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The pressure and temperature dependence of the stabilization vs dissociation yield of chemically activated
ethylbenzene ions from the charge-transfer reactigh-© CgHio — O, + CgHio" is analyzed. Combining

the measured data with experimental specific rate constgis,for dissociation of ethylbenzene ions from

the literature allows absolute values of the produ@Efor energy transfer in the buffer gases He and N

to be derived. By assigning the collision frequertyo the Langevin rate constant, the average energies
transferred per collisionAECfor highly excited GHio" are obtained. They are close to the corresponding
values for neutral alkylbenzendgE) shows a transition from values given by phase space theory at low
energies to values arising from an anisotropic valence potential at higher energies. The charge transfer process
is analyzed in terms of resonant charge transfer, charge transfer through ethylbeBzenemplexes, and

charge transfer producing electronically excitechlecules, with the former being exploited for the described
study of collisional energy transfer.

1. Introduction with respect tolAEOwas either not made or appeared only
preliminary. Nevertheless, on the basis of these results, one may
conclude that collisional energy transfer from highly excited
molecular ions can be characterized by values§X#E[which

are similar to those observed in the corresponding neutral
systems. In contrast, overall capture collision frequendies,

Intermolecular collisional energy transfer is a ubiquitous
process. It initiates thermal dissociation, terminates the reverse
recombination reactions, and deactivates photochemically or
chemically activated species. Over the years, much information
has been collected on this process in highly excited neutral .
molecules; see e.g. the reviews in refs5l To date, the most for |on—r_'n_olecule systems are I_arger than the Lennard-Jones

. : : ; L type collision frequencies applying to neutral systems.
complete information stems from experiments using kinetically ) ) e
controlled selective ionization (KCS18 In those experiments In view of the scarcity and indirect character of the data, the
both the average energi€AEland average squared energies Présent approach intends to provide more information on
[AE2[transferred per collision were measured as a function of colllsu_)nal energy transfer c_)f excned_molecular ions by analyzing
energyE for a variety of excited molecules and buffer gases chemical activation experiments with molegular ions. We take
M. In addition, collisional transition probabilitie®(E',E) from advantage of the turbulent ion flow tule®* which was recently
energyE to energyE’ could be characterized to some extent. deyeloped in our Iabor{itory. This instrument allows for studies
The KCSI results now are not only more detailed than earlier Of ion—molecule reactions at pressures up to 1 bar although
evaluations of pressure-dependent yields in photoactivation andimpurities often limit the maximum value. Temperature depen-
chemical activation experiments (see e.g. ref§and 9-12), dence studies have been reported up to 573 K, although higher
of collision efficienciesfe in thermal unimolecular reactions ~ témperatures are now possible. Chemical activation is achieved
(see e.g. refs 1315), but also of the more direct determinations PY charge transfer occurring on resonant and nonresonant
of [AECBuch as from hot UV absorptidh7hot IR emissiori®20 pathways and producmg highly .excned moIepuIar ions. The
and hot product spectroscopy?2 subsquent fragmgntat|on Fhen is observed in competition to

Much less information on collisional energy transfer of highly duenching by collisions with the buffer gas. The pressure
excited molecular ions has been collected, although, in principle, d€Pendence of the ratio of the parent ion concentration
similar techniques to those used for neutral studies can be (Stabilization) to the fragment ion concentration (dissociation)
applied. Some limited information is available from collision @S @ function of pressure provides information on the ratios of
efficiencies,fe, of ion—molecule association reactions in the the rate constants for collisional stabilizationZ[M], to the
low-pressure range (see e.g. refs—2%). Chemical and ene_rgyE-_spemflc rate c_onstantk(E), f_or fragrr_]en_tanon of_ t_he
photochemical activation experiments with a series of buffer €xcited ions. Herey. is the chemical activation collision
gases have been reported for several excited moleculaficis.  efficiency (to be distinguished from the thermal activation
Relative collision efficiencies of several bath gases could be Collision efficiencyfi), Z is the total collision frequency, and
derived. Some information on absolute values of collisional [M] is the buffer gas concentration. On&gg) is known from

deactivation rates has also been obtained; however, the analysi§éParate absolute rate measurements zoen be specified,
absolute values of. can be derived from the ratip.Z[M]/

t University of Goettingen. K(E). From these[AEOvalues follow by solution of a master
* Air Force Research Laboratory. equation or by equivalent simpler stochastic treatmé&isln
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Figure 1. Stabilization vs dissociation yielD = [CgH10"]/[C7H7'] Figure 2. As in Figure 1, for the buffer gas He.

