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Abstract

Reaction of ground-state Ag2
+ (2�g

+, 4d20 �(5s)1) with either ethene or propene leads to both simple ligand addition and loss of neutral Ag
to form ligated Ag+. Rate constants for the dissociation of Ag2

+ via association of both ethene and propene have been measured. Experimental
and theoretical analysis suggests that loss of a neutral Ag atom occurs upon addition of either the second ethene or first propene ligand to the
Ag2

+ ion. The measured rate constants exhibit a negative temperature dependence and relatively high reaction efficiency suggesting that the
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issociation reactions are exothermic. Electronic structure calculations were preformed using density functional theory (DFT) at t
evel in order to generate potential transition state structures for the dissociation reactions. Phase space theory (PST) was used
xperimental rate data. Good agreement was found between experiment, DFT calculations and PST results for both systems. In bo
he negative temperature dependence is due to two factors: The reactions are only mildly exothermic and the product density of sta
ore slowly with energy than the reactant density of states. The second factor is due to an atom being one of the products. No e

ight transition states was found for either reaction.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Reactions involving bare transition metal ions with small
olecules have received considerable attention over the past

ew decades[1]. Systematic experiments have examined the
roperties of an assortment of gas-phase metal ion My

+–Xn
lusters with X = H2 [2–12], CO [13–18], O2 [19,20], and
H4 [3,21–24], along with a variety of other ligands[25–29].
hese experiments have proven essential in broadening our
nderstanding of the nature of transition metal ion bonding.
f particular interest is sigma bond activation in small hydro-
arbons due to possible catalytic conversion processes. Ac-
ivation of C H and C C bonds by atomic transition metal
ons was first shown to be possible by the experiments of Al-
ison et al.[30]. Numerous subsequent experimental studies

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

have focused on gas-phase transition metal ions intera
with small hydrocarbons[21,22,24,28,31–36]. These inves
tigations, coupled with theoretical calculation, have prov
fundamental information, such as metal-ligand bond dis
ation energies (BDEs), geometries, and bonding interac
that is necessary to elucidate the underlying factors invo
in catalytic processes.

Small alkenes have been the focus of many studie
cause of their ability to serve as effective prototypes for o
unsaturated hydrocarbons[37–41]. Dewar first proposed th
metal-olefin bonding consists mainly of electron density
nated from the� orbitals of the ligand to an unoccupied
orbital on the metal coupled with back-donation from fil
d orbital of the metal to an unoccupied�* orbitals of the lig-
and[42]. Subsequently, many others have used this mod
explain the bonding of small alkenes to group 11 trans
metal cations[37,38,40], to which Dewar’s model would b
expected to be particularly applicable. Furthermore, it

387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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been shown that back-donation plays a more significant role
in the bonding of first row transition metals and is less im-
portant for the second and third row counterparts[40,41,43].

Recently, there has been increased interest in the interac-
tions of group 11 coinage metals with ethene and propene
due to the discovery that clusters of Ag on semiconductor
surfaces can serve as epoxidation catalysts for these alkenes
[44]. At UCSB, we have recently initiated a program to elu-
cidate the detailed mechanisms of these reactions using size-
selected silver and gold clusters on titanium oxide surfaces.
As part of that program, investigations into the chemistry
of positively and negatively charged silver and gold clusters
with propene and ethene in the gas-phase have also com-
menced. Here, we report our first results using Ag+(4d10)
and Ag2+(4d20 �(5s)1) cations as reagents. Previously, Guo
and Castleman[37] measured the binding energies of one and
two C2H4 ligands to Ag+. Chen and Armentrout[36] exam-
ined reactions of Ag+ with a variety of small hydrocarbons
and reported a lower limit for the BDE of the Ag+(C2H4) ion.
No prior studies of Ag2+ reacting with either C2H4 or C3H6
have been reported. In this paper, we present an experimental
and theoretical investigation of the kinetics of Ag+ and Ag2+

reacting with C2H4 and C3H6. Equilibrium studies leading
to the determination of bond dissociation energies will be
reported in the accompanying paper[45].
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Fig. 1. Mass spectra of Ag+ at different reactant gas pressures at 300 K. (a)
No C2H4 was added; (b) 0.03 Torr of C2H4 gas added; (c) 0.03 Torr of C3H6

gas added. In all cases, there was 4.5 Torr of He in the reaction cell.

