0.5 45.3± 1 25.2± 0.9 370–435 10.77 8.93
4 9.3± 0.4 23.3± 2 8.9± 0.6 195–265 4.37 3.58
5 6.9± 0.4 21.1± 2 6.7± 0.6 155–200 2.69 2.07
6 4.5± 0.4 12.6± 2 4.5± 0.6 130–170 – –

a Values have been previously reported[28].
b In units of kcal/mol.
c In units of cal/(mol K).
d Temperature range over which equilibrium data was acquired, in Kelvin.

Table 4
Data summary for Ag6+(C2H4)n−1 + C2H4 �Ag6

+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 26.0± 0.8 35.8± 2 25.7± 1.0 435–545 17.18 15.77
2 22.3± 0.3 38.5± 1 22.0± 0.6 370–455 13.50 12.20
3 14.8± 0.4 28.8± 1 14.6± 0.7 285–370 8.48 7.53
4 11.4± 0.3 25.1± 1 11.2± 0.6 245–300 6.48 5.53
5 8.6± 0.4 20.3± 2 8.5± 0.6 200–245 4.19 3.51
6 6.9± 0.6 20.7± 3 6.9± 0.8 155–200 3.22 2.52

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 5
Data summary for Ag7+(C2H4)n−1 + C2H4 �Ag7

+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 26.7± 0.5 38.7± 1 26.4± 0.7 435–545 16.54 15.14
2 22.5± 0.7 36.6± 2 22.1± 1.0 370–455 14.09 12.78
3 12.9± 0.3 26.3± 1 12.7± 0.6 265–330 7.23 6.26
4 10.1± 0.2 21.3± 1 9.9± 0.5 225–300 6.55 5.64
5 8.2± 0.4 18.6± 2 7.9± 0.7 200–245 4.84 3.98
6 6.5± 0.5 16.9± 3 6.3± 0.7 155–200 2.99 2.35
7 5.6± 0.5 18.6± 3 5.2± 0.8 130–170 1.80 1.20

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.
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Table 6
Data summary for Ag8+(C2H4)n−1 + C2H4 �Ag8

+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 17.7± 0.7 30.0± 3 17.5± 1.0 330–415 10.96 9.87
2 15.5± 0.4 29.5± 1 15.3± 0.6 285–370 9.78 8.73
3 11.3± 0.2 23.1± 1 11.0± 0.5 245–300 8.49 7.39
4 10.8± 0.6 26.4± 2 10.5± 0.8 225–265 5.68 4.78
5 9.7± 0.6 27.3± 3 – 200–245 – –
6 7.2± 0.4 20.8± 2 – 155–200 – –
7 6.2± 0.6 20.4± 3 – 130–170 – –
8 ∼5.6d – – 130 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.
d Estimate, acquired by assuming the same association entropy asn = 7.

Table 7
Data summary for Ag9+(C2H4)n−1 + C2H4 �Ag9

+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 16.5± 0.6 26.9± 2 16.3± 0.8 330–380 9.22 8.15
2 14.9± 0.7 29.8± 3 14.8± 0.9 285–330 8.34 7.43
3 12.7± 0.4 28.6± 2 12.4± 0.7 245–300 7.67 6.61
4 10.8± 0.2 27.3± 1 10.8± 0.5 225–265 3.50 2.88
5 9.6± 0.4 27.9± 2 9.5± 0.7 200–245 3.30 2.62
6 8.1± 0.4 25.1± 2 – 155–200 – –
7 6.7± 0.4 24.6± 2 – 130–170 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 8
Data summary for Ag10

+(C2H4)n−1 + C2H4 �Ag10
+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 14.8± 0.7 25.8± 2 14.7± 0.9 305–375 7.43 6.44
2 15.9± 0.5 30.7± 2 15.7± 0.7 305–375 9.79 8.74

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 9
Data summary for Ag11

+(C2H4)n−1 + C2H4 �Ag11
+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 14.8± 0.528.5± 1 14.7± 0.7 305–390 7.97 6.86
2 13.8± 0.826.9± 3 13.7± 1.0 290–350 7.30 6.41