for the reaction @ + CgHyoin the buffer gas Bl(experimental results
from ref 31 for 423 @), 473 @), and 523 K ¥); full lines = modeling 2.2 and 2.3. With decreasing f\or [He], on the other hand, a
of this work; see section 6). nonzero intercept of about 0.8 in linear plotsD vs [M] is

the present work, we analyze experimental results for excited _observed. There is no systematic trend in th? scatter of the
ethylbenzene ions in collisions with M He and N from ref intercepts such that a common intercept tentatively is used for

31. The present analysis is possible becak@® has been @l curves in the analysis.

measured in time-resolved photodissociation experirieitis One could imagine two explanations for the appearance of
a range relevant for our chemical activation experiments. In an intercept in Figures 1 and 2: either the yield curves
addition tok(E), also the energy distribution of the excited corresponding to reactions 2.2 and 2.3 at low [M] are nonlinear
ethylbenzene ions from the charge transfer process needs to b&ecause of the multistep character of the collisional deactivation
known. The present work, therefore, provides an analysis of process (2.2), or the energy distribution gHzo™ arising from

the charge transfer process. To model all the available data,the charge-transfer process (2.1) is so broad that a major fraction
several pathways need to be included, each of which leads toof CsHio"™* is stabilized at much lower pressures than studied
ions with different product ion energy distributions. Studies of here and/or is produced with an internal energy lower than the
energy transfer in highly excited alkylbenzene ions appear dissociation limit. Following the analysis of related systems in
particularly attractive, since information on energy transfer in ref 33, the first possibility can be ruled out such that only the
highly excited neutral alkylbenzenes is available from the work Second interpretation can apply. Accepting this, the energy
discussed in refs 8 and 12. Therefore, a direct comparison ofdistribution of GH1o"™* has to be characterized. If reaction 2.1
energy transfer data of highly excited neutral and ionic would proceed via resonant charge trandfebout the differ-

molecules can be made. ence between the ionization energies ofaddd GHio (12.07
+ 0.0087 and 8.77+ 0.01 eV3438 respectively), i.e.Fcn =
2. Experimental Results 3.30 eV = 318.3 kJ mot! = hc 26 608 cn1l, would be

transferred to gHio". This is either deposited directly into
vibrational energy or into an electronic state that undergoes a
rapid intersystem crossing. In either case, the energy is available

Highly excited ethylbenzene ions in ref 31 were produced
by charge transfer of ¢l in collisions with Q™ through

+ . + as vibrational energy on a time scale rapid compared to
Oy + CoHip™ O, + CoHuo (1) dissociation.
Subsequently, the highly excitedgi€ig™* ions were either However, other mechanisms for the charge transfer are
collisionally stabilized possible. Since this is a crucial point to this study, the properties
of the charge transfer process (2.1) have to be analyzed more
CSH10+* +M— C8H10+ +M (2.2) carefully. This analysis is done in section 3. At this stage, we
anticipate the result that the rise D with increasing [N] in
or dissociated via Figure 1 (and with increasing [He] in Figure 2) corresponds to
a high-energy fraction of 10" originating from resonant
CgHyo™* — CH," + CH, (2.3) charge transfer. At lower pressures, measuremerg$ofalues

smaller than the apparent intercept of Figures 1 and 2 have been
Minor channels are ignored since they are on the order of made. These include &D = 0.33 at 0.2 Torr of Mfrom a
impurity ions in the experiment. Relative yields for stabilization selected ion flow tube experiméhtand SD = 0.20-0.28
vs dissociation D = [CgH10]/[C7H7'], were measured at  measured in a guided ion beam apparatus under single collision
varying temperatureg, and concentrations [M] of the buffer  conditions®® Accordingly, the complete analysis of the pressure
gases He and N Details of the measurements have been dependence &&D, from very low to the present high pressures,
described in ref 31 and are not repeated here. Figure 1 showshas to include both dissociations oftGo™ formed at lower
the resulting dependences &D on [N;] for a series of energies and those obtained in the resonant process. An analysis
temperatures. Similar experiments withi¥MHe are illustrated of this kind will be given in section 6. It confirms that the low-
in Figure 2. With increasing [pJ or [He], the yield of stabilized energy fractions mostly contribute to the apparent intercept of
CgH10" increases in accordance with the mechanism of reactionsFigures 1 and 2.
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TABLE 1: Energy Transfer Properties for Highly Excited
Ethylbenzene long

N> He
TIK 423 473 523 423 473
K(E)/s Yy, 48x 10 65x 108 9.3x 10® 6.6x 108 9.0x 10°
I(T) 0.425 0.348 0.278 0.425 0.348
y(T=0) 0.124 0.116 0.103 0.095 0.084
—[AEZcmYhc 269 251 223 206 182
—[AEdcm Yhe 285+ 150 180+ 90

aSee text;s* = 5.824,k(Ecn) = 2.64 x 10’ s, Es/hc = 26 608
cm%; the upper line offAEOvalues corresponds to the simplified
evaluation described in section 5; the lower lindhECvalues are the
final optimized result described in section 6.