shown in panel (a) of each figure was recorded without the
addition of a reactant gas to the drift cell. As expected,
only the bare transition metal peaks are observed. Panel (b)
was recorded after the addition of ethene to the drift cell
(0.01–0.03 Torr) and panel (c) was recorded after the addi-
tion of propene (0.01–0.03 Torr).Fig. 1b and c andFig. 3b
and c show that the only chemistry Ag+ and Ag3+ undergo
in the presence of either alkene reactant is simple clustering
(Eq.(1) where L = C2H4 and C3H6).

Ag1,3
+Ln−1 + L � Ag1,3

+Ln (1)

No products associated with the fragmentation of Ag3
+

are observed inFig. 3b and c. The chemistry observed in the
Ag2

+ system, however, is not restricted to clustering. Panels
(b) and (c) ofFig. 2 show the presence of Ag+(C2H4)n and
Ag+(C3H6)n fragments, respectively, in addition to Ag2

+-
alkene clusters. The observations for this system are summa-
rized by Eq. (2) (L = C2H4 and C3H6).

Ag2
+(L)n−1 + L

ka(T )
�

k−a(T )
Ag2

+(L)n (2a)
. Experimental methods

A description of the instrument and experimental de
as been given previously[5,7,46], 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. Clusters exiting the source are
elected by a quadrupole mass filter and injected into a

ong drift/reaction cell containing a mixture of reactant
either C2H4 or C3H6) and He. The typical composition of t
as mixture is 4.5 Torr of He combined with 0.01–0.05 T
f either C2H4 or C3H6. Agm+ ions are drawn through th
ell by a weak electric field, which is small enough that
hermal energy of the ions is not significantly perturbed.
mount of time the ions spend in the cell can be controlle
djusting the drift voltage and cell pressure. The maxim
rift voltage used in this study was approximately 40 V. I

eaving the cell pass through a second quadrupole ma
er and are detected. Association reactions resulting i
ormation of Agm+Ln clusters reach equilibrium quickly,
erified by noting the relative intensities of the product
eactant ions remain unchanged as drift time is varied
eactions not at equilibrium, ion intensities can be meas
s a function of drift time to obtain rate constants[47].

. Experimental results

Mass spectra of the Agm+ (m= 1–3) clusters acquired
00 K are shown inFigs. 1–3, respectively. The spectru
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Fig. 2. Mass spectra of Ag2
+ at different reactant gas pressures at 300 K.

(a) No C2H4 was added; (b) 0.01 Torr of C2H4 gas added; (c) 0.01 Torr of
C3H6 gas added. In all cases, there was 4.5 Torr of He in the reaction cell.

Ag2
+(L)n−1 + L

kr(T )−→ Ag+(L)n + Ag (2b)

Due to the fact that only Ag2+ ions are initially injected
into the drift cell, the observed fragments can only be products
of the dissociation of Ag2+. Furthermore, with the exception
of the addition of the reactant gases, the experimental con-
ditions at which the three spectra inFig. 2were obtained re-
mained constant. This suggests that the dissociation of Ag2

+

occurs by association of C2H4 and C3H6, rather than via
other routes such as CID since (1) the pressures of the alkene
gases (0.01 Torr) are relatively small in comparison to that of
He (4.5 Torr) and (2) no Ag+ fragments are observed in the
spectra when only He is present in the drift cell (seeFig. 2).

