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Abstract

Sequential bond dissociation energies (BDEs) and association entropies for the attachméhtlafadds to ground-state Ag (m=3-13)
clusters and for the attachment oft@ ligands to ground-state Ag (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 g,Jictrstey and
as a function Ag™ cluster size for the first ligand additions. With the exception of thg"A&md Ag* clusters, BDEs for the loss of a ligand from
the Ag,* (L) (m=3-13, L=GHy4; m=3-9, L=GHps) clusters decrease as the size of the silver clusters increase. Electronic structure calculations
at the DFT-B3LYP level were performed in order to determine the vibrational frequencies, rotational constants and geometries of the silver—alken
clusters 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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1. Introduction ties of size-selected transition metal clusters are studied both
deposited on metal-oxides surfa¢25] and in the gas-phase. In
The chemistry of metal clusters has received considerabléhe gas-phase, these investigations are primarily focused on the
attention over the last 25 yeaf$-3]. This can be primarily interactions of positively and negatively charged silver and gold
attributed to the fact that the intrinsic properties of clusters arelusters with ethene and propg@é—28] This is due to the rela-
intermediate to those of atoms and the bulk-phide This  tively recent discovery that Ag and Au clusters on semiconductor
region is of particular interest for coinage metals because itis hasurfaces can serve as epoxidation catalysts for these alkenes
been shown to be important in a number of catalytic reaction§5,29]. Here, we report on the interactions of Ag(m =3-13)
[5-7]. with CoH4 and on the interactions of Ag (m = 3—-9) with GHg
In order to elucidate the properties of these clusters, mulebtained from temperature-dependent equilibrium methods and
tiple experimental and theoretical investigations have focusedb initio calculations.
on their interactions with small molecul&-11], H, [12-14]
COJ[15-17]} O2 [18,19]and polyatomic hydrocarboifiz0—24]
These studies have provided fundamental information on met
cluster—ligand binding energies and geometries. Despite the

wealth of information available on cluster—small molecule 'nter'been given previousljL2,13,30] and only a brief description

actions, questions remain such as the size range of CIUSte\RﬁII be given here. Silver ions are generated by pulsed laser

responsible fo_r catalytic action and where the transition to bul vaporization of a translating/rotating silver rod in a high-pressure
phase properties occurs.

_ o . . Ar bath gas. Silver clusters exiting the source are then mass
In an attempt to prpy@e further |n3|ght mtq these ISSUES g6 jected by a quadrupole mass filter and injected into a4 cmlong
a program has been initiated at UCSB in which the PrOPEryiftreaction cell containing a mixture of reactant gas (either
CoHg4 or C3Hg) and He. The typical composition of the gas
* Corresponding author. Tel.: +1 805 893 2893; fax: +1 805 893 8703. mixture is 4.5 Torr of He combined with 0.01 to 0.5 Torr of either

E-mail address: bowers@chem.ucsb.edu (M.T. Bowers). CoHg4 or CgHg. Equilibria (Eq.(1) where eithem =3-13 and

gf Experimental methods

A description of the instrument and experimental details has

1387-3806/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2005.12.028
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L=CoH4 or m=3-9 and L=GHpg) are quickly established as are instead treated equally with the valence orbitals. This allows
the various silver—alkene clusters are drawn through the cefbr increased accuracy in the calculations without a substantial

under the influence of a small electric field. increase in computation time. The ECP for silver incorporates
n n the Darwin and mass—velocity relativistic effects into the poten-
Ag,,"L,.-1+L=Ag, L, @ il

The electric field is small enough so that the thermal energy Geometry optimizations of Ag"(CzHa), and Ag,™(CsHe)x
of the ions is not significantly perturbed. The clusters exitingclusters of interest were performed over a wide variety of con-
the cell are then mass selected by a second quadrupole af@ivable geometries in order to obtain minimum energy cluster
detected. conformations and to ensure that no alternate theoretical geome-

Integrated peak areas are recorded and these values, aIdﬁ?S exist that significantly differ from those reported here.
with the pressure of the ligating gaBy( in Torr, are used to Al confirmed minima consist of largely unperturbedhg and
determine an equilibrium constari) for each reaction using CsHs ligands bound to a metal core ion.
Eq. (2).

4. Results
o _ [Ag, (L)l 760 @
P A, L), T PL Plots of AG$ versusT for the additions of @Hs and GHe

+ ] R L
The equilibrium constants can then be used to calculate the sta'hq Ags” are given inFig. 1 and similar plots for gH, and

dard Gibbs free energies for the reactions, . .
Agi(C,H,),1 + C.H, <= Agi(C,H,),
AGS = —RT In(Kp) 3)

n=>5

and the values obtained favG . plotted versus the temperature, n-4

to obtainAS7 and A H; for each reaction using E{@).

