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Dissociation of Toluene Cation: A New Potential Energy Surface
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The potential energy surface (PES) for the formation of tropylium and benzylium ions from toluene cation
(1) has been explored theoretically. Quantum chemical calculations at the B3LYP46+&8** and G3//

B3LYP levels were performed. A pathway to forisotoluene (5-methylene-1,3-cyclohexadiene) cat®n (

from 1 was found. The isomerization occurs by two consecutive 1,2-H shifts frogt&tte ortho position

of the aromatic ring via a distonic benzenium cati@), (vhich is also an intermediate in the well-known
isomerization ofl to cycloheptatriene catiod). Since the barrier for the formation &fis the highest in the

two isomerization pathway4g, 4, and5 are interconvertible energetically prior to dissociation. The benzylium

ion can be produced viaas well as fronil and the tropylium ion vid. Rice-RamspergerKasset-Marcus

model calculations were carried out based on the obtained PES. The result agrees with previous experimental
observations. From a theoretical analysis of kinetics of the isomerizations and dissociations, we suggest that
5 plays an important role in the formation ofi&;" from 1.

1. Introduction Dewar and Landm&g proposeds as a possible intermediate
in the isomerization of — 4 based on MINDO/3 calculations,
agreeing with the experimental observations. They suggested
that5 is formed from 1,3-H shift from the methyl group to the
ortho position of the aromatic ring. Lifshitz et &l.however,
excluded the pathway in their analysis of the dissociation
- - 226 kinetics because there are high barriers along the pathway. This
benzylium ion B2) from CrHg or other alkylbenzene is supported in a recent theoretical study by @meacher and

cations” * have been the focus of numerous researchers for Harting? It is probable, however, that an isomerization pathwa
the past half century. Various experimental techniques have beenf Y- probable, ’ pathway
or 1 — 5, energetically comparable and hence competitive to

used to determine the dissociation rate constamigz branch- .
ing ratios, kinetic energy releases, isotope effects, etc. It is well- :E:o?::iivgﬁy forl — 4 in Scheme 1, has not been found yet
known thatBz is formed by a direct cleavage frofnand Tr i y- )

In this work, we have explored the theoretical PES for loss

via a rearrangement to cycloheptatriene cat#)nThis has been . i - y .
confirmed by a theoretical potential energy surface (PES) ©f H* from 1 with attention to involvement o8. On the basis
obtained by Lifshitz et a7 According to the PESa H atom of of the obtained PES, RRKM model calculations have been

the methy! group migrates initially to the ipso position of the Carried out to fit the previous experimentai/Bz ratios and
aromatic ring to form a distonic benzenium ioB),(and 2 d'ISSO.CIatlon rate congtants. From .the re;ults, the.dlssocllatlon
undergoes further isomerizations to norcaradiene caBpand kinetics of the formation of @17+ will be discussed in detail.

4 (Scheme 1). The investigators showed that RiRam-

sperger-Kassel-Marcus (RRKM¥8 model calculations based 2. Methods

on the PES can fit well experimentdlr/Bz ratios and

dissociation rate constants. These studies are excellently r'®Gaussian 03 suite of prograrffsGeometry optimizations for
i i it720
wegvectihby Lt'r]:Sh't;' d th le afisotol 5-methvl the stationary points were carried out at the unrestricted B3LYP
13 n Ieho (er_ and, i eﬁrq eth |fso 0 ut(_ene (f -mHe+fyene- level of density functional theory (DF®with the 6-311+G**
1,h-cyct:)o exa |e|ne?<cg 10 thh € orm? I?Tho FCfE7S :coﬂ hit basis set. Transition state (TS) geometries connecting the
i als | een lqver O0Ke smtie etrgpotr dq Pit or LIS Itz stationary points were searched and checked by calculating the
et al. In earlier mass spectrometric studies, It was SUggestet,insic reaction coordinates at the same level. Unrestricted HF
CH, CH, CH, calculations for the Hg't species resulted in severe spin
X contamination as reported by Lifshitz ettaSpin contamination
H @ of the DFT calculations was satisfactory. All the expectation