In our experiment, comparable amounts of Ag+(L)n disso-
ciation and Ag2+(L)n association products are formed in the
Ag2

+/L systems, although the relative amounts vary with tem-
perature. Because the association reactions (Eqs.(1)and(2a))
are at equilibrium, temperature-dependent experiments are
used to determine BDEs. The values relevant to the present
discussion are summarized inTable 1. As noted, a complete
discussion of these bond energies will be presented elsewhere

Fig. 3. Mass spectra of Ag3
+ at different reactant gas pressures at 300 K.

(a) No C2H4 was added; (b) 0.03 Torr of C2H4 gas added; (c) 0.03 Torr of
C3H6 gas added. In all cases, there was 4.5 Torr of He in the reaction cell.

[45]. Literature values for loss of a neutral Ag atom from both
Ag2

+ and Ag3+ are available: 36.2± 0.7 kcal/mol[48] and
40.1± 2.0 kcal/mol[49] for Ag2

+ and 62.3± 3.2 kcal/mol
[49] for Ag3

+.
Rate constants for the dissociation of Ag2

+ (Eq.(2b)) are
reported here. The rate constants measured for both the C2H4
and C3H6 systems were invariant to changes in the reactant
gas pressures within the limited pressure range accessible in
our experiment (0.01–0.05 Torr).

Table 1
Thermochemistry summary for Agm

+(L)n−1 + L � Agm
+(L)n

m n L = C2H4 L = C3H6

−�H
◦
0

a D0
b −�H

◦
0

a D0
b

1 1 32.2± 3.0 31.24 39.2± 3.0 35.02
1 2 30.1± 1.3 26.10 32.9± 1.5 27.30
2 1 24.7± 1.5 20.86 28.1± 1.5 23.52
2 2 22.5± 1.3 16.19 25.8± 1.5 17.48

a Values from Ref.[45] obtained by fitting experimental data with theo-
retical vibrational frequencies, rotational constants and geometries, in units
of kcal/mol.

b From DFT calculation, in units of kcal/mol.
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4. Reaction mechanism

One of the issues of interest is the number of C2H4 and
C3H6 ligands needed to initiate the dissociation reactions of
Ag2

+. For C3H6, the data inFig. 2c indicate that at 300 K,
Ag+(C3H6)2 is the dominant species with small amounts
of Ag+(C3H6) and Ag+(C3H6)3 also present. If the reac-
tion time is substantially increased, Ag+(C3H6) disappears
and Ag+(C3H6)3 increases in relative intensity. Continued in-
crease in reaction time eventually results in no change in the
Ag+(C3H6)2 and Ag+(C3H6)3 relative intensities, indicating
the system has come to equilibrium. Hence, the Ag+(C3H6)
ions seen at short times must be a primary reaction product
caused by the dissociation reaction,

Ag2
+ + C3H6 � [Ag2

+C3H6]∗ → Ag+(C3H6) + Ag (3)

and not back dissociation of Ag+(C3H6)2. Thus, we conclude
that a single C3H6 ligand is sufficient to induce the dissocia-
tion reaction.

The situation is different for the C2H4 ligand. In this case,
Ag+(C2H4) is never observed at 300 K and Ag+(C2H4)2 is
the smallest Ag+-ligated species (seeFig. 2b). Again, at long
times the system comes to equilibrium but no Ag+(C2H4)
appears. We conclude the dominant dissociation reaction is
s
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Fig. 4. Experimental reaction efficiencies for Ag2
+ reacting with C2H4 and

C3H6 as a function of temperature. For details of analysis see text.

The experimental rate constant can be used to calculate
the reaction efficiencyω(T) given by Eq.(6),

ω(T ) = kr(T )

kcoll
(6)

where kcoll is the collisional rate constant obtained from
Langevin theory. The reaction efficiencies were determined
over a wide range of temperature and the results are plotted
in Fig. 4.