AGS = AHS — T ASS (4)

The resulting plots are linear over the experimental temperature
range for all systems reported here. A least squares fitting pro-
cedure is used to obtain the slope and intercept of each line. The
slopes determine the association entropy for(Ep(AS5) and

the intercepts give the correspondifg/; values. The reported
uncertainty in these values is a measure of variance in the data -16 4
from the fit. The OK bond dissociation energy (BDE) is then 184
determined by fitting and extrapolating the data to 0 K using sta-
tistical thermodynamics. The necessary vibrational frequencies 0 100 200 300 400 500 600
and rotational constants are taken from density functional theory T (K)

(DFT) [31] calculations (see Secti@). In all cases, vibrational

frequencies are varied over a wide range of physically reason- + —> Aat

able values, and the effect arH is included in the error limits. . AGCaHoh1 + Caf <= Adu(CHely

It should be stressed that uncertainties in these parameters have n=5 n=4

little effect on the final values oA Hj. A thorough discussion - /

of this fitting procedure and an estimation of the errors involved ]

has been given previous]$0,32]

AG?I.(kcallmoI)

3. Theory

The product ions of interest were examined theoretically to
determine the molecular parameters needed to analyze the exper-
imental data and to identify factors important in the bonding,
including 0K BDE'’s (Do) for comparison with the experimen-
tally determined values{A Hg). DFT calculations were carried
out using the B3LYP hybrid function§83,34]and the Gaussian )
03 packagg35]. For all of the calculations reported here, car- 0 100 200 300 400 500 600
bon and hydrogen were described using the standaBd 6G** T (K)
basis sef36]. The basis set for silver is a (5s6p4d)/[3s3p2d] con-_ _ 3 .
traction of the Hay—Wadi(+ 1) effective core potential (ECP) ey Plf)t of expermema}GT Vs'iemperature data for the assguat'on reac-

tions Agy*(L),—1 +L=Aga" (L), (L=either GH4 or C3Hg). Forn=5 of the

valence double zeta basis p_roposed by Hay and \[2&ad88] CoHa system, the slope of the line is 10 cal/(mol K) more positive thamthé
Here, the outermost core orbitals are not replaced by the ECP, biitte (see text for details).

AGf’r(kcaI/moI)
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Ag;(czH4)n.1 + C2H4 (1) Ag;(C2H4)n

Table 2
Data summary for Ag'(CoHg),—1+ CoHa = Ags™ (CoHa),
n Experiment Theory

—AHZ? —ASzb —AHGR T D& Do?
1 194+ 14 233+4 19.2+18 400-515 16.15 14.80
2 187+ 0.6 274+ 2 18.6+£0.9 340-450 12.53 11.53
3 176+ 0.2 302+ 1 17.4+05 300-375 10.18 9.11
4 128+ 05 31.1+2 12.5+0.7 225-300 7.52 6.60
5 - - ~4.6 130 - -

AG°T(kca|/mo|)
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Agg(C;Hg),., + C;Hg <= Agg(CoHy),

e

Fig. 2. Plot of experimentah G vs. temperature data for the association reac- 2

300 400 500 600

T (K)

100 200

tions Agy*(L),—1+L = Ags* (L), (L=either GH4 or C3Hg).

600

CsHe additions to Ag* are given inFig. 2 All other AGS

versusT data plots for the systems discussed here can eithér
be found insupplementary informatioar have been published

AHj andA S5 values giveniTables 1-1for the Ag,,*(CoHa),
(m=3-13) systems, respectively, andTiables 12—18or the

2 In units of kcal/mol.

b In units of cal/(mol K).

¢ 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 Ag'(CoHa),—1 + CoHa = Ags* (CoHa),

n Experiment Theory
—AHS*D  _AS53C _AHSP I D®  DoP

1 18.84+ 0.8 243+ 2 187+ 1.1 400-535 13.88 12.73

2 18.44+ 0.8 278+ 2 182+ 12 375-455 1223 11.07

3 259+ 05 453+1 252+09 370435 10.77 8.93

4 9.3+ 04 233+ 2 89+ 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 45+ 04 12.6+ 2 45+ 06 130-170 - -

@ Values have been previously repor{@g].
b In units of kcal/mol.

¢ In units of cal/(mol K).
d Temperature range over which equilibrium data was acquired, in Kelvin.

Table 4

Data summary for Ag'(CoHg),—1 + CoHa = Age™ (CoHa),

n Experiment Theory
—AHR? —AS;P —AH? T D& Dg?