The formation of GH;™ from toluene molecular catiorl)
is one of the most extensively studied reactions in the field of
gas-phase ion chemistry. Since Rylander étsiggested the
seven-membered-ring tropylium iofr() for the product GH,;*
in 1957, the kinetics and mechanism of formatiorTofand/or

Molecular orbital calculations were performed with the

H values for the spin operat& were in the range of 0.750.77.
H The harmonic frequencies calculated at the B3LYP/63tG**
H H level were used for zero point vibrational energy (ZPVE)
5 5m 5p corrections without scaling. For better accuracy of the energies,
Gaussian-3 (G3) theory calculations using the B3LYP density
functional method (G3//B3LYP} were performed. In G3//
B3LYP calculations, the geometries are obtained at the B3LYP/
* Phone: +82-31-220-2150. Fax:+82-31-222-9385. E-mail: jcchoe@  6-31G* level, and the ZPVEs are obtained at the same level
suwon.ac.kr. and scaled by 0.96. All the other steps remain the same as in
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that three isomers, 4, and5 interconvert prior to dissociatiott:
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SCHEME 1
CH,*

-H’

Bz

the G3 methot? with the exception of the values of the higher
level correction parameters.

The RRKM expressiotiwas used to calculate the rate-energy
dependences:

N(E
T he(E)

oN'(E — By

k(E) = (1)

whereE is the reactant internal enerdy is the critical energy
of the reactionN¥ is the sum of states of the transition state,

TABLE 1: Relative Energies and Entropies of Relevant Species

Choe

Tr

is the density of states of the reactant, ané the reaction
path degeneracyN* and p were evaluated by direct count of
states with use of the BeyeBwinehart algorithni®43

3. Results and Discussion

All of the stationary points in Scheme 1 and the TSs
connecting them except the T81B2) for 1 — Bz + H* were
optimized at the B3LYP/6-31t+G** levels. Their relative
energies are listed in Table 1, and the geometrical structures
for the isomers and TSs are shown in Figure 1. The energy for

energy, kJ molt

entropy¢
species B3LYP/6-3H+G** b G3//IB3LYP exptt G3//B3LYP(dg)! JKtmol™?

toluene™ (1) 0 0 0 0 0
CeHsCH,** (2)2 147 144 147 -1
norcaradient (3) 91 80 79 —24
cycloheptatrient (4) 62 75 80 74 -17
o-isotoluené* (5) 30 38 38 -14
mrisotoluené* (5m) 87 95 96 -7
p-isotoluené* (5p) 40 46 46 -14
Bz + H° 224 216 218 224

Tr + H° 188 188 164 196

TS12 153 159 162 21
TS23 154 149 151 —-20
TS25 153 149 152 —-20
TS34 125 116 115 —-35
TS55m 117 116 120 —26
TS5m5p 121 119 124 —26
TS4Tr 201 207 212 —-13
TS5Bz 229 223 230 -1
TS5pBz 226 219 226 3

a A distonic benzenium cation. See Schemé The ZPVE calculated i

K in ref 44. The heat of formation d8z was taken from ref 45! For the GDg

is included without scalifidg=-rom experimental heats of formation at O

** species® Calculated at 1000 K from the vibrational frequencies

calculated at the B3LYP/6-31G* level and scaled by 0.96. Contribution of thgiiernal rotation tal is 29 J K** mol™.
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Figure 1. The isomerization pathway df obtained by B3LYP/6-31t+G** calculations.
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Figure 2. The potential energy surface obtained by G3//B3LYP calculations.