5. Theory

The product ions were all examined theoretically to deter-
mine the molecular parameters needed to analyze the experi-
mental data and to identify factors important in the reaction of
Ag2

+ with ethene and propene. DFT calculations[50] were
carried out using the B3LYP hybrid functional[51,52], and
the Gaussian 98 package[53]. For all of the calculations re-
ported here, carbon and hydrogen were described using the
standard 6-31 + G** basis set[54]. The basis set for silver
is a (5s6p4d)/[3s3p2d] contraction of the Hay–Wadt (n+ 1)
effective core potential (ECP) valence double zeta basis pro-
posed by Hay[55,56]. Here, the outermost core orbitals are
hown in Eq.(4).

g2
+(C2H4) + C2H4

� [Ag2
+(C2H4)2]∗ → Ag+(C2H4)2 + Ag (4)

Therefore, one C3H6 ligand is sufficient for dissociatio
f Ag2

+ but two C2H4 ligands are required.
Rate constants for the pseudo-first order reactions (3

4) were determined from the expression given in Eq(5)
herekr(T) is given in reaction (2b):

n

[∑
Ag2

+(unreacted)∑
Ag+(containing)

]
= −kr(T ) × ρ(L) × t (5)

In Eq. (5), �[Ag2
+(unreacted)] is the sum of the co

entrations of the unreacted Ag2
+ reactant species (Ag2

+

nd Ag2+(C2H4) for L = C2H4 and Ag2+ for L = C3H6),
[Ag+(containing)] is the sum of the concentrations of
g+-containing ions, andρ(L) is the number density of th

eactant gas in the drift cell at a given pressure and tem
ure. The concentrations used in Eq.(5) are directly propor
ional to the peak intensities in the mass spectra mea
fter the ions exit the cell. Rate constants for the overall r

ion of Ag2
+ were determined by varying the amount of ti

he Ag2
+ ions spend in the drift cell and plotting the left-ha

ide of Eq.(5)as a function of time. The resulting plots are
roximately linear with slopes that are proportional tokr(T).
n example of such a plot is given insupporting information.
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not replaced by the ECP, but are instead treated equally with
the valence orbitals. This allows for increased accuracy in
the calculations without a substantial increase in computa-
tion time. The ECP for silver incorporates the Darwin and
mass–velocity relativistic effects into the potential.

Geometry optimizations of all of the observed silver-
alkene clusters were performed over a wide range of ge-
ometries in order to determine a true global minimum. All
confirmed minima consist of largely unperturbed C2H4 and
C3H6 ligands bound to a metal core ion. Vibrational frequen-
cies were calculated for all minima.

The reaction efficiencies for the dissociation reactions
were studied using statistical phase space theory (PST)
[57,58]. Input parameters for the PST calculations including
cluster geometries, vibrational frequencies, rotational con-
stants and relative energies were taken from DFT calcula-
tions.

To calculate the reaction efficiency using PST, three
species along the reaction coordinate were taken into account:
the reactant orbiting transition state (OTSR), the product or-
biting transition state (OTSP) and a possible tight transition
state between the two orbiting transition states, Eq.(7).

Ag2
+Ln−1 + L

OTSR
� Ag2

+Ln

TTS
� (Ag)Ag+Ln

OTSP +

ibra-
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following reactions:

Ag2
+ + C3H6 → Ag+(C3H6) + Ag (9)

Ag2
+ → Ag+ + Ag (9a)

Ag+ + C3H6 → Ag+(C3H6) (9b)

