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Abstract

Temperature-dependent equilibrium methods were used to measure sequential association energies and entropies for the attachment of C2H4

and C3H6 ligands to ground-state Ag+(1S, 4d10) and Ag2
+(2�g, 4d20 �(5s)1). Experimental bond dissociation energies (BDEs) of Ag+(C2H4)n

are 32.2, 30.1, 13.6, 6.5 and 4.4 kcal/mol forn= 1–5, respectively, with the BDE of the sixth ligand estimated to be 3.3 kcal/mol. The BDEs
of Ag2

+(C2H4)n are 24.7, 22.5, 12.5, 7.7 and 2.9 kcal/mol forn= 1–5, respectively. The BDEs of Ag+(C3H6)n are 39.2, 32.9, 13.3, 7.0 and
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.0 kcal/mol and the BDEs of Ag2
+(C3H6)n are 28.1, 25.8, 12.4, 9.3 and 4.2 kcal/mol forn= 1–5, respectively. A first solvation shell of fo

s observed for the attachment of both C2H4 and C3H6 ligands to both the Ag+ and Ag2
+ core ions with all subsequent ligand additio

aking place in the second solvation shell. Electronic structure calculations at the DFT-B3LYP level were performed in order to dete
ibrational frequencies, rotational constants and geometries of all the observed Ag+ and Ag2

+ clusters as well as the nature of the bondin
hese clusters and its variation with core ion coordination.

2004 Published by Elsevier B.V.
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. Introduction

The interactions between transition metals and small
olecules have been the source of extensive study[1]. One of

he underlying reasons is that transition metals have proven
o be essential components in a number of catalytic reac-
ions. Systematic experiments have examined the properties
f an assortment of gas-phase metal ion My

+–Xn clusters with
= H2 [2–12], CO [3–18], O2 [19,20], and CH4 [3,21–24]
long with a variety of other ligands[25–29]. These experi-
ents, coupled with theoretical calculations, have broadened
ur understanding of the nature of transition metal ion bond-

ng and have provided some of the fundamental information
hat is necessary to elucidate the complex factors involved
ith many catalytic processes.

∗ Corresponding author. Tel.: +1 805 893 2893; fax: +1 805 893 8703.
E-mail address:bowers@chem.ucsb.edu (M.T. Bowers).

Recently, considerable attention has been paid to s
clusters and their interactions with small, unsaturated hy
carbons. This interest is due in part to the discovery that s
clusters on semiconductor surfaces serve as epoxidatio
alysts for ethene and propene[30]. Numerous experiment
and theoretical investigations have been conducted in or
ascertain the nature of the interaction between silver and
small alkenes[31–37]. Despite the considerable amoun
study that has been given to these systems, many inter
questions still remain. It is well known that bulk-phase si
is chemically inert, yet nanoscale particles exhibit cata
properties. This leads directly to questions such as wha
silver clusters, or range of sizes, are responsible for ca
sis and where does the transition from nano to bulk pro
ties take place. Investigations into the relative energeti
silver clusters interacting with various species that par
pate in the catalytic reaction, such as C2H4, C3H6, and O2,
could provide important information toward answering th
questions.

387-3806/$ – see front matter © 2004 Published by Elsevier B.V.
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Dewar initially proposed an interaction model to inter-
pret the structure of metalolefin complexes[38]. This model
suggests that bonding consists mainly of electron density do-
nated from the�-orbitals of the ligand to the unoccupied
s-orbital of the metal coupled with back-donation from the
filled d-orbitals of the metal to the unoccupied�*-orbitals
of the ligand. Subsequent studies have used this model to
explain the bonding of small alkenes to group 11 transition
metal cations[32,33,35]. Furthermore, it has been shown that
back-donation plays a more significant role in the bonding of
first row transition metals and is less important for the second
and third row counterparts[35–37].