Separating the low- and high-energy fractions @fig™ in
reaction 2.1, the mechanism is

O," + CgHyy—~ O, + CgHyp' ke,  (2.13)

O," + CgHyy—~ O, + CgHyo™ (1 — )k, (2.1b)
CHyp* +M—CgH,p + M yZ  (2.2)
CgHyo™ — C,H,"+ CH;  Kk(E) (2.3)

It was shown in ref 31 that the overall charge transfer rate

constant is independent of pressure (up to 120 Torr) and
temperature (up to 573 K) and equal to the Langevin rate

constantcap = k. = 2rq(a/u)*? ~ 2 x 107° cm? molecule™?
s™1 for capture of @" and GHao. (A minor contribution from
the small permanent dipole moment afHzo, such as accounted

for by the Su-Chesnavich equation, can be neglected.) The

C;H;* ion in reaction 2.3 represents both the benzylium and
tropylium isomeric ions, an#(E) corresponds to the sum of
these two contributions. WheqE) is known from experiments,

Troe et al.

present evaluation because, for the applied conditions, the second
term of the right-hand side of eq 2.4 was not large enough to
be distinguished from the first term. At these higher tempera-
tures, buffer gas concentrations above abouf hiolecules
cm~3would have been required to obtain substantial collisional
stabilization of GH1g"™*. For 573 K, also the onset of thermal
dissociation of @Hig™ contributed to the observations and is
not modeled here.

3. Energy Distributions from Charge Transfer

To evaluate the measurk(E)/y. from section 2 and to extract
[AE[) the energy content of the dissociatingHzo™ ions has
to be known; i.e., the details of the charge-transfer process (2.1)
have to be understood. One may think of several pathways for
charge transfer, including resonant charge transfer

0, + CgHyp— O, + CgH, % (3.1a)

charge transfer through intermediate complex formation

O2+ + CgHyo— (0, — CsH10)+* —0O,t C8H10+T) (3.1b)

and charge transfer leading to electronically excited O
O," + CgHyp— Oy(*Ay0r 5,7 + CgHy s (3.1¢)

It will be shown in section 6 that there is evidence that all three
channels occur.

Capture between £ and GHyg at long ranges occurs on an
ion-induced dipole potential

Vi(r) = —ag¥2r* = —C/r (3.2)

with a(CgH10) = 14.28x 10-24 cn® such thatCi/hc = 829 250
cm1 x 10732 cm*. O, and GHj¢" separate on a long-range
ion-induced dipole potential-Ecn — Ci/r* which, with a(Oy)

the analysis of energy transfer rates is not influenced by the — 1 59 » 10-24 cn3, leads toCi/hc = 92 330 cnT! x 1032

partitioning into benzylium and tropylium. However, the
interpretation ofk(E) nevertheless concerns the question of
benzylium vs tropylium formation in the fragmentation of
alkylbenzene ions as shown below.

It has been noted befd¥ethat the slopes of th&D vs [He]

cnt. The incoming and outgoing potentials interact and allow
for the different types of charge transfer. Resonant charge
transfer (3.1a) would correspond to an electron jump during
the approach of & and GHjand to a transition to the shallow

outgoing potential. This long-range interaction does not allow

plots are considerably smaller than the corresponding slopesfor energy randomization between, @nd GHio*, and the

for M = Ny. This is not only due to smaller values of the
collision frequencieZ = k_ between @Higt and M but also
to smaller values dfAEL] A quantitative analysis is given below.
The marked temperature dependence of the slopes in Figures
and 2 is attributed to higher energies ofHzg"™* at higher
temperatures since the thermal excitation @fi¢y apparently
is carried over into gH;o™ during resonant charge transfer
and can be used for the fragmentation via reaction 2.3.