The sum of reactions (9a) and (9b) yield reaction(9).
The association energy for reaction (9b) has been measured
to be 39.2± 3.0 kcal/mol[45] (Table 1). The overall reac-
tion energy,�Hrxn (9) =D0(Ag+–Ag)− 39.2± 3.0 kcal/mol,
is the sum of the reaction energies of reactions (9a) and
(9b). Hence, ifD0(Ag+–Ag) < 39.2 kcal/mol, then reaction
(9) is exothermic and simple thermochemistry could explain
our experimental observation. There are two experimental
values forD0(Ag+–Ag); Beutel et al.[48], using photoion-
ization of a cold Ag2 molecular beam, obtained a value of
36.2± 0.7 kcal/mol. Kruckeburg et al.[49] obtained a value
of 40.1± 2.0 kcal/mol using multiple-collision induced dis-
sociation in a Penning trap. We have calculatedD0(Ag+–Ag)
using DFT and obtained 36.24 kcal/mol. The Beutel et al.
value and our DFT value clearly indicate that reaction(9) is
exothermic. The Kruckeburg et al. value also does so within
the error limits of the values but is probably a bit too high
to rationalize our experimental observations. Overall, ther-
mochemistry nicely supports dissociation of Ag2

+ with the
a
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−→ Ag Ln + Ag (7)

The efficiency depends on the sums of rotational and v
ional states at these transition states. It can be shown[57a,b]
hat the efficiency at a given energyEand angular momentu
is given by Eq.(8), where for the sake of brevity, theE and
arguments have been left off the terms on the right-h

ide of the equation.

PST(E, J) = NP
OTS

NP
OTS + NR

OTS + (NP
OTSN

R
OTS/NTTS)

(8)

In this expression,NP
OTS is the sum of states atE andJ

or the OTSP, NR
OTS is the sum of states atE andJ for the

TSR andNTTS is the sum of states atEandJ for the TTS. To
btain the overall reaction efficiencyωPST(T), ωPST(E, J) is

ntegrated over theE andJ distribution of the chemically ac
ivated reactant complex Ag2

+(L)n. The reaction efficiencie
alculated with PST can then be compared to those mea
nder the conditions of our experiment.

. Discussion

The data inFig. 2b and c are strongly suggestive that
ition of the first C3H6 ligand to Ag2+ provides sufficient en
rgy to form Ag+(C3H6) + Ag products but it takes two C2H4

igands to accomplish the analogous dissociation reacti
s instructive to see if thermochemistry alone can accoun
hese observations. First, consider the C3H6 system and th
ddition of the first C3H6 ligand.
A similar set of reactions for the ethene ligand is give

he following:

g2
+ + C2H4 → Ag+(C2H4) + Ag (10)

g2
+ → Ag+ + Ag (10a)

g+ + C2H4 → Ag+(C2H4) (10b)

In this case, D0(Ag+–Ag) must be less tha
2.2± 3.0 kcal/mol for the reaction to be exotherm
oth the experimental and DFT values forD0(Ag+–Ag)

ndicate that reaction(10) is endothermic, probably by abo
.0 kcal/mol. If a second C2H4 ligand is added, an addition
0.1± 1.3 kcal/mol becomes available (Table 1). This make

he dissociation reaction overwhelmingly exothermic. H
ver, this is an unrealistic situation since the intermed
g2

+(C2H4) ion is almost certainly thermalized befo
ddition of the second C2H4 ligand. The question is wheth
eaction(11) is exothermic.

g2
+(C2H4) + C2H4 → Ag+(C2H4)2 + Ag (11)

g2
+(C2H4) → Ag2

+ + C2H4 (11a)

g2
+ → Ag+ + Ag (11b)

g+ + C2H4 → Ag+(C2H4) (11c)

g2
+(C2H4) + C2H4 → Ag+(C2H4)2 (11d)

This yields the relationship�Hrxn (11) =�Hrxn
11a) +D0(Ag+–Ag) +�Hrxn (11c) +�Hrxn (11d), or
Hrxn (11) =D0(Ag+–Ag)− 37.6 kcal/mol. The values fo



104 M.J. Manard et al. / International Journal of Mass Spectrometry 241 (2005) 99–108

reactions (11a), (11b), and (11c) were taken fromTable 1.
Hence, forD0(Ag+–Ag) < 37.6 kcal/mol, reaction(11) will
be exothermic. Thus, it appears that thermochemistry is
sufficient to explain the observation that two C2H4 ligands
are required to dissociate Ag2

+ as observed experimentally.
Further support for this interpretation comes from some

high temperature measurements on the Ag2
+/C2H4 system.