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 10
Data summary for Ag12

+(C2H4)n−1 + C2H4 �Ag12
+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 16.7± 0.6 31.3± 2 16.5± 0.8 290–390 9.71 8.67
2 13.6± 0.7 25.7± 2 13.4± 0.9 280–390 8.72 7.69

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 11
Data summary for Ag13

+(C2H4)n−1 + C2H4 �Ag13
+(C2H4)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 16.3± 0.4 32.3± 1 16.2± 0.6 290–390 7.94 6.96

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 12
Data summary for Ag3+(C3H6)n−1 + C3H6 �Ag3

+(C3H6)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 26.2± 0.6 27.5± 2 26.1± 1.0 555–745 19.51 18.46
2 21.4± 0.9 26.4± 2 21.3± 1.5 465–570 16.12 15.21
3 18.9± 0.4 31.1± 1 18.7± 0.9 355–465 12.76 11.88
4 4.9± 0.2 15.0± 1 4.9± 0.4 145–280 – –
5 4.3± 0.6 18.1± 3 4.2± 0.8 175–145 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 13
Data summary for Ag4+(C3H6)n−1 + C3H6 �Ag4

+(C3H6)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 22.8± 1.1 25.7± 3 22.8± 1.5 435–530 17.27 16.21
2 21.0± 0.5 29.9± 1 21.0± 0.9 395–480 16.41 15.43
3 18.4± 0.7 30.7± 2 18.3± 1.1 320–435 10.59 9.82
4 12.5± 0.6 29.8± 2 12.5± 0.9 235–325 7.39 6.76
5 3.8± 0.6 15.1± 3 – 145–160 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 14
Data summary for Ag5+(C3H6)n−1 + C3H6 �Ag5

+(C3H6)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 21.7± 0.4 27.3± 1 21.6± 0.7 415–545 14.73 13.78
2 20.5± 0.7 29.6± 2 19.8± 1.0 395–480 13.70 12.65
3 25.3± 0.4 44.3± 1 25.0± 1.0 375–460 8.97 7.56
4 11.3± 0.6 28.4± 2 11.3± 0.9 205–280 4.17 3.63
5 9.4± 0.7 30.6± 3 9.4± 1.0 190–220 2.11 1.73
6 6.0± 0.7 21.4± 3 – 145–170 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.
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Table 15
Data summary for Ag6+(C3H6)n−1 + C3H6 �Ag6

+(C3H6)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 25.9± 0.9 33.3± 2 25.8± 1.2 460–570 17.78 16.57
2 20.0± 0.7 30.3± 2 19.8± 1.1 375–460 13.65 12.64
3 15.0± 1.0 26.5± 3 14.9± 1.4 300–375 8.31 7.49
4 13.9± 1.1 30.9± 3 13.9± 1.4 240–320 6.18 5.42
5 11.1± 0.6 27.8± 2 – 220–260 – –
6 9.8± 0.5 31.5± 2 – 190–220 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Table 16
Data summary for Ag7+(C3H6)n−1 + C3H6 �Ag7

+(C3H6)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 25.2± 1.0 33.4± 2 25.1± 1.3 460–570 16.87 15.75
2 21.0± 0.9 31.5± 2 20.8± 1.3 375–460 14.07 13.00
3 14.4± 0.5 27.2± 2 14.3± 0.9 280–375 7.30 6.52
4 13.2± 0.8 29.2± 3 13.1± 1.1 240–300 5.93 5.14
5 12.0± 0.3 30.8± 1 – 220–260 – –
6 10.8± 0.3 32.7± 1 – 190–220 – –
7 8.5± 0.2 30.5± 1 – 155–190 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.

Agm
+(C3H6)n (m = 3–9) systems, respectively.�H◦

0 values
obtained as previously described are also listed inTables 1–18
for each silver–alkene system examined.

Several trends in the experimental data were observed. With
the exception of Ag5+ and Ag10

+, the strongest silver–alkene
bond results from the addition of the first ligand to the transition
metal core ion, although the decrease in the binding energies
of successive ligand additions vary substantially and are unique
to each silver cluster. The BDEs of the Agm

+/C3H6 system are
systematically larger that those of the Agm

+/C2H4 system for a
given value ofm.

