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Abstract

Reaction of ground-state Af(>Z4*, 4¢° o(5s)') 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,Agia 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
Ag,"* ion. The measured rate constants exhibit a negative temperature dependence and relatively high reaction efficiency suggesting that the
dissociation reactions are exothermic. Electronic structure calculations were preformed using density functional theory (DFT) at the B3LYP
level in order to generate potential transition state structures for the dissociation reactions. Phase space theory (PST) was used to model the
experimental rate data. Good agreement was found between experiment, DFT calculations and PST results for both systems. In both reactions
the negative temperature dependence is due to two factors: The reactions are only mildly exothermic and the product density of states increase:
more slowly with energy than the reactant density of states. The second factor is due to an atom being one of the products. No evidence for
tight transition states was found for either reaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction have focused on gas-phase transition metal ions interacting
with small hydrocarbonf21,22,24,28,31-36]These inves-
Reactions involving bare transition metal ions with small tigations, coupled with theoretical calculation, have provided
molecules have received considerable attention over the pasfundamental information, such as metal-ligand bond dissoci-
few decadeg§l]. Systematic experiments have examined the ation energies (BDES), geometries, and bonding interactions,

properties of an assortment of gas-phase metal igh-M, that is necessary to elucidate the underlying factors involved
clusters with X=H [2-12], CO [13-18] O [19,20] and in catalytic processes.
CHg4[3,21-24] along with a variety of other ligand85—-29] Small alkenes have been the focus of many studies be-

These experiments have proven essential in broadening ourcause of their ability to serve as effective prototypes for other
understanding of the nature of transition metal ion bonding. unsaturated hydrocarbof8/—41] Dewar first proposed that
Of particular interest is sigma bond activation in small hydro- metal-olefin bonding consists mainly of electron density do-
carbons due to possible catalytic conversion processes. Achated from ther orbitals of the ligand to an unoccupied s
tivation of G-H and C-C bonds by atomic transition metal orbital on the metal coupled with back-donation from filled
ions was first shown to be possible by the experiments of Al- d orbital of the metal to an unoccupied orbitals of the lig-
lison et al.[30]. Numerous subsequent experimental studies and[42]. Subsequently, many others have used this model to
explain the bonding of small alkenes to group 11 transition
* Corresponding author. Tel.: +1 805 893 2893; fax: +1 805 893 8703. Metal cation§37,38,40] to which Dewar’'s model would be
E-mail addressbowers@chem.ucsb.edu (M.T. Bowers). expected to be particularly applicable. Furthermore, it has
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been shown that back-donation plays a more significant role (a) No Reactant
in the bonding of first row transition metals and is less im-  A¢'
portant for the second and third row counterpftts41,43]
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 alkene
[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. (b) PCH,=0.03Torr
As part of that program, investigations into the chemistry Ao,
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" @gi°)
and Ag* (40 o(5s)) cations as reagents. Previously, Guo Ag(CoHy),
and CastlemafB87] measured the binding energies of one and
two CyH4 ligands to Ag. Chen and Armentrou86] exam-
ined reactions of A§with a variety of small hydrocarbons
and reported a lower limit for the BDE of the A@C,H4) ion. (c) PC3Hg=0.03 Torr
No prior studies of Ag* reacting with either g@H4 or CsHg AG'(C.Hy),
have been reported. In this paper, we present an experimenta
and theoretical investigation of the kinetics of Aand Ag™
reacting with GH4 and GHe. Equilibrium studies leading
to the determination of bond dissociation energies will be
reported in the accompanying papés].

Ag'(CyHg),

2. Experimental methods

.. . . i 100 200 360 400 500
A description of the instrument and experimental details miz

has been given previous]y,7,46] and only a brief descrip-

tion will be given here. The silverions are generated by pulsed Fig. 1. Mass spectra of Agat different reactant gas pressures at 300K. (a)
laser vaporization of a translating/rotating silver rod in a high- No C2Ha was added; (b) 0.03 Torr of#El4 gas added; (c) 0.03 Torr ofs€lg
pressure Ar bath gas. Clusters exiting the source are masgas added. In all cases, there was 4.5 Torr of He in the reaction cell.
selected by a quadrupole mass filter and injected into a 4 cm . i .