We represent the yield plots of Figures 1 and 2 by

S_ [CeHyo'] . _a YZM]

D [CH,] T1-a  (1- a)kE)

(2.4)

where we identifyZ with the Langevin rate constants for
CgHio™ + M collisions. The collisional rates ate ~ 5.4 x
10710 cm?® molecule* s7* for M = He and 6.6x 10710 cm?®
molecule’? s7* for M = N,, and we usex ~ 0.444, which
corresponds to an intercept of 0.8. The resulting valud$k)f

thermal energies of £ and GHjio are mapped into the
corresponding distributions of £and GHio™ while E¢, = hc

26 608 cmt would end up as additional vibrational energy of
JCngOJ”‘,;. Complex-forming charge transfer (3.1b) would cor-
respond to the formation of a ©CgHig)™ complex with
stronger interactions, allowing for energy randomization within
the complex. This randomization is estimated to happen faster
than about 16100 ps. After randomization, the complex
dissociates into ©+ CgH,,' 5, and the energy distribution in
CgHyo % is characterized by statistical theory. The charge
transfer reaction listed in (3.1c) reduces the energy available
for CgH,, % by the electronic excitation energy ob@®Ay) =

hc 7882 cmt or of Oy(*Z4*) = hc 13 121 cmi! for a resonant
process and potentially more for a complex-forming mechanism.
The range ofr values corresponding to the interaction of the
incoming and outgoing potentials apparently is smaller than that
of the centrifugal barriers in the incoming potential which
explains why the rate constants for charge transfer coincide with

yc then are summarized in Table 1. It should be emphasizedthe Langevin expressiof.

thatk(E)/y. here stands for a suitably averaged value.

The suggestion of three charge-transfer pathways (3.1a),

The studies from ref 31 also included measurements with M (3.1b), and (3.1c) is consistent with the experimental observa-

= He and N at 573 K. We did not include these results in our

tions of 9D in various pressure ranges (see section 6) and
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T T e CgH10)* andE/hc & 31 000 cnt? (i.e., E ~ Eg, + En(432 K)),

1 r we derived E — Eg)ma/hc =~ 3800 cnt?; for a low-frequency
vibrational model of (@—CgH10)*", we calculatedE — Eg)ma?
hc ~ 5500 cntl. Apart from the statistical partitioning
characterized by eq 3.4, the contribution from thermal excitations
of O;" and GHs has to be taken into account. To account for
the thermal excitation energi, of CgHip carried into the
complex, which participates in the randomization, the distribu-
tion P(E,Es) finally was convoluted with the thermal distribution
of CgH1o. The resulting distribution is included in Figure 3. The
energy distributions arising from channel (3.1c) are either of
resonant or of complex-forming character. However, the energy
] | available for GHyo" is reduced by the electronic excitation
00— S B~ — energy of Q (see section 6).

10 20 30
E/he10’cm™ 4. Specific Rate Constants

-
o

n 1 L
T

g(E)/1 0“cm

Figure 3. Energy distributiongg(E) (in l/cnm™) of excited GH1o*™* The 9D results of Figures 1 and 2 correspond to relative
formed by charge exchange in the reactiorf & CgHyo (T = 423 K, rate measurements which lead to absolute rates of collisional
e LOhr TS, s G, ene TN ey ransir ol he th Specfc rte conshEcan
with brané:hing ratio 0.367; the curves are normalized with respect to be qharacterlzed .SUffICIently well. It has been d.empnstratclad
these branching ratios, see text). previously that this approach to energy transfer is viable: in
ref 12 vibrationally highly excited neutral alkylcycloheptatrienes
follows the results derived for £ + C;H, in ref 40. The direct ~ and alkylbenzenes were produced via light absorption followed
charge transfer (3.1a), because of the near-resondnt @gH1o by internal conversion. Sterr/olmer plots for quenching gave
and @ + CgHyg™ vibrations and suitable FranelCondon ratiosyZ[M]/ k(E) which were found to be fully consistent with
factors, should preferentially lead to near-resonant product state-Separate absolute rate measuremenfABIZ (such as contained
to-state transitions, superimposed on the vibrational excitation in ycZ) and ofk(E). The analysis of Figures 1 and 2 closely
(Ecn) in CgH1o™ gained during the electron jump. In this case, follows the interpretation of these previous experiments.
the vibrational energy distribution of g810t* should be The derivation of absolute values pf and of (AELdepends
approximately a FranckCondon weighted thermal distribution ~ on the knowledge of absolute values of the specific rate
projected at an energy @&, The consequences are tested by constantsk(E). In the following we rely on the available
studying the temperature dependence SiD. Because the  experimental data fok(E) from refs 34 and 35 and their
Franck-Condon factors are assumed to be large near resonancegxtension by theoretical work from ref 42. A value (E) of
a thermal distribution is used in this study as illustrated in Figure (1.6 & 0.4) x 10° s™* in ref 34 was measured at an energy of
3. However, it should be emphasized that some distortions of 4.02 eV = hc 32 420 cn! (including a thermal vibrational
the thermal vibrational distribution because of only near- energy of GHio" of hc 2090 cnt? at 413 K). A range ok(E)