Trends in the association entropies for the systems studied can
also be seen. Typical�S◦

T values ranged from approximately
−20 cal/(mol K) to−30 cal/(mol K). All association reactions

Table 17
Data summary for Ag8+(C3H6)n−1 + C3H6 �Ag8

+(C3H6)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 19.7± 0.8 29.9± 2 19.7± 1.0 375–460 12.07 11.15
2 16.9± 0.5 29.5± 1 16.9± 0.8 320–400 10.49 9.58
3 15.2± 0.3 32.6± 1 15.2± 0.6 280–320 6.61 5.85
4 12.9± 0.6 30.6± 2 – 240–280 – –
5 11.6± 0.3 31.3± 1 – 205–240 – –
6 10.6± 0.5 32.6± 2 – 190–220 – –
7 ∼8.3d ∼31.0d – 155–170 – –

in.

Table 18
Data summary for Ag9+(C3H6)n−1 + C3H6 �Ag9

+(C3H6)n

n Experiment Theory

−�H◦
T

a −�S◦
T

b −�H◦
0

a Tc De
a D0

a

1 19.3± 0.6 29.6± 2 19.2± 0.8 375–460 10.12 9.30
2 16.2± 0.5 28.7± 2 16.2± 0.7 320–375 9.09 8.28
3 14.6± 0.8 30.7± 3 14.5± 1.1 280–320 7.95 7.19
4 13.0± 0.8 31.2± 3 – 240–280 – –
5 11.2± 0.4 30.6± 2 – 205–240 – –
6 10.2± 0.2 32.6± 1 – 190–220 – –
7 8.5± 0.2 28.9± 1 – 155–190 – –
8 ∼7.0d ∼28.5d – 140–155 – –

a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelvin.
d Estimate, values obtained from two data points.

(Eq. (1)) where the value ofn > m result in values of�S◦
T that

are approximately 10 entropy units “less negative” than those of
the firstm ligands. Some association reactions give rise to values
of �S◦

T that are much more negative than−30 cal/(mol K). The
reasons for these large negative values of�S◦

T are unique to the
system in which it occurs and each case will be discussed in
detail in the following sections.

A trend concerning the BDEs of the first alkene ligand addi-
tions to the Agm+ clusters is also observed. With the exception

Fig. 3. Plot of �H◦
0 vs. cluster size (m) for the association reactions

Agm
+ + L �Agm

+(L) (m = 3–13, L = C2H4; m = 3–9, L = C3H6). The curve
through the data points is provided to guide the eye. Dashed lines indicate the
binding energy of the respective alkene ligands to an Ag(1 1 0) surface.
a In units of kcal/mol.
b In units of cal/(mol K).
c Temperature range over which equilibrium data was acquired, in Kelv
d Estimate, values obtained from two data points.
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of the Ag6
+ and Ag7+ clusters, the BDEs of the first alkene lig-

ands systematically decrease as the size of the Agm
+ clusters

increase, as shown inFig. 3. Fig. 3 also shows that the BDEs
appear to be asymptotically approaching the binding energy of
C2H4 and C3H6 to the bulk silver surface.

The energies and geometries of ligated silver cluster ions were
calculated using DFT. Ethene and propene ligand binding ener-
gies obtained from these calculations are given inTables 1–18
for comparison with the corresponding experimental BDEs.
DFT calculations provide binding energies in good quantita-
tive agreement with experiment for the early ligand additions
to the smaller Agm+ (m = 3–5) clusters. The quantitative agree-
ment worsens for the larger clusters with more ligands attached,
but the experimental trends in binding energies are nicely dupli-
cated. The geometries of Ag4

+(C2H4)1–5, Ag4
+(C3H6)1–5 and

Ag6
+(C2H4)1–6, are published here as examples of ligated struc-

tures (Figs. 4 and 5). The DFT structures for all other clus-
ters involved in Eq.(1) are available upon request. Theoretical
molecular geometries and electronic population analysis pro-
vided information necessary to identify factors important in the
binding interactions of the various clusters.