Above 725 K only Ag2+ and Ag2+(C2H4) are observed in
the mass spectrum and no dissociation products are observed
under our signal to noise constraints. This observation makes
sense because under the equilibrium conditions of the exper-
iment only an extremely small amount of Ag2

+(C2H4)2 is
formed. However, at temperatures between 740 K and 800 K
the dissociation reaction reappears. In this instance, however,
the reaction has a positive temperature dependence:

Ag2
+ + C2H4

kr(T )−→ Ag+(C2H4) + Ag (12)

A plot of ln(kr) versus 1/T is given in Fig. 5. From an
Arrhenius analysis of this data, an activation energy is ob-
tained ofEa (12) = 3.5± 0.3 kcal/mol. No configuration en-
ergy barrier above the reaction asymptote is expected for
this reaction. Therefore, the activation energy is a good mea-
sure of the endothermicity of the reaction. From our analysis
above (reactions (10), (10a) and (10b)), we suggested reac-
tion (12) should be endothermic by 4.0± 3.7 kcal/mol pro-
v od
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to the [Ag2
+(C3H6)]* activated intermediate, another OTS

leading to Ag+(C3H6) + Ag products and the possibility of a
tight transition state somewhere between the two OTS’s, then
phase space theory gives Eq.(8) for the microcanonical reac-
tion probability,ωPST(E, J). This probability has two useful
limits: first NP

OTS >> NTTS, yielding Eq.(14).

ωPST(E, J) = NTTS

NR
OTS

(14)

This limit holds for tight transition states with energies
near or above the product asymptotic energy. The opposite
extreme,NP

OTS << NTTS, yields Eq.(15).

ωPST(E, J) = NP
OTS

NP
OTS + NR

OTS

(15)

This limit holds for a TTS at energies significantly be-
low the product asymptotic energy. The values ofNR

OTS and
NP

OTS can be readily obtained using well-known phase space
theory methods[57,58]. However, in order to evaluate the
possible importance of a tight transition state, we needed to
get an approximate set of rotational constants and vibrational
frequencies. We did this by starting with the structure of the
Ag2

+(C3H6) complex obtained from DFT[45], fixing all co-
ordinates except the Ag+ Ag bond distance, stretching the
A + nce
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( ntil
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F s es-
s ence
idedD0(Ag+–Ag) is about 36 kcal/mol. This is very go
greement and strongly supports the experimental val
eutel et al.[48] for D0(Ag+–Ag) and suggests the value
ruckeburg et al.[49] of 40.1± 2.0 kcal/mol is slightly high
The next issue to explain is the negative temperatur

endence found for the rate constants of reactions (3
4). We will consider reaction(3) first since it is simpler. Th
eaction rate constant is,

r3(T ) = kcoll3ω3(T ) (13)

herekcoll3 is the collision rate constant given by Lange
heory andω3(T) is the reaction probability per collisio
f we have an orbiting (collisional) transition state lead

ig. 5. Plot of ln(kr) vs. 1/T for the dissociation reactio
g2

+ + C2H4 → Ag+(C2H4) + Ag. The line is a least-squares fitti
o the data that yields a slope that is proportional to the activation ene
he reaction. The temperature range is 740–800 K.
g Ag bond until a maximum was obtained at a dista
f 7.03Å, then relaxing all coordinates except the Ag+ Ag
istance and finding the minimum energy structure. This
ess allowed us to generate the necessary paramete
ielded one imaginary vibrational frequency correspon
o the stretching of the Ag+ Ag bond. We realize this is n

proper way to find a TTS but the parameters obtaine
llow us to evaluate if a TTS was operating in this reac
ystem.