resonance are possible (see below). were measured in ref 35 between about 20° st at E/hc =
RandomizingEn in the (—CgHi)t adduct in reaction 3.1b 16 200 cmi* and 5x 10° s~ atE/hc= 22 100 cn1™. The latter
will lead to statistical energy partitioning betweer, @nd results were represented (with an uncertainty of abie@%)
CgH1g". This charge transfer pathway then would lead an energy by K(E) = 1.60 x 10° s [(E/hc — 14 843 cm')/15 178
distribution P(E,Egg) in CgH1g™ which is given by cm~1]47337 We combine the data from refs 34 and 35 into a

similar expression
P(E.Eep) ~ Apyin(Egg)Wies(E — Egp) (3.3)
k(E) = 1.6 x 10°s Y[(E — Ey)/hc 18 350 cm ']*%**  (4.1)
where Egg is the vibrational energy of gEl10™, pvip is the
vibrational density of states ofgBlio’, Wrestis the number of — yyhich will be used in the following.E, stands for the

states of the internal degrees of freedom of the dissociatifg (O gissociation energy of §815" into benzyliunt + CHa, which
CgH10)" adduct excluding the vibrations ofgis", E is the is estimated to b&yhc = 14 070+ 100 cn 13438

total energy available for partitioning at sufficiently large© The present work corresponds to excitation energies which

¢§H10)+ distances, and\ is a normalization factor such that  gre in the gap between the experimental conditions of refs 34
JoP(E.Ees) dEes = 1. We have characterizeédliesi either by and 35. For this reason, the quality of the interpold&) from

the G, vibration, relative translation, and rotations o} @1d  eq 4.1 has to be verified. This is particularly necessary, as the
CgHio" or by O, vibration and low-frequency deformation  exponent 4.824 of eq 4.1 appears to be smaller than expected
vibrations of the (@—CgH10)" complex. pvi(Ees) Was deter-  for conventional RRKM calculations like those performed in
mined by accurate state counting with the frequencies given in ref 43. There is the possibility of two/87* isomers formed in

ref 34. The resulting broad energy distributions iHgs™ look eq 2.3, namely the benzylium and tropylium ions. These have
quite similar to those for gHs from the dissociation gHs — different threshold energies. Employing the dissociation energy
CeHe + CoH, in Figure 9.4 of ref 41P(E,Eg) can well be g, for formation of benzylium in eq 4.1 does not mean that we
approximated by an analytical expression assume an exclusive formation of benzylium ions in reaction

2.3. Equation 4.1, at this stage, is only used as an empirical
P(E,Ep) ~ A'(E — Eg)° exp[~5(E — Ep)/(E — Eg)mad (3-4) representation of the measull€#) values. For an interpretation
and modeling ok(E) values, however, the branching ratio of
where € — Eg)max cOrresponds to the energy of the maximum the dissociation (2.3) of i;¢"* into tropylium and benzylium
of the distribution. For a translational/rotational model 0${O ions should be understood at least semiquantitatively. It is well-
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known that the branching ratio should vary with the excitation
energy and that the formation of tropylium should be character-
ized by a barrier for the reverse process while the formation of
benzylium does not involve such a barrf@f*4> Without
entering into the discussion of the precise value of this branching
ratio and its energy dependene¢é 8 we realize that the two
channels have both to be considered. However, the benzylium
channel dominates at the energies of interest to the present work,
accounting for greater than 83%of reaction 2.3.