1 26.0+ 0.8 358+2 257+1.0 435545 17.18 15.77
22.3+ 0.3 385+1 22.0+0.6 370455 1350 12.20

3 14.84+ 0.4 288+ 1 14.6+0.7 285-370 8.48 7.53

4 11.44+ 0.3 251+1 1124+ 0.6 245-300 6.48 5.53

5 86+ 04 20.3+ 2 85+ 0.6 200-245 4.19 3.51

6.9+ 0.6 20.7+ 3 6.9+ 0.8 155-200 3.22 2.52

2 In units of kcal/mol.
elsewherd28]. The intercepts and slopes of the lines yield the ° In units of cal/(molK).

¢ Temperature range over which equilibrium data was acquired, in Kelvin.

Table 1

Data summary for Ag'(CoHs),—1 + CoHa = Ags*(CoHa),

n Experiment Theory
—AH?  —AS23C _AHGP T D De°

1 21.6+ 0.5 23.1+1 215+0.8 450-675 17.84 16.55

2 19.8+ 0.6 26.0+£1 19.7£09 375-575 15.23 14.15

3 17.3+ 0.3 285+1 171+ 0.6 300-425 1239 11.17

4 57+ 0.4 19.7+ 3 55+ 0.6 130-195 - —

2 Values have been previously repor{@8].

b In units of kcal/mol.
¢ In units of cal/(mol K).

d Temperature range over which equilibrium data was acquired, in Kelvin.

Table 5

Data summary for Ag'(CoHa),—1 + CoHa = Ag7* (CoHa),

n Experiment Theory
—AHR? —AS;P —AH? T D& Dg?

1 26.7+ 0.5 3871 264+0.7 435545 16.54 15.14

2 225+ 0.7 36.6£2 221+1.0 370455 14.09 12.78

3 12.94+ 0.3 2631 127+ 0.6 265-330 7.23 6.26

4 10.1+ 0.2 21.3+1 9.9+ 05 225-300 6.55 5.64

5 82+ 04 18.6+ 2 794+ 0.7 200-245 4.84 3.98

6 65+ 05 169+3 6.3+ 0.7 155-200 2.99 2.35

7 56+ 0.5 18.6+ 3 524+ 0.8 130-170 1.80 1.20

2 In units of kcal/mol.
b In units of cal/(mol K).
¢ Temperature range over which equilibrium data was acquired, in Kelvin.
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Table 6

Data summary for Ag'(CoHa),—1 + CoHa = Ags™ (C2Ha),

n Experiment Theory
—AHR® —ASSP —AHG? T° De? Do?

1 17.7+0.7 30.0+3 1754+ 1.0 330-415 10.96 9.87

2 15.5+0.4 295+ 1 153+ 0.6 285-370 9.78 8.73

3 11.3+0.2 231+ 1 11.0+£ 0.5 245-300 8.49 7.39

4 10.8+0.6 26.44+ 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 ~5.64 - - 130 - -

2 In units of kcal/mol.
b In units of cal/(mol K).

¢ Temperature range over which equilibrium data was acquired, in Kelvin.

d Estimate, acquired by assuming the same association entrapyas

Table 7

Data summary for Ag'(CoHs),—1 + CoHa = Age* (CoHa),

n Experiment Theory
—AHR? —ASgP —AHG? T° D Dg?

1 16.5+ 0.6 26.9+ 2 16.3+ 0.8 330-380 9.22 8.15

2 14.94+ 0.7 29.8+ 3 14.84+ 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+ 0.2 273+ 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 81+ 04 25.1+ 2 - 155-200 - -

7 6.7+ 0.4 24.6+ 2 - 130-170 - -
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Table 10
Data summary for Ag*(CoHa),—1 + CoHa 2 Aga12* (CoHa),
n Experiment Theory
—AH32 —ASSP —AHG? T° D Do?
1 16.7+0.6 31.3:2 16.5+0.8 290-390 9.71 8.67
2 13.6£0.7 25.+2 13.4+0.9 280-390 8.72 7.69

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

Table 11

Data summary for Ags"(CaHa),—1 + CoHa = Aga3*(CoHa),

n Experiment Theory
—AH32 —ASSP —AHg? T D Do?

1 16.3+0.4 32.3t1 16.2+0.6 290-390 7.94 6.96

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

Table 12

Data summary for Ag (CsHg),—1 + CaHs = Ags*(CzHs)n

n Experiment Theory
—AHZ? —AS3P —AH? T° D& Dg?

1 26.2+ 0.6 275+ 2 26.1+1.0 555-745 1951 18.46

2 21.4+ 0.9 264+ 2 21.3+15 465-570 16.12 15.21

3 18.9+ 0.4 31.1+1 187+09 355-465 12.76 11.88

4 49+ 0.2 15.0+ 1 49+ 04 145-280 - -

5 4.3+ 0.6 18.1+ 3 42+ 08 175-145 - -

2 In units of kcal/mol.
b In units of cal/(mol K).

¢ Temperature range over which equilibrium data was acquired, in Kelvin.