In this work, temperature-dependent equilibrium mea-
surements in conjunction with ab initio calculations were
used to determine the binding interactions of Ag+(4d10) and
Ag2

+(4d10 �(5s)1) clustering with C2H4 and C3H6, respec-
tively. Some of these systems have been previously inves-
tigated in other laboratories. Guo and Castleman[32] mea-
sured the binding energies of one and two C2H4 ligands to
Ag+. Chen and Armentrout[31] examined reactions of Ag+

with a variety of small hydrocarbons and reported a lower
limit for the BDE of the Ag+(C2H4) ion. Little informa-
tion exists in the literature for Ag+(C3H6) clusters, and no
prior studies could be found on Ag2

+ interactions with ei-
ther C2H4 or C3H6. Of particular interest is the nature of
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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

+Ln]

[Agm
+Ln−1]

760

PL
(2)

The equilibrium constants can then be used to calculate the
standard Gibbs free energies for the reactions:

�G◦
T = −RT ln(K◦

P) (3)

and the values obtained for�G◦
T plotted versus the temper-

ature, 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 tempera-
ture range for all systems reported here. A least squares-fitting
procedure is used to obtain slopes and intercepts of each line.
The slopes are used to determine the association entropy for
Eq.(1) (�S◦

T) and the intercepts give the corresponding�H◦
T

values. The reported uncertainty in these values is a measure
o ◦
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he bonding between these Ag clusters and the alken
nds. The relative strength of the bonds corresponding
arly ligand additions compared to that of the later addit
s well as the comparisons between analogous Ag+(L)n and
g2

+(L)n clusters could provide insight into the charac
stics of the silver alkene bond. Additionally, this initial in
estigation should prove a useful starting point for the s
f the interactions of larger silver clusters with ethene
ropene.

. Experimental methods

A description of the instrument and experimental de
as been given previously[5,7,39], and only a brief descrip

ion will be given here. The silver ions are generated by pu
aser vaporization of a translating/rotating silver rod in a h
ressure Ar bath gas. Sliver clusters exiting the sourc

hen mass selected by a quadrupole mass filter and in
nto a 4-cm long drift/reaction cell containing a mixture
eactant gas (either C2H4 or C3H6) and He. The typical com
osition of the gas mixture is 4.5 Torr of He combined w
.01–0.5 Torr of either C2H4 or C3H6. Equilibria (Eq.(1)
herem= 1–2 and L = C2H4 or C3H6) are quickly establishe
s the various silveralkene clusters are drawn through
ell under the influence of a small electric field:

gm
+Ln−1+L � Agm

+Ln (1)

he electric field is small enough so that the thermal en
f the ions is not significantly perturbed. The clusters ex
f variance in the data from the fit. The 0 K BDE,−�H0, is
hen determined by fitting and extrapolating the data to
sing statistical thermodynamics. The necessary vibrat

requencies and rotational constants are taken from de
unctional theory (DFT)[40] calculations (see theory se
ion). In all cases, vibrational frequencies are varied ov
ide range, and the effect on�H◦

0 is included in the erro
imits. It should be stressed that uncertainties in these pa
ters have little effect on the final values of�H◦

0. A thorough
iscussion of this fitting procedure and an estimation o
rrors involved has been given previously[2,5].

. Theory

The product ions discussed here were all examined
retically to determine the molecular parameters need
nalyze the experimental data and to identify factors im

ant in the bonding. DFT calculations were carried out u
he B3LYP hybrid functional[41,42] and the Gaussian 9
ackage[43]. For all of the calculations reported here, car
nd hydrogen were described using the standard 6-31
asis set[44]. The basis set for silver is a (5s6p4d)/[3s3p
ontraction of the Hay-Wadt (n+ 1) effective core potenti
ECP) valence double zeta basis proposed by Hay[45,46].
ere, the outermost core orbitals are not replaced by the
ut are instead treated equally with the valence orbitals.
llows for increased accuracy in the calculations witho
ubstantial increase in computation time. The ECP fo
er incorporates the Darwin and mass–velocity relativ
ffects into the potential.
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Fig. 1. Plot of experimental�G◦
T vs. temperature for the association reac-

tions Ag+(C2H4)n−1 + C2H4 � Ag+(C2H4)n. Forn= 6, the slope of the line
is the same as then= 5 line.

Geometry optimizations of Ag1,2
+(C2H4)n and Ag1,2

+

(C3H6)n clusters were performed over a wide variety of con-
ceivable geometries in order to obtain minimum energy clus-
ter conformations and to ensure that no alternative theoretical
geometries 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

A plot of �G◦
T versusT for addition of up to six C2H4 lig-

ands to Ag+ is given inFig. 1and a plot of�G◦
T versusT for

addition of up to five C2H4 ligands to Ag2+ is given inFig. 2.
The slopes and intercepts of the lines yield the�H◦

T and
�S◦

T values given inTable 1for the Ag+(C2H4)n system and
in Table 2for the Ag2

+(C2H4)n system.�H◦
0 values obtained

as previously described are also listed inTables 1 and 2for
the respective silverethene systems. Procedures identical to
those used for the ethene clusters were used to obtain�H◦

T,

Fig. 2. Plot of experimental�G◦
T vs. temperature for the association reac-

tions Ag2
+(C2H4)n−1 + C2H4 � Ag2

+(C2H4)n.