Because any error associated with neglecting this channel is
within the error of the calculations, we leave the RRKM
modeling of the tropylium channel to ref 48 and here only
considerk(E) for the benzylium channel. For this channel,
because there is no reverse barr€E) cannot be modeled by
conventional, rigid activated complex RRKM theory. Instead,
one has to account for the varying character of the potential
energy surface of a molecular ion, being of valence type at short
interfragment distances similar to neutral molecules, and chang-
ing to an electrostatic potential at large interfragment distances.
At energies close to threshold, the long-range potential is
relevant, which for an isotropic ion-induced dipole potential,
such as in the present case, can be treated by phase space theory
(PST). In the reverse ion-induced dipole association, this E/he 10%em™
corrsspon(_js toa L_a_ngeVIn re:te constért _hlghe_r energies, Figure 4. Specific rate constantgE) for the dissociation gHi" —
the "effective transition state” of the reaction will move into ¢ i+ 4 cH, (a, experimental result from ref 34; b, experimental results
the range of the valence potential which will red¢€) below from ref 35; c, representation of experimental results from refs 34 and
the values derived from PST. The phenomenon of transition 35 by eq 3.1 and by theoretical modeling from ref 42; d, PST modeling
state shifting (or switching) has been known for a long time of k(E,J=0) for G;H-* = benzyliunt, see ref 42).
from adiabatic chann&®! or variational transition state
treatment$1-53 A more precise link to the potential energy
surface can be established in the statistical adiabatic channel/
classical trajectory (SACM/CT) approach of ref 54 which 4]
formed the basis of ref 42. The essential part for a calculation —
of k(E) in any case is the potential. In ref 42 a long-range/ =
short-range switching potential was constructed, employing a g 3 L
recalculated polarizability of CHradicals, beingo(CHs) = ] I
2.334 x 10724 ¢ 55 (instead ofa(CH3) = 9.25 x 10724 cm?®
from ref 34). The polarizability governs the distance at which
the potential switches from long range to short range. With this
potential, the SACM/CT calculatidled to ak(E,J=0) which
practically coincides with eq 4.1 after fine-tuning of the
calculations to the measured value at 32 420 krfigure 4
compares eq 4.1 with the measurements. For comparison,
k(E,J=0) calculated by PST is also included in Figure 4. As a 12 13 14 15 16 17 18 19
consequence of the increasing shift of the effective transition
state into the more anisotropic short-range part of the potential, )
k(E,J=0) increasingly drops below the PST result with increas- Figure 5. ModeledSD in the bath gas Nat 423 K (see text).
ing energy (for more details of the calculation, see ref 42).

The good agreement between meastfré&dand modelet?

k(E) provides confidence in the quality of eq 4.1. The accuracy
of the measurek(E) is estimated to be abott30%. One should
keep in mind, however, that & dependence ok(E,J) in the
modeling was neglected (see refs 42 and 56). The accuracy o
the employedk(E) limits that of the finally derived product
Z[AE[] the uncertainty ok(E) being directly carried over into
that of [AEL]

5 1 1 1 1 1 1

[CH,, 1/
T

S/D=

1g([N,]/molecule cm’3)

Therefore, we start with the simplified evaluation of our results
in terms of eq 2.4. By employing(E) from eq 4.1, the collision
efficienciesy. are extracted from the ratid§E)/y. given in
Table 1. Since not onli(E) but alsoy. depends on the energy
fE, eq 2.4 implies averaging of the ratja(E)/k(E) over the
energy distribution from channel (3.1a) which, according to
section 3, should be close to thermal. Taking into account that
the fractiona only very weakly depends on the excitation energy
(see section 3) and that the eneHis given by the sum of the
exothermicity Egp, Of the charge transfer process (2.1), i.e., 3.30
eV = hc26 608 cnT? (see section 2), and the thermal vibrational
It will be shown in section 6 that the charge transfer channels €nergy of GHyo transferred into H10™, eq 2.4 reads
(3.1b) and (3.1c) mainly contribute to the apparent intercepts
in Figures 1 and 2. The reason is that excite#i " from these S_ o, ZM] e f(E .D@ q
channels (1) to a large extent has been stabilized by collisions D 1-a 1- afEch " k(E)
in the pressure range of the present experiments or (2) the
CgH10" is produced with an energy below the dissociation limit. wheref (E,T) corresponds to the thermal vibrational distribution

5. Collision Efficiencies

E (1)
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of CgH1o. The justification for using a linear dependenceéthd that the single collision values d¥D must originate from
on the buffer concentration [M], for each slick df the energy pathways such as (3.1c) which generagel g™ with very low
distribution f (E,T), comes from the solution of the master energy. Either gHio™ from this pathway is nondissociative

equation for competing dissociation oot and collisional from the beginning, or it is stabilized by radiative cooling on a
energy transfer, such as discussed in ref 33. The master equatiod(®? s~ time scale. For this reaso8/D = 0.22 is taken as the
has the form contribution from channel (3.1c). We uggto represent the
branching fraction in reaction 3 for channielConvertingSD
dn(E,J,t)/dt = —{Z[M] + K(E, )} n(E,J;t) + into branching fraction, we fing. = 0.180 & S(S+ D)) as

Z[M] fwdE’ fde' P(EJ.E,J) n(E 1) (5.2) Iong_as the other channels do not pontributsm the lowest
0 0 applied low pressure. The contribution from channel (3.1b) (see
below) raiseg from 0.180 to 0.183. Minor changes of this value

whereP(E,J;E',J) is the collisional transition probability from have only negligible influence on our later analysis.