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

Table 8

Data summary for AQ)+(C2H4)n_1 +CoHs = Aglo+(C2H4),,

n Experiment Theory
—AH3® —AS3P —AHG? 7° D D¢?

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

2 In units of kcal/mol.
b In units of cal/(mol K).

¢ Temperature range over which equilibrium data was acquired, in Kelvin.

Table 9

Data summary for Ag*(C2Ha),—1 + CoHa = Ag11*(CoHa),

n Experiment Theory
—AH;®  —AS3® —AHSR T De? Dg?

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

Table 13

Data summary for Ag'(C3Hg),—1 + C3Hs = Ags* (C3He),

n Experiment Theory
—AHZ? —AS3P —AH? T D&  Dg?

1 228+ 1.1 257+ 3 228+ 15 435-530 17.27 16.21

2 21.0+ 0.5 299+1 21.0+£0.9 395480 1641 15.43

3 18.4+ 0.7 30.7£2 183+11 320435 10.59 9.82

4 1254+ 0.6 298+2 125+0.9 235-325 7.39 6.76

5 3.8+ 0.6 15.1+ 3 - 145-160 - -

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

Table 14

Data summary for Ag+(C3H6)n,1 +CgHg = A95+(C3H6),,

n Experiment Theory
—AHS? —ASgP —AHG? 7° De? Do?

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+2 198+ 1.0 395-480 13.70 12.65

3 25.3+ 0.4 443+ 1 25.0+ 1.0 375-460 8.97 7.56

4 11.3+ 0.6 284+ 2 11.3+ 0.9 205-280 4.17 3.63

5 9.4+ 0.7 30.6+ 3 9.4+ 1.0 190-220 211 1.73

6 6.0+ 0.7 21.4+ 3 - 145-170 — —

2 In units of kcal/mol.
b In units of cal/(mol K).

¢ Temperature range over which equilibrium data was acquired, in Kelvin.

& In units of kcal/mol.
b In units of cal/(mol K).
¢ Temperature range over which equilibrium data was acquired, in Kelvin.
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Table 15 Table 18
Data summary for Agt(C3Hg),—1 + CsHe = Ade* (C3He)n Data summary for Ag'(C3Hg),_1 + CaHs = Ago* (C3Hs),
n Experiment Theory n Experiment Theory
—AHZ? —AS3P —AHGE T D D¢? —AHZ®  —AS3P —AHGE T D& Dg?

1 259+ 0.9 33.3t2 258+ 1.2 460-570 17.78 16.57 1 19.3+0.6 29.6-2 19.2+ 0.8 375-460 10.12 9.30
2 20.0+ 0.7 30.3+ 2 19.8+ 1.1 375-460 13.65 12.64 2 16.2+:0.5 28.+2 16.2+ 0.7 320-375 9.09 8.28
3 15.0+ 1.0 26.5+ 3 1494+ 1.4 300-375 8.31 749 3 14.6+0.8 30.74+3 145+ 1.1 280-320 7.95 7.19
4 139+ 1.1 30.9+ 3 13.94+ 1.4 240-320 6.18 542 4 13.0+0.8 31.2+3 - 240-280 - -
5 11.1+ 0.6 27.8+ 2 - 220-260 - — 5 11.2+0.4 30.6+2 — 205-240 - —
6 9.8+ 0.5 31.5+ 2 - 190-220 - - 6 10.2+0.2 32.6t1 - 190-220 - -

a| its of keal/mol 7 8.5+0.2 28.9+1 — 155-190 - —

N units ot kcalimol. 8  ~7.0 ~28.9 - 140-155 - -

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

Table 16

Data summary for Ag"(CsHg),—1 + CsHe = Ag7*(C3Hs),

n Experiment Theory
—AH38 —ASSP —AHG? T° D Do?

1 252+ 1.0 334+ 2 251+13 460-570 16.87 15.75

2 21.0+£ 09 315+2 208+13 375460 14.07 13.00

3 14.44+ 0.5 272+ 2 143+09 280-375 7.30 6.52

4 13.2+ 0.8 29.2+3 131+1.1 240-300 5.93 5.14

5 12.0+ 0.3 30.8+1 - 220-260 — -

6 108+ 0.3 32.7t1 - 190-220 - -

7 85+ 0.2 305+ 1 - 155-190 — —

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

Ag,*(C3He), (m=3-9) systems, respectivelp\Hj values
obtained as previously described are also liste@aibles 1-18
for each silver—alkene system examined.