long drift/reaction cell containing a mixture of reactant gas Shown in panel (a) of each figure was recorded without the

(either GH4 or CsHg) and He. The typical composition of the addition of a react.a.mt gas to the drift cell. As expected,
gas mixture is 4.5 Torr of He combined with 0.01-0.05 Torr only the bare transition metal peaks are observed. Panel (b)
of either GH4 or CsHs. Agm* ions are drawn through the ~ Was recorded after the addition of ethene to the drift cell
cell by a weak electric field, which is small enough that the (0-01-0.03Torr) and panel (c) was recorded after the addi-
thermal energy of the ions is not significantly perturbed. The tion of propene (0.01-0.03 Torrfrig. 1b and ¢ a}rnd:|g. D
amount of time the ions spend in the cell can be controlled by 1d ¢ show that the only chemistry Agnd Ags”™ undergo
adjusting the drift voltage and cell pressure. The maximum " the presence of either alkene reactant is simple clustering
drift voltage used in this study was approximately 40 V. lons (E- (1) where L=GHg and GHg).
leaving the cell pass through a second quadrupole mass fil- + +
L . S A L,— L=A L 1
ter and are detected. Association reactions resulting in the 913 Ln-1+L = A1z Lo (1)

formation of Agn*Ln clusters reach equilibrium quickly, as No products associated with the fragmentation ogAg
verified by noting the relative intensities of the product and are observed iffig. 3 and c. The chemistry observed in the
reactant iOI’lS I’emain UnChanged as dr|ﬁ: t|me iS Varied. For Agz+ System’ however, is not restricted to C|ustering. Panels
reactions not at equilibrium, ion intensities can be measuredp) and (c) ofFig. 2 show the presence of AGC,Ha), and
as a function of drift time to obtain rate constaf4g]. Ag*(CsHe)n fragments, respectively, in addition to Ag
alkene clusters. The observations for this system are summa-
3. Experimental results fized by Eq. (2) (L.=GHa and GHe).
ka(T)

Mass spectra of the Ag (m=1-3) clusters acquired at Ag,"(L),_1+L = Ag, (L), (2a)

300K are shown irFigs. 1-3 respectively. The spectrum k—a(T)
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(a) No Reactant Ag, (a) No Reactant Aggt
(b) PC,H,=0.01 Torr -
2AgA*(c2H4)2 (b) PC,H,=0.03 Torr Ag,+(C,H,),
Ag,’
ATCHI  agcm,
Ag,"(CH,)
A Agy'(CH,), \
P
A
(¢) Py, = 0.01 Torr (c) PC4Hg=0.03 Torr Ag,'(CyHy),
Ag'(C3Hy),
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Fig. 2. Mass spectra of Ad at different reactant gas pressures at 300K. Fig. 3. Mass spectra of Ag at different reactant gas pressures at 300 K.
(a) No GH4 was added; (b) 0.01 Torr of 4 gas added; (c) 0.01 Torr of (@) No GH4 was added; (b) 0.03 Torr of 14 gas added; (c) 0.03 Torr of
CsHg gas added. In all cases, there was 4.5 Torr of He in the reaction cell. CsHe gas added. In all cases, there was 4.5 Torr of He in the reaction cell.

ke (T) [45]. Literature values for loss of a neutral Ag atom from both
Ag,"(L),_1 + L =5 Agt(L), +Ag (2b) Ag,* and Ag™ are available: 36.2-0.7 kcal/mol[48] and
40.14+ 2.0 kcal/mol[49] for Ag,* and 62.3+ 3.2 kcal/mol
Due to the fact that only Ag ions are initially injected [49] for Ags™.
intothe drift cell, the observed fragments can only be products  Rate constants for the dissociation of AdEq. (2b)) are
of the dissociation of Ag+ Furthermore, with the exception reported here. The rate constants measured for boﬂ'hme C
of the addition of the reactant gases, the experimental Con'and c‘8H6 systems were invariant to Changes in the reactant

ditions at which the three spectraftiy. 2were obtained re-  gas pressures within the limited pressure range accessible in
mained constant. This suggests that the dissociation 8f A our experiment (0.01-0.05 Torr).

occurs by association of 84 and GHg, rather than via

other routes such as CID since (1) the pressures of the alkenggpe 1
gases (0.01 Torr) are relatively small in comparison to that of Thermochemistry summary for Ag(L),_1 + L = Ag,, " (L),,
He (4.5 Torr) and (2) no Agfragments are observed in the n L=CoHs L=CaHe
spectra when only He is present in the drift cell (5&g 2).