�S◦
T, and BDEs for the propene clusters. The experimental

data are given inFig. 3 for the Ag+(C3H6)n system and in
Fig. 4 for the Ag2

+(C3H6)n system. All measured thermo-
dynamic quantities are reported inTables 3 and 4for the
Ag+(C3H6)n and Ag2+(C3H6)n systems, respectively. Ad-
ditionally, theoretical binding energies calculated for all of
the observed silveralkene clusters are listed inTables 1–4
and structures obtained from DFT calculations are given in
Figs. 5 and 6for the silver ethene systems and inFigs. 7 and 8
for the silver propene systems.

Several trends in the experimental data were observed.
First, in each of the four systems studied, clusters with at least
five ligands were observed at the temperatures accessible in
our experiments. For the Ag+/C2H4 system, addition of a
sixth ligand was also detected. Second, similarities in the
BDEs were observed. The strongest bond in each of the four
systems results from the addition of the first alkene ligand to
either Ag+ or Ag2

+, with values ranging from 24.7 kcal/mol
for Ag2

+(C2H4) to 39.2 kcal/mol for Ag+(C3H6). In all cases,
the second ligand is bound several kcal/mol more weakly than

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

n Experiment Theory

−�H◦
T (kcal/mol) −�S◦

T (cal/mol K) −�H◦
0 (kcal/mol) Ta De (kcal/mol) Do (kcal/mol)

1 ± 3.0
2 ± 1.3
3 ± 0.8
4 ± 0.8
5 ± 0.6
6 b

kelvin.
32.5± 2.5 18.9± 4 32.2
30.3± 0.8 27.5± 1 30.1
14.0± 0.6 27.0± 2 13.6
6.8± 0.4 21.9± 2 6.5
4.5± 0.5 11.3± 3 4.4

– – ∼3.3
a Temperature range over which equilibrium data was acquired, in
b Estimate (see text).
675–800 32.53 31.24
500–800 27.59 26.10
255–345 10.42 9.10
160–195 3.61 2.85
130–160 – –
115 – –
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Table 2
Data summary for Ag2+(C2H4)n−1 + C2H4 � Ag2

+(C2H4)n

n Experiment Theory

−�H◦
T (kcal/mol) −�S◦

T (cal/mol K) −�H◦
0 (kcal/mol) Ta De (kcal/mol) Do (kcal/mol)

1 25.1± 1.5 23.8± 2 24.7± 2.0 625–740 22.14 20.86
2 22.7± 1.3 31.0± 3 22.5± 1.8 400–500 17.40 16.19
3 12.9± 0.7 25.3± 3 12.5± 1.0 255–375 8.93 7.82
4 8.1± 0.4 18.2± 2 7.7± 0.6 180–280 5.54 4.57
5 3.1± 0.6 10.1± 3 2.9± 0.8 130–180 – –

a Temperature range over which equilibrium data was acquired, in kelvin.

Fig. 3. Plot of experimental�G◦
T vs. temperature for the association reac-

tions Ag+(C3H6)n−1 + C3H6 � Ag+(C3H6)n.

Fig. 4. Plot of experimental�G◦
T vs. temperature for the association reac-

tions Ag2
+(C3H6)n−1 + C3H6 � Ag2

+(C3H6)n.

the first. Furthermore, each of the first two C3H6 ligands
bind more strongly than C2H4 to both Ag+ and Ag2+ by
several kcal/mol. Between the second and third ligands, there
is a substantial drop in the BDEs of 10–20 kcal/mol. Each
additional ligand in all four systems is bound more weakly,
with the fifth (and sixth in the case of the Ag+/C2H4 system)
bound by less than 5 kcal/mol.