Several trends in the experimental data were observed. With

the exception of Agt and Aggo’, 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 AC3Hg system are
systematically larger that those of the AgC,H4 system for a
given value ofn.

Trendsinthe association entropies for the systems studied can

also be seen. TypicakS; values ranged from approximately
—20 cal/(mol K) to—30 cal/(mol K). All association reactions

Table 17
Data summary for Ag'(CsHe),—1 + C3Hg = Ags* (C3Hs),
n Experiment Theory
—AHP®  —AS3P —AHGRTC De? Do?
1 19.7+0.8 29.9+2 19.7+ 1.0 375460 12.07 11.15
2 16.9£0.5 2951 16.9+ 0.8 320-400 10.49 9.58
3 15.2+0.3 326+t1 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.% ~31.0¢ - 155-170 - -

2 In units of kcal/mol.

b In units of cal/(mol K).

¢ Temperature range over which equilibrium data was acquired, in Kelvin.
d Estimate, values obtained from two data points.

a In units of kcal/mol.

b In units of cal/(mol K).

¢ Temperature range over which equilibrium data was acquired, in Kelvin.
d Estimate, values obtained from two data points.

(Eq. (1)) where the value of >m result in values oA S5. that
are approximately 10 entropy units “less negative” than those of
the firstm ligands. Some association reactions give rise to values
of AS7 that are much more negative tha0 cal/(mol K). The
reasons for these large negative valueA §f 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 Ag,* clusters is also observed. With the exception

Ag; + C,H, <= Ag}(C,H,)

-10 bulk
3
E 204
©
(3]
=
0O
I |
3 -30

-40 T T ,

0 5 10 15
m
+ —>
Ag,, + C;H, <ZAg,.(C;H,)
-10
bulk

S 20
E .
E [
2 -30
0 ©
I
<

-40

-50 T T T T r .

0 2 4 6 8 10 12

m

Fig. 3. Plot of AH; vs. cluster size 1¢) for the association reactions
Agnt+L=Ag, (L) (m=3-13, L=GHg; m=3-9, L=GHg). 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.
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of the Ags* and Ag:* clusters, the BDEs of the first alkene lig- Table 19 _
ands systematically decrease as the size of th@J'A‘gJSterS Natural bond order populations and charges of thg Agusters £ =2-13)

increase, as shown iRig. 3. Fig. 3 also shows that the BDEs m Structuré Symmetry  5s populatioAs  5s charged
appear to be asymptotically approaching the binding energy of, & 5 0.500 0.500
C,H4 and GHge to the bulk silver surface. i oon ' '

The energies and geometries of ligated silver clusterions were; i E Dan 0.666 0.333
calculated using DFT. Ethene and propene ligand binding ener-
gies obtained from these calculations are givemdhles 1-18 A
for comparison with the corresponding experimental BDEs. 4 &« - Dan 0-7_2(2 0.254
DFT calculations provide binding energies in good quantita- 0.759 0.245
tive agreement with experiment for the early ligand additions »
to the smaller Ag™ (m =3-5) clusters. The quantitative agree- 5 :>0< Dag 0.744 0.258
ment worsens for the larger clusters with more ligands attached, ) 1.005 -0.030
but the experimental trends in binding energies are nicely dupli- )
cated. The geometries of AYCzH4)1-s, Aga’(CsHe)r-sand 4 f\‘ik-,f'.,:f:-\\_ Co 0.585 0.354
Ages*(CoH4)1-6, are published here as examples of ligated struc- \‘/ 0.899 0.091
tures Figs. 4 and b The DFT structures for all other clus- 0.952 0.056
ters involved in Eq(1) are available upon request. Theoretical N
rr_molecylar geqmetries and eleqtronip populatipn analysi.s pro~ .{4\ j—). Dsn 0.522 0.378
vided information necessary to identify factors important in the ‘\"/”' 0.953 0.049
binding interactions of the various clusters.

8 Cs 0.823 0.184

5. Discussion

5.1. Binding interactions of silver—alkene clusters o E E\' Dan (?5?7566 0(,)('1%)387
A detailed understanding of the interactions between the sil-

ver cluster ions and their alkene ligands can be achieved bio Cs 0.857 0.113

examining the valence electronic configurations of each species 0.953 0.048

separately. Recently, Weis et al. used ion mobility spectrometry

along with DFT to investigate bare silver cluster cati¢8g].