In our experiment, comparable amounts of g, disso- —AH® Do® —AHo® Do®
ciation and Ag* (L) association products are formed in the 1 1 32.2£3.0 31.24 39.23.0 35.02
Ag,*/L systems, although the relative amounts vary with tem- ! 2 80.1£13 26.10 S2.&15 27.30

L . 2 1 24.7£15 20.86 28115 23.52
perature. Because the association reactions (Epmnd(2a)) 5 5 225113 16.19 258 1.5 17.48

are at eqUI“an.lm’ temperature-dependent experiments are—, Values from Ref[45] obtained by fitting experimental data with theo-
used to determine BDEs. The values relevant to the presemretical vibrational frequencies, rotational constants and geometries, in units

discussion are summarizedTable 1 As noted, a complete  of kcal/mol.
discussion of these bond energies will be presented elsewhere ® From DFT calculation, in units of kcal/mol.
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4. Reaction mechanism

One of the issues of interest is the number eHg and
C3Hg ligands needed to initiate the dissociation reactions of
Ag,*. For GHg, the data inFig. 2c indicate that at 300K,
Ag*(CszHg)2 is the dominant species with small amounts
of Ag*(CsHg) and Ad(CsHg)s also present. If the reac-
tion time is substantially increased, N§3Hsg) disappears
and Adf (C3He)z increases in relative intensity. Continued in-
crease in reaction time eventually results in no change in the
Ag*(C3He)2 and Ad'(C3Hg)3 relative intensities, indicating
the system has come to equilibrium. Hence, thé (8gHs)

ions seen at short times must be a primary reaction product

caused by the dissociation reaction,

Ag," + C3Hg = [Ag, " CsHe]* — Ag*(CsHe) + Ag  (3)
and not back dissociation of A¢C3Hg)2. Thus, we conclude
that a single @Hg ligand is sufficient to induce the dissocia-
tion reaction.

The situation is different for the £, ligand. In this case,
Ag*(CyHy) is never observed at 300 K and X§,Ha)> is
the smallest Ag-ligated species (sé€g. 2b). Again, at long
times the system comes to equilibrium but no™AGpH,4)

appears. We conclude the dominant dissociation reaction is

shown in Eq(4).

Ag," (C2Ha) + CoHg
= [Ag,"(CoHa)al™ — AgT(CoHa), + Ag 4)

Therefore, one gHg ligand is sufficient for dissociation
of Ago* but two GHy ligands are required.

Rate constants for the pseudo-first order reactions (3) and

(4) were determined from the expression given in ).
wherek;(T) is given in reaction (2b):

|

In Eq. (5), Z[Ag2*(unreacted)] is the sum of the con-
centrations of the unreacted Agreactant species (A§
and Ag*(CoHys) for L=CyHs and Ag*t for L=CszHg),
>[Ag*(containing)] is the sum of the concentrations of all
Ag*-containing ions, ang(L) is the number density of the

+
> Ag, (unrefalc?ted = Ik (T) x p(L) x t
> Ag*(containing)

(%)
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Fig. 4. Experimental reaction efficiencies for Ageacting with GH4 and
CsHg as a function of temperature. For details of analysis see text.

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

k(D)
T) B keoll

(6)

w

where keo 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-

reactant gas in the drift cell at a given pressure and tempera-mental data and to identify factors important in the reaction of

ture. The concentrations used in E§) are directly propor-

Ag>* with ethene and propene. DFT calculatid68] were

tional to the peak intensities in the mass spectra measurectarried out using the B3LYP hybrid function@1,52] and

after the ions exit the cell. Rate constants for the overall reac-
tion of Ag,™ were determined by varying the amount of time
the Ag* ions spend in the drift cell and plotting the left-hand
side of Eq(5) as a function of time. The resulting plots are ap-
proximately linear with slopes that are proportionakt€).