5. Discussion

5.1. Binding interactions of silver–alkene clusters
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Table 19
Natural bond order populations and charges of the Agm

+ clusters (m = 2–13)

m Structurea Symmetry 5s populationsb 5s chargesb

2 D∞h 0.500 0.500

3 D3h 0.666 0.333

4 D2h 0.722 0.254

5 D2d 0.744 0.258

6 C2v 0.585 0.354

7 D5h 0.522 0.378

8c Cs 0.823 0.184

9 D3h 0.856 0.137

10 Cs 0.857 0.113

11 D3h 0.807 0.136

12c C2v 0.844 0.130

13c C2v 0.823 0.121

For interpretation of the references to color in this table, the reader is referred
to the web version of this article.

a Cluster geometries obtained from ion mobility data[39] and DFT cal-
culations. Ag atoms of a given cluster having equal charge distributions are
identically colored.

b Populations for the 5s atomic orbitals of the Ag atoms of each cluster and
the corresponding partial atomic charge. Text color corresponds to analogously
colored atoms of a given structure.

c Only populations and charges of atoms having the greatest amount of partial
positive charge (shown in black) are given for these clusters.

Additionally, for the entire series of positively charged cluster
ions studied here, our DFT calculations indicate that the posi-
tion of the LUMO directly correlates with the location of highest
partial-positive charge of a cluster. This implies that alkene lig-
A detailed understanding of the interactions between th
er cluster ions and their alkene ligands can be achieve
xamining the valence electronic configurations of each sp
eparately. Recently, Weis et al. used ion mobility spectrom
long with DFT to investigate bare silver cluster cations[39].
sing this combination of theory and experiment, they w
ble to determine cluster geometries. We have used their r
s a basis for our own DFT calculations to determine na
ond order (NBO) populations[40]. These results are given
able 19along with the bare silver cluster geometries. NBO a
sis shows that the highest occupied molecular orbitals (HO
f the Agm

+ clusters are created by overlap of the 5s orbita
ach Ag atom in a given cluster. For each Agm

+ cluster, one o
hese 5s orbitals is initially unoccupied, giving rise to the p
ive charge of the cluster. The remaining (m − 1) 5s orbitals ar
ingly occupied. In most cases the electron density is del
zed about the cluster. Equivalent amounts of electron de
ocated on two or more atoms of a cluster (seeTable 19) are
ound for metal clusters having highly symmetric geomet
o understand the binding interactions of a silver–alkene
er we must also consider the valence electronic configura
f C2H4 and C3H6. These species are well characterized.
OMOs of C2H4 and C3H6 are the�(2py)2 bonding orbitals

hat makes up the C–C double bond in both molecules.
A series of DFT calculations performed by Chretian e

41] indicate that absorption of an electron donating lig
o a coinage metal cluster preferentially occurs at the loc
here the lowest unoccupied molecular orbital (LUMO) of
etal clusters protrudes most into the vacuum. This loc

s found on atoms located at “corners” of the metal clus
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and additions to the Agm+ clusters occur at the Ag atom carrying
the most partial-positive charge.

NBO analysis shows that for the addition of the firstm ligands
to the Agm

+ clusters, a substantial amount of electron density is
transferred from the ligand to the transition metal cluster. The
exact amount of electron density donated varies with cluster size
and with the alkene ligand (either C2H4 or C3H6). This electron
density originates from the�(2py)2 bonding orbitals of C2H4
and C3H6 and is donated to the LUMO of the Agm

+ clusters.
This type of donation is consistent with what has been previously
reported for the interactions of C2H4 and C3H6 with Ag1,2

+ [27]
and suggests that the primary silver–alkene binding interaction
continues to be covalent in nature for the larger silver clusters.

The interaction of C3H6 with the Agm
+ clusters is system-

atically stronger than that of C2H4. NBO shows that electron
donation from C3H6 to the Agm

+ clusters is slightly larger than
for C2H4 for a given value ofm. This result suggests the larger
BDEs of the silver–propene clusters are a result of a slightly
stronger covalent interaction. However, it should also be noted
that C3H6 has both a larger polarizability than C2H4 (6.3Å3

versus 4.3̊A3) [42] and dipole moment (0.44 D versus 0.0 D

according to DFT) indicating electrostatic forces could also con-
tribute to the differences in the observed binding energies.