Using this combination of theory and experiment, they were;1 < Dan 0.807 0.136

able to determine cluster geometries. We have used their results 0.906 0.093

as a basis for our own DFT calculations to determine natural 1.060 -0.047

bond order (NBO) populationg0]. These results are given in

Table 19long with the bare silver cluster geometries. NBO anal-

ysis shows that the highest occupied molecular orbitals (HOMO3}Z Cav 0.844 0.130

of the Ag,* clusters are created by overlap of the 5s orbitals of

each Ag atom in a given cluster. For each,Agluster, one of

these 5s orbitals is initially unoccupied, giving rise to the posi-

tive charge of the cluster. The remaining{ 1) 5s orbitals are 1% @ Cov 0.823 0.121

singly occupied. In most cases the electron density is delocal-

ized about the cluster. Equivalent amounts of electron densityor interpretation of the references to color in this table, the reader is referred
located on two or more atoms of a cluster (Jedble 19 are  to the web version of this article.

found for metal clusters having highly symmetric geometries. a Cluster geometries obtained from ion mobility d4&9] and DFT cal-

.. . . . culations. Ag atoms of a given cluster having equal charge distributions are
To understand the binding interactions of a silver—alkene cluss o g given clu ving equ ge distribut

identically colored.

ter we must also consider the valence electronic configurationss PopuI);tions for the 5s atomic orbitals of the Ag atoms of each cluster and

of CoH4 and GHg. These species are well characterized. Theahe corresponding partial atomic charge. Text color corresponds to analogously

HOMOs of GH4 and GHg are '[heTr(Zp),)2 bonding orbitals  colored atoms of a given structure. _ _

that makes up the C—C double bond in both molecules. ¢ (_)_nly populations anc_j charges of at_oms having the greatest amount of partial
A series of DFT calculations performed by Chretian et al‘posmve charge (shown in black) are given for these clusters.

[41] indicate that absorption of an electron donating ligand

to a coinage metal cluster preferentially occurs at the locatiosdditionally, for the entire series of positively charged cluster

where the lowest unoccupied molecular orbital (LUMO) of theions studied here, our DFT calculations indicate that the posi-

metal clusters protrudes most into the vacuum. This locatiomion of the LUMO directly correlates with the location of highest

is found on atoms located at “corners” of the metal clusterspartial-positive charge of a cluster. This implies that alkene lig-
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and additions to the Ag' clusters occur at the Ag atom carrying according to DFT) indicating electrostatic forces could also con-
the most partial-positive charge. tribute to the differences in the observed binding energies.

NBO analysis shows that for the addition of the firdigands From the theoretical silver—alkene molecular geometries
to the Ag,* clusters, a substantial amount of electron density igiven inFigs. 4 and 5it is apparent that both types of alkene lig-
transferred from the ligand to the transition metal cluster. Thends adsorb side-on to the Afclusters, perpendicular to the
exact amount of electron density donated varies with cluster sizgilver—alkene bond axis. This orientation allows for optimum
and with the alkene ligand (eithepB4 or C3Hg). This electron  molecular orbital overlap between the Agclusters and the
density originates from the(2g,)2 bonding orbitals of gH;  alkene ligands. Additionally, the calculated C—C double bond
and GHg and is donated to the LUMO of the A§ clusters.  distances for ligands of an Ag(L), cluster, where: <m, are
This type of donation is consistent with what has been previouslincreased slightly compared to that of free the molecules, con-
reported for the interactions 0b€4 and GHg with Ags > [27] sistent with electron transfer out of a bonding orbital.
and suggests that the primary silver—alkene binding interaction
continues to be covalent in nature for the larger silver clustersS.2. Sequential ligand additions to individual Ag,™ clusters

The interaction of GHg with the Ag,™ clusters is system-
atically stronger than that of ££14. NBO shows that electron Plots of AG7 versusT provide information as to the manner
donation from GHg to the Ag,,* clusters is slightly larger than in which sequential gH4 and GHe additions to the Ag™ clus-
for CaH4 for a given value ofn. This result suggests the larger ters occur. Plots were generated for each system described by
BDEs of the silver—propene clusters are a result of a slightlyEg. (1) and were found to fall into one of two groups. The first
stronger covalent interaction. However, it should also be note@roup accounts for ligand additions to a silver cluster in which
that GHg has both a larger polarizability thamnB4 (6.3A3  all for the atoms of the cluster have equal or nearly equal charge
versus 4.33) [42] and dipole moment (0.44 D versus 0.0 D distributions. For the purposes of this discussion, the*Ag
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Fig. 4. Theoretical geometries of the f&dL),, clusters (L = either €H4 or C3Hg) calculated at the DFT B3LYP level. Distances are in angstroms. AffAgbond
distances are measured from the bonding atom of th¢ A to the center of the C—C double bond.
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Fig. 5. Theoretical geometries of the &§C,Ha),, clusters calculated at the DFT B3LYP level. Distances are in angstroms. Af-&3H,4 bond distances are
measured from the bonding atom of thegAdon to the center of the C—C double bondHg additions to Ag* are analogous to the,84 system.