An example of such a plot is given supporting information

the Gaussian 98 packaff&3]. For all of the calculations re-
ported here, carbon and hydrogen were described using the
standard 6-31+ & basis se{54]. The basis set for silver

is a (5s6p4d)/[3s3p2d] contraction of the Hay—Watt ()
effective core potential (ECP) valence double zeta basis pro-
posed by Hay55,56] Here, the outermost core orbitals are
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not replaced by the ECP, but are instead treated equally withfollowing reactions:
the valence orbitals. This allows for increased accuracy in

+ +
the calculations without a substantial increase in computa- Agz" + CaHe — AQ™(CsHe) + Ag ©)
tion time. The ECP for silver incorporates the Darwin and Ag,* — Ag™ + Ag (9a)
mass—velocity relativistic effects into the potential. N N

Geometry optimizations of all of the observed silver- Ag™ + C3He — Ag™(C3He) (9b)

alken(_a cIl_Jsters were perfor_med over a wide range of g&-  The sum of reactions (9a) and (9b) yield reacti@)
ometries in order to determine a true global minimum. All' The association energy for reaction (9b) has been measured
confirmed minima consist of largely unperturbegHz and (5 pe 39.2+ 3.0 kcal/mol[45] (Table ). The overall reac-
CsHe ligands bound to a metal core ion. Vibrational frequen- o energyAHmn (9) =Do(Ag*—Ag) — 39.2+ 3.0 kcal/mol,
cies were calculated for all minima. . is the sum of the reaction energies of reactions (9a) and

The reaction efficiencies for the dissociation reactions (9b). Hence, ifDo(Ag*—Ag) < 39.2 kcal/mol, then reaction
were studied using statistical phase space theory (PST)g)js exothermic and simple thermochemistry could explain
[57,58] Input parameters for the PST calculations including oyr experimental observation. There are two experimental
cluster geometries, vibrational frequencies, rotational con-,5,es forDo(Ag*—Ag); Beutel et al[48], using photoion-
stants and relative energies were taken from DFT calcula-j;ation of a cold Ag molecular beam, obtained a value of
tions. _ . _ 36.2+ 0.7 kcal/mol. Kruckeburg et aJ49] obtained a value

To calculate the reaction efficiency using PST, three of 40 14 2.0 kcal/mol using multiple-collision induced dis-
species along the reaction coordinate were taken into accountggciation in a Penning trap. We have calculdba@Ag*—Ag)
the reactant orbiting transition state (G)Sthe product or-  sing DFT and obtained 36.24 kcal/mol. The Beutel et al.
biting transition state (OTi§ and a possible tight transition  \51ue and our DFT value clearly indicate that react@yis

state between the two orbiting transition states, (£}. exothermic. The Kruckeburg et al. value also does so within
0TS s the error limits of the values but is probably a bit too high
Ag,"'L,-1+L = Ag,'L, = (Ag)AgtL, to rationalize our experimental observations. Overall, ther-
oS mochemistry nicely supports dissociation of Agwith the
+ . . .
— Ag"L, +Ag (7) addition of the first GHg ligand.
A similar set of reactions for the ethene ligand is given in
- _ . the following:
The efficiency depends on the sums of rotational and vibra-
tional states at these transition states. It can be slffgvmb] Ag," + CoHg — AgT(CoHa) + Ag (10)

that the efficiency at a given energyand angular momentum i i
Jis given by Eq(8), where for the sake of brevity, tieand Ag2” ~ Ad™ +Ad (102)
J arguments have been left off the terms on the right-hand Ag™ 4+ CoHs — Ag™(CoHa) (10Db)

side of the equation. . .
In this case, Do(Ag"™—Ag) must be less than

{E. ) NcP)Ts ® 32.2+ 3.0kcal/mol for the reaction to be exothermic.
WPSTLE, /) = Both the experimental and DFT values fBp(Ag™—Ag)
NErs+ N&is+ (NS1sNEo/ N P
ors T Nors + (NorsNors/ NTs) indicate that reactiofl.0)is endothermic, probably by about
In this expressionNgTS is the sum of states & andJ 4.0kcal/mol. If a second £H, ligand is added, an additional

for the OTS, NgTs is the sum of states & andJ for the 30.1+ 1.3 kcal/mol becomes availabl&gble 1. This makes
OTSk andNrrs is the sum of states &tandJ for the TTS. To the dissociation reaction overwhelmingly exothermic. How-
obtain the overall reaction efficieneypst(T), wpst(E, J) is ever, this is an unrealistic situation since the intermediate