Similarities in the association entropies for the four sys-
tems can also be seen. For the additions of the first four

F
D
a
a

ig. 5. Theoretical geometries of the Ag+(C2H4)n clusters calculated at the
FT B3LYP level. Distances are in angstroms and angles in degrees. Thez-
xis is taken as the Ag+ C2H4 bonding axis. All Ag+ C2H4 bond distances
re measured from the Ag+ ion to the center of the CC double bond.
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Table 3
Data summary for Ag+(C3H6)n−1 + C3H6 � Ag+(C3H6)n

n Experiment Theory

−�H◦
T (kcal/mol) −�S◦

T (cal/mol K) −�H◦
0 (kcal/mol) Ta De (kcal/mol) Do (kcal/mol)

1 39.6± 2.0 26.0± 3 39.2± 3.0 720–800 35.98 35.02
2 33.3± 0.8 29.9± 3 32.9± 1.5 555–745 28.56 27.30
3 13.7± 0.8 27.7± 2 13.3± 1.0 275–425 8.56 7.62
4 7.3± 0.7 22.9± 3 7.0± 1.0 175–275 2.51 2.04
5 3.0± 0.6 13.3± 3 3.0± 0.8 145–175 – –

a Temperature range over which equilibrium data was acquired, in kelvin.

alkene ligands values ranged from approximately−20 to
−30 cal/(mol K). The additions of subsequent ligands result
in values of�S◦

T that are approximately 10 entropy unit “less
negative” than that of the fourth ligand addition.

In all cases, DFT calculations yielded theoretical binding
energies in good agreement with experiment for addition of
the first two ligands in all systems studied. The agreement is
slightly worse for subsequent ligands, but the drop in binding
energy is quantitatively duplicated. Additionally, theoretical
molecular geometries and electronic population analysis, ac-
quired from DFT, provided information necessary in order
to elucidate the dominant bonding interaction of the various
clusters.

5. Discussion

5.1. First alkene ligand additions

The first additions of C2H4 and C3H6 to Ag+ and Ag2+

serve as effective prototypes for the analysis of the all the
silver alkene clusters discussed in this work. The relatively
large BDEs of the first clusters suggest that covalent bond-
ing is involved. Calculations show that a substantial amount
of electron density, ranging from 0.11 to 0.20 electrons, is
d etal
c fer is
c e are
c ion is
s r
c
b
a FT)

indicating electrostatic forces should also contribute to the
differences in the observed binding energies.

A more extensive understanding of the bonding interac-
tions of the first clusters can be gained by analysis of the
valence electronic configuration of the species that partic-
ipate in the bonding. The Ag+ ion has a 4d105s0 valence
electron configuration, which suggests that the majority of
the charge donation to Ag+ is to the unoccupied 5s-orbital
since the 4d-orbitals are fully occupied and the 5p-orbitals lie
much higher in energy. Similarly, the Ag2

+ ion has a (4d20

�(5s)1) valence electron configuration that suggests electron
donation to the singly occupied�(5s)-orbital. The highest
occupied molecular orbital (HOMO) of C2H4 and C3H6 is
the �(2py)2 bonding orbital that makes up the CC double
bond in both molecules. This suggests that donation to the 5s-
orbital of Ag+ and the�(5s)-orbital of Ag2+ should originate
from the�(2py)2-orbital, a bonding scheme consistent with
the metal olefin bonding model proposed by Dewar[38]. In-
deed, our NBO population analysis[48] shows that the dom-
inant bond interaction is donation from the�(2py)2-orbital
of the alkene ligands to the 5s-orbital of Ag+ and the�(5s)-
orbital of Ag2

+ (seeTable 5). However, NBO also shows that
the populations of the 4d-orbitals of Ag+ and Ag2+ remain
mostly unchanged when bound to the alkene ligands, indi-
cating that back-donation from the 4d-orbitals to the�* (2py)
a not
p

p
o
o elow
t ated
C htly

T
D

n

◦
0 (kca

1 ± 1.5
2 ± 1.5
3 ± 0.8
4 ± 0.5
5 ± 0.6

kelvin.
onated from the first alkene ligand to the transition m
enter, supporting covalent bonding. The charge trans
onsistent with the fact that both ethene and propen
onsidered to be good electron donors. Electron donat
lightly larger for C3H6 than for C2H4, indicating a stronge
ovalent interaction could be involved. However, C3H6 has
oth a larger polarizability than C2H4 (6.3 versus 4.3̊A3) [47]
nd dipole moment (0.44 versus 0.0 Da according to D

able 4
ata summary for Ag2+(C3H6)n−1 + C3H6 � Ag2

+(C3H6)n

Experiment

−�H◦
T (kcal/mol) −�S◦

T (cal/mol K) −�H

28.5± 0.8 21.9± 2 28.1
25.9± 0.8 24.3± 2 25.8
12.5± 0.5 24.1± 2 12.4
9.4± 0.3 27.2± 1 9.3
4.4± 0.4 18.4± 2 4.4

a Temperature range over which equilibrium data was acquired, in
ntibonding orbital of the alkenes is minimal and does
lay a large role in the silveralkene bond interaction.