The first calculation we did was to assume the TTS
ate limiting (Eq.(14)). We varied the energy of the TT
elative to the reactant energy asymptote until a best fit t
ata was obtained. This result is given as the red data

ine in Fig. 6a, and corresponds to a TTS 0.17 eV below
eaction asymptotic energy. It is clear that the magnitud
(T) is relatively well-reproduced but the variation ofω(T)
ith temperature is poorly reproduced.
The second calculation ignored the TTS completely

15)). In this case the reaction exothermicity was varied u
best fit was obtained. These results are given as the

ata and line inFig. 6a. In this instance, a relatively go
t to both the magnitude ofω(T) and its variation withT

s obtained for�Hrxn (3) =−0.15 eV (−3.5 kcal/mol). This
s a very interesting result in that both the kinetics are
t and the predicted�Hrxn (3) is essentially equal to th
xperimental value discussed earlier.

In order to see whether this fit could be improved,
sed the general formula forω(T) and varied the energy

he TTS over a wide range of values. The results are giv
ig. 6b. For a TTS at the reactant energy, the reaction i
entially shut down and a slight positive energy depend
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Fig. 6. Plots of reaction efficiency vs. temperature for the reaction
Ag2

+ + C3H6 → Ag+(C3H6) + Ag. The data are shown as the filled blank
diamonds (�). In panel (a) the red curve and points has the tight transition
state as rate limiting (Eq.(14)) and the blue curve and points has the product
orbiting transition state rate limiting (Eq.(15)). In panel (b) the general form
for the reaction efficiency is used (Eq.(8)) and the energy of the TTS relative
to the reactant asymptote energy is varied.

is observed. As the energy of the TTS is dropped, the cal-
culation improves until atETTS =−0.4 eV there is no further
change and the Eq.(15) limiting case is reproduced. A value
between−0.2 eV and−0.3 eV might slightly improve the fit
to experiment but no obvious advantage is gained by includ-
ing the TTS. For reference, the Ag2

+(C3H6) adduct is bound
by an energy of−28.1± 1.5 kcal/mol (−1.24 eV) relative to
the Ag2

+ + C3H6 asymptote.
This is an interesting result and not in line with prior ob-

servations of negative temperature dependence. In a typical
case, a TTS would be located below, but near in energy, to
the entrance channel and the product OTS would be much
lower in energy. However, in the current case a TTS has little
impact on the kinetics and the negative temperature depen-
dence arises from the interplay of the OTS in the entrance
channel and the OTS in the product channel. This occurs for

Fig. 7. A schematic potential energy surface for the reaction
Ag2

+ + C3H6 → Ag+(C3H6) + Ag is given. The density of states for
the reactant and product OTS’s are shown as the stacks of horizontal lines.

two reasons. First, the reaction is only mildly exothermic.
Hence, the density of states in the product channel does not
completely dominate in the temperature range of the experi-
ment (300–800 K). Second, and equally important, is the fact
that one of the products is a silver atom. Since this atom
can only support translational states, the density of states
in the product channel increases more slowly with energy
than in the entrance channel where polyatomic and diatomic
species are involved. This point is made schematically in
Fig. 7. As discussed above, the TTS, if it occurs, is located
at least 9 kcal/mol below the entrance asymptote.