N anl U . .
integrated over th& andJ distribution of the chemically ac-  A92" (C2Ha) ion is almost certainly thermalized before
tivated reactant complex A§(L)n. The reaction efficiencies ~ addition of the second B, ligand. The question is whether

calculated with PST can then be compared to those measurede@ction(11)is exothermic.

under the conditions of our experiment. Ad,"(C2Hg) + CoHa — AgT(CaHa), + Ag (11)
Ag," (CoHa) — Ag," + CoHq (11a)

6. Discussion Ag,t — Agt +Ag (11b)
The data irFig. 20 and c are strongly suggestive that ad- Ag™ +CaHs — Ag*(CaHa) (11c)

dition of the first GHg ligand to Ag™* provides sufficient en-
ergy to form Ag (C3Hg) + Ag products but it takes twoEl4
ligands to accomplish the analogous dissociation reaction. It  This vyields the relationship AHxn (11)=AHxn
is instructive to see if thermochemistry alone can account for (11a) +Do(Ag*™—Ag) + AHxn  (11C)+AHn (11d), or
these observations. First, consider th#Hg system and the ~ AHin (11) =Do(Ag*—Ag) — 37.6 kcal/mol. The values for

Ag,t(CoHa) + CoHa — AgT(CoHa), (11d)
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reactions (11a), (11b), and (11c) were taken froable 1 to the [Ag*(CsHe)]" activated intermediate, another OTS
Hence, forDo(Ag*—Ag) <37.6 kcal/mol, reactiofl1) will leading to Ag (CsHg) + Ag products and the possibility of a
be exothermic. Thus, it appears that thermochemistry is tight transition state somewhere between the two OTS's, then
sufficient to explain the observation that twetly ligands  phase space theory gives E8) for the microcanonical reac-

are required to dissociate Agas observed experimentally.  tion probability,wpsT(E, J). This probability has two useful
Further support for this interpretation comes from some |imits: first N(FD)TS >> NtTs, Yielding Eq.(14).
high temperature measurements on the AQ,H, system.

Above 725K only Ag* and Ag*(CzHa) are observed in o g g) = Ntrs (14)
the mass spectrum and no dissociation products are observed NSTS

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 ACHy); is

formed. However, at temperatures between 740 K and 800 K
the dissociation reaction reappears. In this instance, however,

This limit holds for tight transition states with energies
near or above the product asymptotic energy. The opposite
extreme NS5 << Ntrs, yields Eq.(15).

oTS
the reaction has a positive temperature dependence: wpsT(E, J) = NP+ NRL T AR (15)
oTS oTS
Ag," + CzH4l£>)Ag+(C2H4) + Ag (12) This limit holds for a TTS at energies significantly be-

low the product asymptotic energy. The vaIueS\@TS and
NSTS can be readily obtained using well-known phase space
theory method$57,58] However, in order to evaluate the
possible importance of a tight transition state, we needed to

ergy barrier above the reaction asymptote is expected for : f ional dvibrational
this reaction. Therefore, the activation energy is a good mea—get an approximate set of rotational constants and vibrationa
' ' frequencies. We did this by starting with the structure of the

sure of the endothermicity of the reaction. From our analysis Ag2"(CsHg) complex obtained from DFJ5], fixing all co-

above (reactions (10), (10a) and (10b)), we suggested reac-_~. . .
tion (12) should be endothermic by 403.7 kcalimol pro- ordinates except the Ag-Ag bond distance, stretching the

, . . i .
vided Do(Ag*—Ag) is about 36 kcal/mol. This is very good Ag*—Ag bond until a maximum was obtained at a distance

: f 7.03A, then relaxing all coordinates except the'
agreement and strongly supports the experimental value ofO 03A, then relaxing all coordinates except the Adg

distance and finding the minimum energy structure. This pro-
Beutel et al[48] for Do(Ag*—Ag) and suggests the value of
Kruckeburg et al[49] of 40.14 2.0 kcal/mol is slightly high. cess allowed us to generate the necessary parameters and