From the theoretical silver–alkene molecular geometries
given inFigs. 4 and 5, it is apparent that both types of alkene lig-
ands adsorb side-on to the Agm

+ clusters, perpendicular to the
silver–alkene bond axis. This orientation allows for optimum
molecular orbital overlap between the Agm

+ clusters and the
alkene ligands. Additionally, the calculated C–C double bond
distances for ligands of an Agm

+(L)n cluster, wheren ≤ m, are
increased slightly compared to that of free the molecules, con-
sistent with electron transfer out of a bonding orbital.

5.2. Sequential ligand additions to individual Agm
+ clusters

Plots of�G◦
T versusT provide information as to the manner

in which sequential C2H4 and C3H6 additions to the Agm+ clus-
ters occur. Plots were generated for each system described by
Eq. (1) and were found to fall into one of two groups. The first
group accounts for ligand additions to a silver cluster in which
all for the atoms of the cluster have equal or nearly equal charge
distributions. For the purposes of this discussion, the Ag4

+

F
d

ig. 4. Theoretical geometries of the Ag4
+(L)n clusters (L = either C2H4 or C3H6) ca

istances are measured from the bonding atom of the Ag4
+ ion to the center of the
lculated at the DFT B3LYP level. Distances are in angstroms. All Ag4
+–L bond

C–C double bond.
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Fig. 5. Theoretical geometries of the Ag6
+(C2H4)n clusters calculated at the DFT B3LYP level. Distances are in angstroms. All Ag6

+–C2H4 bond distances are
measured from the bonding atom of the Ag6

+ ion to the center of the C–C double bond. C3H6 additions to Ag6+ are analogous to the C2H4 system.

cluster will serve as the example for these types of systems.
The second group accounts for ligand additions to a silver clus-
ter in which the charge is unequally distributed about the atoms
of the metal cluster. The Ag6+ cluster will serve as the example
for these types of systems.

5.3. Equal Agm
+ charge distributions

Five ligand additions are observed for the Ag4
+ system

(Fig. 4). The first four additions have similar BDEs and asso-
ciation entropies (Tables 2 and 13). However, the BDEs do
slightly decrease as the number of ligands bound to the clus-
ter increase. The fifth ligand BDE is significantly smaller than
the first four. From the structure of Ag4

+ and the partial atom
charges shown inTable 19, it is clear that Ag4+ has four nearly
electronically equivalent corners. The first four ligands bind
to individual corners of the Ag4+ cluster until none remain.
Since the four corners of Ag4

+ have similar partial-positive
charges, each ligand donates similar amounts of electron density
to the transition metal cluster, although the amount does slightly
decrease as the number of ligands bound to the metal clus-
ter increases. This decrease is due to increased Pauli repulsion
caused by the increase in the amount of electron density present
on the metal cluster and can be observed experimentally by
small decreases in the BDEs of the Ag4

+(L)n systems asn goes
from 1 to 4.

ne
l d.
T lly
s
s or-
m wa
u rns
t rna-

tive Ag4
+(L)3 conformer exists that is energetically degenerate

with the structure shown inFig. 4 in which the Ag4+ core
forms a quasi-tetrahedral structure with three ligands bound.
The tetrahedral geometry of Ag4

+ is only found to be stable
when three ligands are attached and spontaneously reverts back
to the structure of Ag4+(L)4 shown inFig. 4when the fourth lig-
and adds. The increased stability of the tetrahedral geometry
of Ag4

+ when three ligands are bound may cause the addi-
tion of the fourth ligand to be energetically less favorable than
would be the case if the Ag4

+ core remained in a quasi-planar
conformation.

The data for the fifth ligand addition to Ag4
+ could only

be taken over a limited temperature range for the C3H6 sys-
tem (145–160 K) and for the C2H4 system only a single data
point could be obtained. For all association reactions in which
n > m (Eq. (1)), an increase in association entropy occurs by
approximately 10 cal/(mol K) relative to then = m association
reaction. This increase indicates that the terminal ligand is much
more mobile than the previous additions and hence occupies the
second solvation shell. Since all the coordination sites on the
metal cluster are occupied, the ligand is essentially unbound
and orbiting the Agm+(L)n (n = m) core ion. DFT calculations
are consistent with this observation. All of the calculated bind-
ing energies for association reaction in whichn > m (Eq.(1)) are
approximately 0 kcal/mol, indicating that the ligand is essen-
tially unbound. This is not an uncommon DFT result for ligand
a
b tion
s s
o ly
u -
b ation
s her a
f