The results for the ethene system are analogous. The major
difference is the reaction is about a factor of 10 less efficient.
However, the reaction does display a negative temperature
dependence. The same strategy we employed for the simpler
C3H6 system will be used here. First, we assume the TTS
is rate limiting (Eq.(14)). The best fit to the data is given
by the red line inFig. 8a. The magnitude of the reaction
efficiencies is about right for a TTS = 0.10 eV below the re-
actant asymptotic energy but the variation with temperature
is clearly wrong. Going to the opposite extreme where the
product OTS is rate limiting (Eq.(15)) yields the blue curve
in Fig. 8a as a best fit to the data. The�Hrxn was varied
and a final best fit value of−0.14 eV (−3.2 kcal/mol) was
obtained. Both the shape and the magnitude of the reaction
e alue
o form
o e
T t
n

ene
s stem
n al/mol
e istry
m own in
T com-
p
w e in-
v the
fficiencies are well matched. In an effort to see if any v
f a TTS could improve this result, we used the general
f the reaction efficiency (Eq.(8)) and let the energy of th
TS vary. The results are given inFig. 8b. It is apparent tha
o improvement is obtained for any TTS energy.

A question of why the reaction efficiencies for the eth
ystem are a factor of 10 less efficient than the propene sy
eeds to be addressed. Both reactions are about 3 kc
xoergic according to both independent thermochem
easurements and PST estimates (these data are sh

able 2). However, in the ethene case, the reactants are
osed of two polyatomic molecules (Ag2

+(C2H4) + C2H4)
hile in the propene case a polyatomic/diatomic pair ar
olved (Ag2

+ + C3H6). Therefore, the density of states in
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Table 2
Summary of fitting results for Ag2

+(L)n−1 + L � Ag+(L)n + Ag kinetic experimentsa

L = C2H4 (n= 2) L = C3H6 (n= 1)

Experimentb DFTc PSTd Experimentb DFTc PSTd

�ETTS – – <9.0 – – <−9.0
�Hrxn −1.4± 3.5 −1.56 −3.5 −3.0± 3.7 ∼0 −3.4

a In units of kcal/mol. All energies are relative to the separated reactants.
b Reaction exothermicity calculated using experimental bond energies.
c Theoretical exothermicity were calculated using DFT.
d Reaction exothermicity and energy of tight transition state which gave a best fit to the temperature-dependent rate data in phase space calculations.

reactants OTS for the ethene case will increases much faster
with energy than for the propene. Both reactions have an
atom and a polyatomic molecule as products so the density
of states in the product channel will be similar for the two

F
A
b
s
p
e
T

systems. The net result is a significantly less efficient reac-
tion for ethene than for propene, consistent with the necessity
of two ethene ligand additions and only one propene ligand
addition needed to dissociate Ag2

+.

7. Conclusions

Addition of a single C3H6 ligand to Ag2+ results in cleav-
age of the Ag+ Ag bond to form Ag+(C3H6) + Ag. Addition
of two C2H4 ligands is required for Ag2+ dissociation to form
Ag+(C2H4)2 below 740 K.

At temperatures above 740 K, dissociation of Ag2
+

with a single C2H4 ligand becomes observable and Ar-
rhenius parameters are obtained. The Arrhenius activation
energy measured is in good agreement with the reaction
endothermicity.

Experimental rate constants for dissociating the Ag2
+ ion

gave negative temperature dependencies for both systems. In
both case, the results could be fit quantitatively using phase
space theory. The orbiting (loose) TS in the exit channel was
rate limiting in both cases. No evidence was found for a tight
TS along the reaction coordinate.

The reaction exothermicities required for the PST fits
to the rate data (∼3 kcal/mol) are in excellent agree-
m ical
m

ig. 8. Plots of reaction efficiency vs. temperature for the reaction
g2

+(C2H4) +C2H4 → Ag+(C2H4)2 + Ag. The data are shown as the filled
lank diamonds (�). In panel (a) the red curve and points has the tight tran-
ition state as rate limiting (Eq.(14)) and the blue curve and points has the
roduct orbiting transition state rate limiting (Eq.(15)). In panel (b) the gen-
ral form for the reaction efficiency is used (Eq.(8)) and the energy of the
TS relative to the reactant asymptote energy is varied.

A

e-
s 0-03-
1 M.
w re-
g this
w

A

can
b .
2

ent with estimates from independent thermochem
easurements.
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