The next issue to explain is the negative temperature de_yielded one imaginary vibrational frequency corresponding

i to the stretching of the Ag-Ag bond. We realize this is not
pendence found for the rate constants of reactions (3) anda roper way to find a TTS but the parameters obtained did
(4). We will consider reactio(B) first since it is simpler. The prop y P

. . allow us to evaluate if a TTS was operating in this reaction
reaction rate constant is,
system.
k3(T) = keonzws(T) (13) The first calculation we did was to assume the TTS was
. o ) ~rate limiting (Eq.(14)). We varied the energy of the TTS
wherekgoi3 is the collision rate constant given by Langevin  rg|ative to the reactant energy asymptote until a best fit to the
theory andws(T) is the reaction probability per collision.  yata was obtained. This result is given as the red data and
If we have an orbiting (collisional) transition state leading |ine in Fig. 6a, and corresponds to a TTS 0.17 eV below the
reaction asymptotic energy. It is clear that the magnitude of

A plot of In(k;) versus 1T is given inFig. 5. From an
Arrhenius analysis of this data, an activation energy is ob-
tained ofE; (12) = 3.5+ 0.3 kcal/mol. No configuration en-

Ag," + C,H, —> Ag’+(C,H,) + Ag

-25.751 (T) is relatively well-reproduced but the variation ©fT)
with temperature is poorly reproduced.
-25.801 The second calculation ignored the TTS completely (Eq.
(15)). In this case the reaction exothermicity was varied until
. 25.85] a best fit was obtained. These results are given as the blue
X . . . . .
c . data and line irFig. 6a. In this instance, a relatively good
-25.901 fit to both the magnitude ob(T) and its variation withT
is obtained forAHx, (3) =—0.15eV 3.5 kcal/mol). This
2595 is a very interesting result in that both the kinetics are well
26,00 . ' . . . . ' . fit and the predicted\H, (3) is essentially equal to the
1.22 1.26 1.30 1.34 1.38 experimental value discussed earlier.

10%/T (K™) In order to see whether this fit could be improved, we

used the general formula far(T) and varied the energy of
Fig. 5. Plot of Ink) vs. 1T for the dissociation reaction the TTS 9 id f(T)I Th It gy .
Agy* +CoHa— Ag*(CoHa) +Ag The line is a least-squares fitting e over a wide range of values. The results are given in

to the data that yields a slope that is proportional to the activation energy of Fig. B0. For a TTS at the reactant energy, the reaction is es-
the reaction. The temperature range is 740-800 K. sentially shut down and a slight positive energy dependence
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0.4
Ag," + C;H, —» Ag*(CHs) + Ag
0.3 Ag; + CHs N\ F T —— 3.0
- Ag'(CaHg) + Ag
g f7--TTS
K
g o2
&
0.1
Ag:"CsHs
0 . . . . . . Fig. 7. A schematic potential energy surface for the reaction
100 200 300 400 500 600 700 800 Ago* +C3Hg — Ag*(CsHg) +Ag is given. The density of states for
(a) Temperature (K) the reactant and product OTS's are shown as the stacks of horizontal lines.
0.4
Agz* + CeHg—> Ag{CsHa) + Ag two reasons. First, the reaction is only mildly exothermic.
Hence, the density of states in the product channel does not
0] AE; g (oY) completely dominate in the temperature range of the experi-
’ 00 ment (300-800 K). Second, and equally important, is the fact
Fry Y that one of the products is a silver atom. Since this atom
& — 02 can only support translational states, the density of states
§ 0.2 = 'g-i in the product channel increases more slowly with energy
w —