(E',J) to (E,J) andn(E,J,t) is the level population. Neglecting A
theJ dependence, eq 5.2 in ref 33 was solved for reactions with The partitioning of the charge transfer between the channels

similar properties as the present system. It was found that, excep3-1&) and (3.1b) is more difficult to analyze. It could be done
for very small [M], a linear relationship like eq 5.1 is uniquely if D were measured over a very broad pressure range.

approached. Furthermore, except far very close to the In the present case, only fragmentary information is available
dissociation threshold enerdg of CsHio*, the solution of the for intermediate pressureS/D values in the bath gas helium
master equation coincides with that of a much simpler stochastic ©f 0-28 at 500 K and about 0.4 Torr (SIFT) and of 0-2528

model. Ifk(E) can be represented in the form at 500 K, 0.20 at 600 K, 0.17 at 700 K, and about 1 Torr (HTFA)
were reported in ref 39. For 0.2 Torr of,Nit 473 K,SD ~
K(E) O (E — Ep)* ™ (5.3) 0.33 was measured.In comparison to the measur&D =

0.22-0.28 at 10%—1078 Torr (see above), these values appear
andE,. denotes the initial excitation energy, then the collision {00 large to be accounted for by channels (3.1a) and (3.1c) alone

efficiency y. is well approximated B (see also ref 57) (see belo_w)._ Th_us, a contribution from channel (3.1b) with the
energy distribution from egs 3.3 and 3.4 must also be present.
Ve —[AE&®* Theo value derived in section 2, at first sight, would correspond
0 NE Z E, (5.4 to a branching fraction into channel (3.1a)gf= (1 — o) =
Ve ac 0.556 (fromo. = 0.444, see section 2). As a consequence, a

branching fraction o, = 1 — ga — gc = 0.261 would remain
for channel (3.1b). On the basis of this partitioning, we modeled
'the §D values analogous to section 5 through

with n ~ 2 (n has to be modified i€, — E¢®3°9. Sincek(E)
from eq 4.1 is of the form of eq 5.3, eq 5.4 serves our purpose
providing a direct access from. to [AEL]

At y. markedly smaller than unity, which is the case here, S "
the termy" in the denominator of eq 5.4 can be neglected. D~ Z[M]ﬁ) 9(E,T)y(E)/K(E) dE (6.1)
Equations 4.1, 5.1, and 5.4 then can be combined into

s o ZIM](— [(AEDs* where g(E,T) denotes the combined energy distribution c_>f
D1 (1o KEDE — )-(U (5.5) CgH1o™, generated by channels (3.1a), (3.1b), and (3.1c) with
( WK(Ecp) (Een — Eo the branching fractiong, = 0.556,g, = 0.261, andy. = 0.183,
respectively, and whergy(E) was based on theAE[values

where from the evaluation described in section 5 (see Table 1). The
| E.—E sE. +E re_sultlngS’D were about a fact_or of 15 smaller than shown in
I(T) = f ( ch 0 ) (E‘h Ch\p(E‘h) % Figures 1 and 2. The reason is easily understood: the energy
O \Esh — Eo t Eyy Es | Qub distributions of channels (3.1a) and (3.1b) overlap, and part of
Ep the distribution from channel (3.1b) reaches into the range of
exq — 17| 9En (5.6) channel (3.1a) (see Figure 3) and, therefore, should be included

in the factor 1— a in eq 5.1. For this reason, the branching

(we here assume thBAELIs nearly temperature independ€nt  fraction for channel (3.1a), = 0.556 and the values fahEO
and is roughly proportion&lto E). Table 1 includes our  have to be modified.
calculated values fol(T), y(T=0) as defined by (T=0) = Unfortunately,gs and CAECcannot be fitted independently
(—[AEDS*/(Ech — Eo) and being the apparent collision efficiency  \hen experiments in a limited pressure range are available. For
at 0 K (under th_e condltlon_thémEDs temperature indepen-  this reason, Figures 1 and 2 alone do not provide unique
dent), and the finally resultingAEL] solutions forg, and[AEL] For instance, considering the extreme
casegy;=0o0rga=1— g, = 0.817, Figure 1 (M= N2) would
be reproduced within the experimental scatter wil\ElZhc

Experimental evidence for a contribution from heretofore =~ 50 cn'? (for (E — Eg)ma/hc = 5500 cm® in eq 3.4) and
neglected charge transfer pathways (3.1b) and (3.1c) comes froml00 cni® (for (E — Eg)madhc = 3800 cn1?l), or —[AEhc ~
the SD values measured in the 6:1 Torr rangé'3%46and 500 cnt1?, respectively. However, fof = 473 K and 0.2 Torr,
under single collision conditions in refs 39 and 59. We first this would giveSD = 0.26 and 0.30, or 0.23, respectively. This
consider single collision experiments. At EdTorr and 294 K, is smaller than the experiment&D of 0.33. Also, in the
SD = 0.22 was measured in ref 59 after an observation time extreme caseg, = 0 and go = 0.817, neitherT nor P
of 1 s, wherea§D = 0.28 was obtained #at 2 x 10~ Torr, dependences &D are well reproduced over the full range of
300 K, and an observation time of about1®. Evaluating the Figure 1. Similar discrepancies are observed for the He data of
properties of the pathways (3.1a) and (3.1b) with respect to Figure 2. Having fixed the worst case uncertaintieSMEL]
energy distributions and the correspondi(ig) clearly indicates for M = N; being 50 cm! < —[AEZhc < 500 cnT?, we