Both C2H4 and C3H6 adsorb side-on to Ag+ and Ag2+, per-
endicular to the silveralkene bond axis (seeFigs. 5–8). This
rientation allows for electron donation from the�(2py)2-
rbital to occur because these orbitals lie above and b

he plane of the alkene molecules. Additionally, the calcul
C bond distance for the first clusters is increased slig

Theory

l/mol) Ta De (kcal/mol) Do (kcal/mol)

700–800 24.54 23.52
625–720 18.43 17.48
260–355 8.33 7.48
200–300 4.84 4.34
145–175 – –
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Fig. 6. Theoretical geometries of the Ag2
+(C2H4)n clusters calculated at

the DFT B3LYP level. Distances are in angstroms and angles in degrees.
Thez-axis is taken as the Ag2

+ C2H4 bonding axis. All Ag2+ C2H4 bond
distances are measured from the bonding atom of the Ag2

+ ion to the center
of the C C double bond.

compared to that of free the molecules (0.032 and 0.025Å
for Agm+(C2H4), m= 1 and 2, respectively, and 0.040 and
0.031Å for Agm+(C3H6),m= 1 and 2, respectively), consis-
tent with electron transfer out of a bonding orbital.

Although the bonding interactions of Ag+ and Ag2+ with
the first C2H4 and C3H6 ligands are similar, differences exist.
Specifically, when the Ag2+(L) clusters are compared to the
analogous Ag+(L) clusters, we find: (1) reduced BDEs for the
Ag2

+(L) clusters, (2) transition metal ionligand bond dis-
tances are increased, and (3) the CC double bond distances
are closer to the values calculated for an unbound C2H4 or
C3H6 molecule. These phenomena have been observed in
other transition metal dimer systems[12,19] and can be at-
tributed to a reduction in the covalent interaction between the
ligand and the transition metal dimer relative to the monomer.
This reduction is caused by single electron occupation of the

Fig. 7. Theoretical geometries of the Ag+(C3H6)n clusters calculated at the
DFT B3LYP level. Distances are in angstroms and angles in degrees. Thez-
axis is taken as the Ag+ C3H6 bonding axis. All Ag+ C3H6 bond distances
are measured from the Ag+ ion to the center of the CC double bond.

Table 5
Natural bond order populations of Ag1,2

+(L) clusters

Population

5s/�(5s) (charge)a �(2py)

Ag+(C2H4) 0.17 (0.88) 1.84
Ag+(C2H4)2

b 0.35 (0.77) 1.85
Ag2

+(C2H4) 1.13 (0.90) 1.86
Ag2

+(C2H4)2
b 1.24 (0.83) 1.88

Ag+(C3H6) 0.20 (0.85) 1.81
Ag+(C3H6)2

b 0.37 (0.74) 1.84
Ag2

+(C3H6) 1.16 (0.88) 1.84
Ag2

+(C3H6)2
b 1.26 (0.81) 1.86

Ag+ 0.00 (1.00) –
Ag2

+ 1.00 (1.00) –
C2H4/C3H6 – 2.00

a Natural charges taken for NBO population analysis.
b 5s/�(5s) populations are fortwo ligandsdonating electron density into

the orbital.�(2py) populations are for both ligands that donate equal amounts
of electron density to a given metal center.
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Fig. 8. Theoretical geometries of the Ag2
+(C3H6)n clusters calculated at

the DFT B3LYP level. Distances are in angstroms and angles in degrees.
Thez-axis is taken as the Ag2

+ C3H6 bonding axis. All Ag2+ C3H6 bond
distances are measured from the bonding atom of the Ag2

+ ion to the center
of the C C double bond.

σ(5s)-orbital that forms the bond between Ag(4d105s1) and
Ag+(4d105s0), leading to increased on-axis Pauli repulsion
with the ligand. Calculations show that the�(5s) electron
density of Ag2+ is polarized away from the alkene ligand.
The cost of polarizing electron density away from the ligand
coupled with increased on-axis Pauli repulsion and reduced
�(2py)2 donation to Ag2+ result in reduced bond strength
and increased bond length in Ag2

+(C2H4) and Ag2+(C3H6)
relative to Ag+(C2H4) and Ag+(C3H6).