A slightly larger reduction in the BDE of the fourth alke
igand addition to Ag4+ relative to the initial three is observe
his indicates that the Ag4+(L)3 clusters may be an unusua
table structures. The theoretical geometries given inFig. 4
how that the Ag4+ core ion takes on a slightly bent conf
ation when the second ligand binds and remains that
ntil addition of a fourth ligand when the metal cluster retu

o the original planar geometry. DFT indicates that an alte
y

ddition in the second solvation shell. Theoretical Agm
+–alkene

ond distances for ligand additions in the second solva
hell are generally greater than 5Å, while the bond distance
f the other alkene ligands to the Agm

+ cluster remain near
nchanged (see the Ag4

+(L)5 clusters inFig. 4). The C–C dou
le bond distance of the alkene ligands in the second solv
hell are approximately the same as that calculated for eit
ree C2H4 or C3H6 molecule.
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5.4. Unequal Agm
+ charge distributions

The geometry and valence electron density of bare Ag6
+ is

given in Table 19. Six ligand additions are observed for the
Ag6

+ system (Fig. 5). The first two ligand additions to Ag6+

are very strongly bound (Tables 4 and 15). The association
entropies, especially for the C2H4 system, are also outside the
range of typical silver–alkene ligand additions (−20 cal/(mol K)
to−30 cal/(mol K)). The reasons for the large BDEs and associa-
tion entropies of these additions will be discussed in a subsequent
section. The BDEs of the next four ligands additions to Ag6

+

are significantly reduced compared to the initial two. However,
the third and the fourth ligands add with similar BDEs, as do the
fifth and sixth ligands. In essence, the six alkene ligands bind to
Ag6

+ in a “pairwise” manner.
NBO analysis indicates that there is a large amount of pos-

itive charge located on the atoms of Ag6
+ where the first two

ligands bind. This allows the two ligands to donate relatively
large amounts of electron density to the metal cluster. There is a
large drop in the amount of positive charge located on the four
remaining Ag atoms of the cluster. This gives rise to the reduced
BDEs of the final four ligand additions to Ag6

+. These ligands
bind to the cluster in a region of relatively high electron den-
sity and the increased Pauli repulsion results in a reduction in
the covalent interactions of the ligands with Ag6

+. However, the
positive charge found in this region is also unequally distributed,
w eing
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l
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B
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The strengthening and tightening of all three ligand bonds is
believed to be responsible for the highly negative value of�S◦

T

and the large BDE for loss of the third alkene ligand.

5.6. Dependence of ligand bonding interactions on Agm
+

cluster size

The BDEs of the first alkene ligand additions to the Agm
+

clusters (m = 1–13 for C2H4 and m = 1–9 for C3H6) are plot-
ted as a function of silver cluster size (m) in Fig. 3. BDEs
for the Ag1,2

+(L) clusters were taken from previous work[27].
From Fig. 3, it is clear that the BDEs of the first ligand addi-
tions decrease asm increases. The Ag6+ and Ag7+ systems are
exceptions to this trend. The BDEs for the loss of a ligand from
Ag6,7

+(L) are comparable to those reported for the Ag2,3
+ sys-

tems. Some deviation from the trend is also observed for C2H4
additions to the larger silver clusters. The BDEs for loss of a lig-
and from Ag12,13

+(C2H4) are slightly larger than for the Ag10,11
+

systems. However, the differences in the BDEs of these systems
are quite small (less than 2 kcal/mol), and will therefore not be
explicitly discussed.

In order to understand the observed bonding trend, the
electron distributions of the Agm+ clusters must be examined
(Table 19). The strongest silver–alkene bond formed is observed
for the monomer systems. Here, the�(2py)2 electron density is
donated from the alkene ligand to the unoccupied 5s orbital of
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ith the Ag atoms where the third and fourth ligands bind b
lightly more positively charged than Ag atoms where the
nd sixth ligands add to the cluster. We believe this pairwise

ribution of charge is responsible for the manner in which alk
igands add to Ag6+.