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

-0.5

0.1

at least 9 kcal/mol below the entrance asymptote.
— The results for the ethene system are analogous. The major
LB A— difference is the reaction is about a factor of 10 less efficient.
0'01 00 200 300 400 500 €00 700 800 However, the reaction does display a negative temperature

dependence. The same strategy we employed for the simpler
C3Hg system will be used here. First, we assume the TTS
Fig. 6. Plots of reaction efficiency vs. temperature for the reaction IS rate limiting (Eq.(14)). The best fit to the data is given
Agz" + C3Hs — Ag*(CsHe) + Ag. The data are shown as the filled blank by the red line inFig. 8a. The magnitude of the reaction
diamonds Q)._In_ panel (a) the red curve and points ha_s the tight transition afficiencies is about right for a TTS=0.10 eV below the re-
o e e o sari . aCtant aSympTofic energy but the vatiation with emperature
for the reaction efficiency is used (H&)) and the energy of the TTS relative is clearly wrong. Going to the opposite extreme where the
to the reactant asymptote energy is varied. product OTS is rate limiting (Eq15)) yields the blue curve
in Fig. 8a as a best fit to the data. TheH,y, was varied

is observed. As the energy of the TTS is dropped, the cal- and a final best fit value 0£0.14 eV (3.2 kcal/mol) was
culation improves until aEtts=—0.4 eV there is no further  obtained. Both the shape and the magnitude of the reaction
change and the E@L5) limiting case is reproduced. A value efficiencies are well matched. In an effort to see if any value
between-0.2 eV and-0.3 eV might slightly improve the fit  of a TTS could improve this result, we used the general form
to experiment but no obvious advantage is gained by includ- of the reaction efficiency (Ed8)) and let the energy of the
ing the TTS. For reference, the AYC3Hg) adductis bound  TTS vary. The results are given ffig. 8b. It is apparent that
by an energy of-28.1+ 1.5 kcal/mol (-1.24 eV) relative to no improvement is obtained for any TTS energy.
the Ag™ + C3Hg asymptote. A question of why the reaction efficiencies for the ethene

This is an interesting result and not in line with prior ob- system are afactor of 10 less efficient than the propene system
servations of negative temperature dependence. In a typicaheeds to be addressed. Both reactions are about 3 kcal/mol
case, a TTS would be located below, but near in energy, toexoergic according to both independent thermochemistry
the entrance channel and the product OTS would be muchmeasurements and PST estimates (these data are shown in
lower in energy. However, in the current case a TTS has little Table 9. However, in the ethene case, the reactants are com-
impact on the kinetics and the negative temperature depen-posed of two polyatomic molecules (AYC,Hz) + CoHy)
dence arises from the interplay of the OTS in the entrance while in the propene case a polyatomic/diatomic pair are in-
channel and the OTS in the product channel. This occurs forvolved (Ag™ + C3Hg). Therefore, the density of states in the

(b) Temperature (K)
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-SrELlJl:rI\?Tf';\ry of fitting results for Ag-(L),,_, + L =2 Ag™(L), + Ag kinetic experiments

L=CyH4 (n=2) L=CsHe (n=1)

Experiment DFT® psT Experimertt DFT® psT
AErTs - - <90 - - <90
AHpn —1.4+35 —-1.56 -35 —3.0+£3.7 ~0 —-34

2 In units of kcal/mol. All energies are relative to the separated reactants.

b Reaction exothermicity calculated using experimental bond energies.

¢ 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 fastesystems. The net result is a significantly less efficient reac-
with energy than for the propene. Both reactions have an tion for ethene than for propene, consistent with the necessity
atom and a polyatomic molecule as products so the densityof two ethene ligand additions and only one propene ligand
of states in the product channel will be similar for the two addition needed to dissociate Ag

0.03

Ag;*(CoH,) + CoHy —» AgH(CoH,). + Ag

7. Conclusions

Addition of a single GHg ligand to Ag™ results in cleav-
age of the A§G—Ag bond to form Ag (C3Hg) + Ag. Addition
of two CyH4 ligands is required for Agf” dissociation to form
Ag+(C2H4)2 below 740 K.

At temperatures above 740K, dissociation of ;Ag
with a single GH4 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 theign
gave negative temperature dependencies for both systems. In
S0 60 Ak o i . & 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
Ady'(CoHy) + CHy—Ag'(CH,), + Ag TS along the reaction coordinate.

The reaction exothermicities required for the PST fits
to the rate data~3kcal/mol) are in excellent agree-
ment with estimates from independent thermochemical
measurements.

0.02 1

Efficiency

0.01 1

(a) Temperature (K)

AE g (eV)

* 0.0
L —_— 0.1
i i
-0.3
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Ag2*(CoH4) +CoHa — Ag*(C2Ha)2 + Ag. The data are shown as the filled Appendix A. Supplementary data
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