cluster will serve as the example for these types of systemsive Ags*(L)3 conformer exists that is energetically degenerate
The second group accounts for ligand additions to a silver cluswith the structure shown ifFig. 4 in which the Ag* core

ter in which the charge is unequally distributed about the atomforms a quasi-tetrahedral structure with three ligands bound.
of the metal cluster. The Ag cluster will serve as the example The tetrahedral geometry of Afjis only found to be stable

for these types of systems. when three ligands are attached and spontaneously reverts back
to the structure of Ag'(L)4 shown inFig. 4when the fourth lig-
5.3. Equal Ag,,™ charge distributions and adds. The increased stability of the tetrahedral geometry

of Ags* when three ligands are bound may cause the addi-

Five ligand additions are observed for the J/Agsystem tion of the fourth ligand to be energetically less favorable than
(Fig. 4). The first four additions have similar BDEs and asso-would be the case if the A§ core remained in a quasi-planar
ciation entropies Tables 2 and 13 However, the BDEs do conformation.
slightly decrease as the number of ligands bound to the clus- The data for the fifth ligand addition to A§ could only
ter increase. The fifth ligand BDE is significantly smaller thanbe taken over a limited temperature range for th&l§£sys-
the first four. From the structure of Af and the partial atom tem (145-160K) and for the ££l4 system only a single data
charges shown iffable 19 it is clear that Ag* has four nearly  point could be obtained. For all association reactions in which
electronically equivalent corners. The first four ligands bindrn >m (Eqg. (1)), an increase in association entropy occurs by
to individual corners of the Ag cluster until none remain. approximately 10 cal/(molK) relative to the=m association
Since the four corners of Ag have similar partial-positive reaction. This increase indicates that the terminal ligand is much
charges, each ligand donates similar amounts of electron densityore mobile than the previous additions and hence occupies the
to the transition metal cluster, although the amount does slightlgecond solvation shell. Since all the coordination sites on the
decrease as the number of ligands bound to the metal clusaetal cluster are occupied, the ligand is essentially unbound
ter increases. This decrease is due to increased Pauli repulsiand orbiting the Ag*(L),, (n=m) core ion. DFT calculations
caused by the increase in the amount of electron density presemte consistent with this observation. All of the calculated bind-
on the metal cluster and can be observed experimentally bing energies for association reaction in whickm (Eg. (1)) are
small decreases in the BDEs of the/A(), systems as goes  approximately 0 kcal/mol, indicating that the ligand is essen-
from 1 to 4. tially unbound. This is not an uncommon DFT result for ligand

A slightly larger reduction in the BDE of the fourth alkene addition in the second solvation shell. Theoretica),Agalkene
ligand addition to Ag™ relative to the initial three is observed. bond distances for ligand additions in the second solvation
This indicates that the Ag(L)s clusters may be an unusually shell are generally greater thar5while the bond distances
stable structures. The theoretical geometries givefign 4  of the other alkene ligands to the Ag cluster remain nearly
show that the Ag' core ion takes on a slightly bent confor- unchanged (see the At(L)s clusters inFig. 4). The C-C dou-
mation when the second ligand binds and remains that wable bond distance of the alkene ligands in the second solvation
until addition of a fourth ligand when the metal cluster returnsshell are approximately the same as that calculated for either a
to the original planar geometry. DFT indicates that an alternafree GH4 or CzHg molecule.
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5.4. Unequal Agy™* charge distributions The strengthening and tightening of all three ligand bonds is
believed to be responsible for the highly negative valua 8§

The geometry and valence electron density of barg"Ag  and the large BDE for loss of the third alkene ligand.
given in Table 19 Six ligand additions are observed for the
Age* system Fig. 5). The first two ligand additions to AJ  5.6. Dependence of ligand bonding interactions on Agp*
are very strongly boundTables 4 and 16 The association cluster size
entropies, especially for the,8, system, are also outside the
range of typical silver—alkene ligand additiors0 cal/(mol K) The BDEs of the first alkene ligand additions to the,Ag
to —30 cal/(mol K)). The reasons for the large BDEs and associaclusters f =1-13 for GH4 andm =1-9 for GHg) are plot-
tion entropies of these additions will be discussed in a subsequetetd as a function of silver cluster size:)(in Fig. 3. BDEs
section. The BDEs of the next four ligands additions tgsAg for the Agi »*(L) clusters were taken from previous wde7].
are significantly reduced compared to the initial two. HoweverFromFig. 3, it is clear that the BDEs of the first ligand addi-
the third and the fourth ligands add with similar BDESs, as do thdions decrease as increases. The Ag and Ag* systems are
fifth and sixth ligands. In essence, the six alkene ligands bhind texceptions to this trend. The BDES for the loss of a ligand from
Age” in a “pairwise” manner. Ads 7' (L) are comparable to those reported for the;Asys-