5.2. Second alkene ligand additions

The bonding interactions of the second ligand attachments
are similar to the first, with�(2py)2 donation from the alkene
ligands to either the 5s-orbital of Ag+ or the�(5s)-orbital of
Ag2

+ (Table 5). NBO shows a substantial amount of electron
donation from the alkene ligands to the transition metal core
ions indicating that the bonding interactions of second clus-

ters remain covalent in nature. However, NBO does show that
there is a slight reduction in the average amount of�(2py)2

electron density donated from the alkene ligands to the tran-
sition metal ions. This slightly reduced amount of electron
transfer is likely the cause of the small decrease in BDE for
the second alkene ligand additions as compared to the first.

NBO also provides some addition information that can be
used to rationalize the reduced BDEs of second alkene lig-
and additions to the dimer. The decrease in BDE can again
be attributed to the single occupation of the�(5s)-orbital of
Ag2

+. Here, repulsive�(5s) electron density is initially po-
larized away from the first alkene ligand. Consequentially,
addition of the second ligand must now occur in an area of
relatively high electron density. In order to reduce the amount
of on-axis repulsion experienced by the second ligand,�(5s)
electron density is “repolarized” to near its original distri-
bution in the bare Ag2+ core ion. The effect of this process
is a decrease in the overall bond strength of the Ag2

+(L)2
clusters.

5.3. Third and fourth alkene ligand additions

The bonding interactions of both the third and fourth ad-
ditions resemble those of the smaller clusters with electron
density being donated from the�(2py)2-orbitals of the alkene
l +

A nd
f the
c ion
a ation
i cond
c es for
t -
t cal-
c
b ider-
a clus-
t on
a e de-
c d for
a te
r s-
t

5

ud-
i ture
r opy is
o cat-
i and
h tions
a fifth
c l,
i his
i the
igands to either the 5s-orbital of Agor the�(5s)-orbital of
g2

+. The reduction in BDE from the second to third a
ourth clusters can largely be attributed to a reduction in
ovalent interactions between the transition metal core
nd the alkene ligands. NBO illustrates that electron don

s reduced in the third clusters compared to that of the se
lusters and that the trend of reduced covalency continu
he fourth additions. The decreased metal ionligand interac
ions of the third and fourth clusters can be seen in their
ulated molecular geometries (Figs. 5–8). The silver alkene
ond lengths of the third and fourth clusters have cons
bly increased compared to those of the first and second

ers. At the same time, the CC bond distances of the carb
toms sharing a double bond in the alkene ligands hav
reased, shifting closer to the bond distances calculate
n unbound C2H4 or C3H6 molecule. These trends indica
educed metalligand interactions for third and fourth clu
ers.

.4. Fifth and sixth alkene ligand additions

Equilibrium for the fifth clusters of all the systems st
ed could only be observed over a very limited tempera
ange. In all cases, a large increase in association entr
bserved for the addition of the fifth alkene ligand, indi

ng this ligand is much more mobile than the first four
ence occupies the second solvation shell. DFT calcula
re consistent with this observation. All of the calculated
luster binding energies (Do) are approximately 0 kcal/mo

ndicating that the fifth ligand is essentially unbound. T
s not an uncommon DFT result for ligand addition in
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second solvation shell. The theoretical Ag+ alkene bond dis-
tances for the fifth ligands are greater than 5Å, while the bond
distances from Ag+ to the other four alkene ligands remain
nearly unchanged. The CC double bond distance of the fifth
alkene ligands are approximately the same as that calculated
for either a free C2H4 or C3H6 molecule. The DFT min-
imum energy structures for the Ag2

+ alkene fifth clusters
yield bond distances shorter than the analogous Ag+ systems,
even though the predicted binding energies are near zero.

Data for a sixth alkene ligand addition, Ag+(C2H4)6, was
obtained at 115 K. A BDE of 3.3 kcal/mol for Ag+(C2H4)6
was estimated by assuming an association entropy equal to
that of the Ag+(C2H4)5 cluster. The theoretical binding en-
ergy for Ag+(C2H4)6 suggests that the sixth C2H4 ligand is
essentially unbound with respect to the separated reactants
(Ag+(C2H4)5 + C2H4). The calculated geometry of the sixth
cluster also shows a long bond distance from Ag+ to the sixth
C2H4 ligand (5.423Å) and a C C bond distance nearly equal
to that of free C2H4.

6. Conclusions

1. Bond dissociation energies and association entropies were
determined for sequential clustering of up to six C2H4 and
C3H6 ligands to the Ag+ and Ag2+ ions. The ligands at-
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