6. Contributions from Nonresonant Charge Transfer
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optimized the fit to all of the data, taking into account that the obtained. Assuming thatis given by the ion-buffer gas capture
branching rationg,, g», andg. are independent of the buffer rate constant (in the present case the Langevin rate constant),
gas M. [AECvalues for GH1o™ collisions with He or N were derived.
Including the measure&D values in the pressure range The values are similar in magnitude to the corresponding values
0.1-1 Torr for M = N, and He reduces the uncertainty in the for excited neutral alkylbenzenes. The temperature dependences

fitting of ¥D. For example, takingd — Ep)ma¢hc = 3800 cnr?! of the relative stabilization efficiencies could be accounted for
in eq 3.4 (i.e., a statistical energy distribution with a translational/ within the uncertainties of the energy dependence of the
rotational (Q—CgH10)™ model),ga = 0.45,g, = 0.367, andyc dissociation rates. More detailed measurements of the dissocia-

= 0.183, one finds-[AElZlhc = 320 cnt! for M = N, and 210 tion rates appear desirable to provide a more reliable evaluation
cmt for M = He. These values reproduce the data well as of the present relative efficiency measurements. Likewise, a
shown by the lines in Figures 1 and 2. In addition, &b better understanding of the properties of charge transfer
values of 0.26 for 0.2 Torr of Nat 473 K and 0.31 at 1 Torr  processes generating the vibrationally excited molecular ions
of He at 473 K were fitted withint20% of the experiments. If  is necessary to reduce the error. To some extent, such informa-
(E — Eg)ma¥hc = 5500 cntt in eq 3.4 (i.e., a low-frequency tion can come from detailed measurements of relative efficien-
vibrational model for (3—CgH10)™) is chosen, the best fit finds  cies for collisional stabilization vs dissociation with a variation
—[AElhc ~ 250 cnt! for M = N, and~150 cn1?! for He. of the buffer gas pressure over wider ranges than possible in
Our final results for-[AElIhc, therefore, are 285% 150 cnt?! the present work.

for M = N, and 180+ 90 cnt!for M = He where the estimated

uncertainty includes the contributions from the measurements, Acknowledgment. We are grateful to K.-M. Weitzel for
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addition, discussions with R. Dressler on charge transfer
7. Properties of Energy Transfer mechanisms and T. M. Fridgen on single collision results were

most helpful. Finally, ab initio calculations of polarizabilities
by P. Botschwin? are acknowledged. This project was funded
by the United States Air Force Office of Scientific Research
under Project 2303EP4 and Grant Award F49620-03-1-0012.
Financial support by the Deutsche Forschungsgemeinschaft
(SFB 357 “Molekulare Mechanismen unimolekularer Reak-
tionen”) is also acknowledged.

The derived average energies transferred per colliSioEL,]
are of similar magnitude as the corresponding values for excited
neutral molecules of comparable size; eg[AE[Zhc ~ 100
cm~1for M = He and~ 200 cnr! for M = N, were obtaine#l
for excited neutral toluene at an excitation energyetiic =
26 700 cn, which corresponds to the present excitation energy
Ech. [AECVvalues for M= N, also at excited temperatures, were
found to be about twice as large as forvHe in excited neutral
toluenel’ The main differences in the energy transfer properties
of highly excited neutral and ionic polyatomic molecules, thus, (1) Tardy, D. C.; Rabinovitch, B. SChem. Re. 1977, 77, 373.
are not in the AECvalues but in the overall collision frequencies (2) Quack, M.; Troe, J. IGas Kinetics and Energy Transfekshmore,
Z. Experiments of the present type are only sensitive to the P'l%_m”%‘gnbﬁ' SJ"CEhd:ﬁngg%elclh%’;"ca' Society: London, 1977; Vol. 2,
product ZAEL The present evaluation, therefore, is consistent " (3) Hippler, H.;yT.roe, J. IGas-Phase Bimolecular ProcessBaggott,
with identification of Z as the capture rate constant, i.e., the J. E., Ashfold, M. N., Eds.; The Chemical Society: London, 1988; p 209.
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