.5. Ag5
+(L)3

The Ag5
+ system has been discussed previously[28] and

herefore will only be briefly mentioned here. It is clear from
DEs and association entropies given inTables 3 and 14that

he third alkene ligand addition to Ag5
+ is unique. The value o

S◦
T (approximately−45 cal/(mol K)) is much more negati

han what is measured for a typical silver–alkene associ
eaction. The BDE of the third ligand addition to Ag5

+ is also
ubstantially larger than the previous additions to the clust

These phenomena are a result of a ligation-induced
ormational change of Ag5+ that occurs when the third ligan
inds. DFT indicates that theD3hconformation of Ag5+, initially
7.50 kcal/mol higher in energy than theD2d conformer[28,39],
ecomes the minimum energy structure of Ag5

+ when the third
igand binds (by 1.94 kcal/mol for C2H4 and approximatel
egenerate for C3H6). The three atoms of theD3h conformer
here the first three ligands bind are equivalent and highly

tively charged. The structural rearrangement of Ag5
+ allows

or greatly increased covalent interactions with these thre
nds. NBO also indicates that some back-donation from5+

o the unoccupied�* (2py) orbitals of the alkene ligands tak
lace. Additionally, calculations show the loss of low freque
ibrational modes that are found for most of the other Agm

+(L)n

lusters indicating tighter, more ordered bonds for Ag5
+(L)3.
-

-

-

-

g+. The amount of positive charge the first ligand encoun
t the binding site is +1. For the dimer, a single electron occu

he �(5s) orbital of the cluster. The amount of positive cha
hat the first ligand encounters at a binding site is reduced to
ue to symmetry. Each additional increase in the size of a s
luster (by adding on Ag atom) results in one additional elec
hat is distributed in some manner about the atoms that com
he cluster. The additional electron density usually reduce
mount of positive charge at the atomic center encountere

igand attempting to bind to the cluster. The result is a system
ecrease in the covalent interactions of the Agm

+ clusters with
he alkene ligands as the cluster size (m) increases.

The explanation for why the Ag6+ and Ag7+ systems brea
rom the trend can also be found by examination ofTable 19.
g6

+ and Ag7+ are the first bare silver clusters to have
imensional geometries. The onset of 3-dimensional confo

ions brings about an interesting shift in electron configura
BO indicates that the valence electron density is mainly

ributed about the four atoms shown in red and green for A6
+

nd about atoms shown in red for Ag7
+. This leaves the tw

emaining Ag atoms of both clusters highly positively charg
he amount of positive charge encountered by a ligand

ng to one these sites is intermediate between the Ag2
+ and

g3
+ systems and leads to the relatively large BDEs of the

and second) ligand additions to Ag6
+ and Ag7+. As with the

g5
+(L)3 clusters, calculations indicate that back-donation f

g6
+ and Ag7+ to the unoccupied�* (2py) orbitals of the alken

igands also plays a role in the bonding. This contributes to
ighly negative�S◦

T values of these association reactions.
Although the structures of the larger Agm

+ clusters
8≤ m ≤ 13) are also 3-dimensional, no large concentratio
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positive charge is found on the atoms of these clusters. Instead,
the electron density of these clusters is distributed somewhat
evenly about all the atoms, leading to the observed decline in
the BDEs of the first ligand additions.

Information about the approach to bulk-phase properties of
silver can also be extracted from the plots inFig. 3. It is clear
from the graphs that the BDEs of the first ligand additions to the
clusters are asymptotically approaching some value. The energy
required to remove a C3H6 and a C2H4 ligand from an Ag(1 1 0)
surface has been measured to be approximately 12 kcal/mol[43]
and 10 kcal/mol[44], respectively. For Ag9+, the BDE for loss
of the C3H6 ligand is still larger than the value for propene
desorption from bulk silver. Likewise, the BDE for loss of C2H4
from Ag13

+ is also larger than the value for ethene desorption
from bulk silver. However, the Agm+ systems are rapidly nearing
these values by the time the 9th (13th) cluster is reached. This
implies that the Agm+ clusters may arrive at their bulk-phase
properties fairly quickly, most likely at sizes of tens of atoms
rather than at sizes of hundreds or thousands of atoms. Although,
deviations from the trend shown inFig. 3cannot be ruled out at
some larger Agm+ cluster size.

6. Conclusions
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