NBO analysis indicates that there is a large amount of postems. Some deviation from the trend is also observed $61,C
itive charge located on the atoms of &gwhere the first two additions to the larger silver clusters. The BDES for loss of a lig-
ligands bind. This allows the two ligands to donate relativelyand from Ag 13" (C2Ha) are slightly larger than for the Ag 11"
large amounts of electron density to the metal cluster. There isgsystems. However, the differences in the BDEs of these systems
large drop in the amount of positive charge located on the fouare quite small (less than 2 kcal/mol), and will therefore not be
remaining Ag atoms of the cluster. This gives rise to the reduceéxplicitly discussed.
BDEs of the final four ligand additions to A%. These ligands In order to understand the observed bonding trend, the
bind to the cluster in a region of relatively high electron den-electron distributions of the Ag" clusters must be examined
sity and the increased Pauli repulsion results in a reduction ifTable 19. The strongest silver—alkene bond formed is observed
the covalent interactions of the ligands withgtgHowever, the ~ for the monomer systems. Here, thé2p,)? electron density is
positive charge found in this region is also unequally distributedgonated from the alkene ligand to the unoccupied 5s orbital of
with the Ag atoms where the third and fourth ligands bind beingAg*. The amount of positive charge the first ligand encounters
slightly more positively charged than Ag atoms where the fifthat the binding site is +1. For the dimer, a single electron occupies
and sixth ligands add to the cluster. We believe this pairwise disthe o(5s) orbital of the cluster. The amount of positive charge
tribution of charge is responsible for the manner in which alkenéhat the first ligand encounters at a binding site is reduced to +0.5

ligands add to Ag'. due to symmetry. Each additional increase in the size of a silver
cluster (by adding on Ag atom) results in one additional electron
5.5. AgsT(L); that is distributed in some manner about the atoms that comprise

the cluster. The additional electron density usually reduces the

The Ags* system has been discussed previoyg] and  amount of positive charge at the atomic center encountered by a
therefore will only be briefly mentioned here. It is clear from theligand attempting to bind to the cluster. The result is a systematic
BDEs and association entropies givenTmbles 3 and 14hat  decrease in the covalent interactions of the,Aglusters with
the third alkene ligand addition to A§is unique. The value of the alkene ligands as the cluster sizg {ncreases.
AS3 (approximately—45 cal/(mol K)) is much more negative  The explanation for why the Ag and Ag* systems break
than what is measured for a typical silver—alkene associatiofrom the trend can also be found by examinatiorirable 19
reaction. The BDE of the third ligand addition to &gis also  Ags* and Ag™ are the first bare silver clusters to have 3-
substantially larger than the previous additions to the cluster. dimensional geometries. The onset of 3-dimensional conforma-

These phenomena are a result of a ligation-induced cortions brings about an interesting shift in electron configuration.
formational change of Agf that occurs when the third ligand NBO indicates that the valence electron density is mainly dis-
binds. DFT indicates that th#s, conformation of Ag*, initially tributed about the four atoms shown in red and green fay*Ag
17.50 kcal/mol higher in energy than they conforme[28,39], and about atoms shown in red for &g This leaves the two
becomes the minimum energy structure ogAgvhen the third  remaining Ag atoms of both clusters highly positively charged.
ligand binds (by 1.94 kcal/mol for £, and approximately The amount of positive charge encountered by a ligand bind-
degenerate for §€Hg). The three atoms of thBz, conformer  ing to one these sites is intermediate between the*Amd
where the first three ligands bind are equivalent and highly posAgs™ systems and leads to the relatively large BDEs of the first
itively charged. The structural rearrangement ofsAgllows  (and second) ligand additions to &gand Ag™*. As with the
for greatly increased covalent interactions with these three ligAgs* (L) 3 clusters, calculations indicate that back-donation from
ands. NBO also indicates that some back-donation fromtAg Ags* and Ag* to the unoccupied” (2py) orbitals of the alkene
to the unoccupiedr” (2py) orbitals of the alkene ligands takes ligands also plays a role in the bonding. This contributes to the
place. Additionally, calculations show the loss of low frequencyhighly negativeA S5 values of these association reactions.
vibrational modes that are found for most of the othey,Ad.),, Although the structures of the larger AY clusters
clusters indicating tighter, more ordered bonds fos&b)s. (8<m < 13) are also 3-dimensional, no large concentration of
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