1 — Bz + H* is critical in RRKM model calculations. The an entropic factor is as important as an energetic factor in
calculated one is higher than the experimental one by 6 kJ'mol reaction kinetics. The transition state RRKM theory is adequate
(Table 1). The G3//B3LYP calculations resulted in a better to predict the kinetics. We calculated the dissociation rate

agreement. The discrepancy is reduced to 2 kJ-tndlhe constants ofl andTr/Bz ratios by RRKM modeling based on
differences between the relative energies calculated by thethe obtained PES to compare with the experimental data.
B3LYP and G3//B3LYP methods are withinl0 kJ mot . The Since several isomers are involved in the dissociation, RRKM

PES constructed from the G3//B3LYP calculations is depicted calculations were carried out under some approximations. First,
in Figure 2. For this pathway, Lifshitz et fland Griizmacher we treat the PES as a three-well PES. Sim&34 lies lower
and Harting® have obtained similar PESs by HF calculations. thanTS4Tr or TS23 interconversion o8 and4 would be faster
The latter investigators, however, reported thaias not a stable  than dissociation t@r or isomerization t®. Therefore 3 and

species in their DFT calculations. As shown in Figure2s 4 can be considered as a stable species, which will be designated
much less stable than other isomers. It rearranges to otherby 4 for convenience. Similarly, the three isotoluene isomeric
isomers rapidly after formation. ions are considered as a spectesn addition, since the lifetime

More importantly, we found another isomerization pathway of 2 must be very short, each of the two-step isomerizations
of 2, not reported so far. Thpso-H atom of2 can either retain via 2 is approximated by a one-step isomerization by using the
its position or migrate to the adjacent ortho position, which steady-state approximatiéhThen, the complicated isomeriza-
forms3 or 5, respectively (see Figure 1). The former process is tions are well approximated by a cyclic reaction (Scheme 2).
a step in the pathway to forh mentioned above, which can  The kinetic equations associated with the three-well-two-product
produceTr eventually. The latter is a newly found pathway to model are given by
form 5, occurring by two consecutive 1,2-H shifts. The barriers

(TS23and TS25) for two isomerizations are almost the same. @ = K,[4] + ke[5] — (K, + k, + ko)[1] 2
In other words2 is a common intermediate for interconversion dt

of 1, 4, and5. Analogous pathways have been suggested in our d[4]

recent stud$f on the dissociation of phenylsilane cati@can ot Ki[1] + ke[3] — (ky + ks + kg)[4] @)
undergo further 1,2-H shifts to form the meta and para isomers, d[s]

5m and5p (“H ring walk”). 5 and5p, more stable tha®sm, e Ks[1] + Kg[4] — (kg + k; + kg)[5] (4)
can produceBz with small reverse barriers. This means that

the dissociation kinetics would be more complicated than d[Tr] _ n 5
understood without consideririgyso far. d o[4] ®)

The PES in Figure 2 shows that interconversion of the stable d[BZ]
C;Hg™ isomers can occur readily prior to dissociation. The i k,[1] + k/[5] (6)

highest barrier TS12) for the interconversion lies lower than
the dissociation threshold §4Tr) by 48 kJ motl. However, At time t = 0 the initial concentrations of the three isomers are
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SCHEME 2
CH,* CH;,
H
. ky H
+H -~
Bz
k4 k5 k8
k6 k9
CHs H  H
ky k3
- + H*
ky
1 4 Tr

[1] = [1]o and B] = [5] = 0. The exact solution of these
differential equations is very complicated. A simplified solution
can be obtained by application of the steady-state approximation.
Since4 and5 are less stable thah it is expected that their
lifetimes are shorter than that df which will be proved below.
Then, the following approximation is valid.

i) dis]

dat ~ odt (7)

From egs 24 and 7, the following simple solution is obtained:
(1 = [Ho expt kopd) (8)

where kops is the observable dissociation rate constantlof
approximated by

Kobs ™ Ky 1 Ky 1 ks — koo — Kgf8 )

where . = (kskg + kiy)/(yo — kgko), f = (kiko + kso)/
(y0 — kgka), ¥ = ke + kst kg, andd = ko + kst+ kg. From
eqgs 3-7, theTr/Bz ratio is approximated by

(Tr] _ kot

[ —

B2 K+ kP 10
Under the above approximation, the dissociation rate constant
(kob9 andTr/Bz ratio are described by means of the nine rate
constantski—kg. The individual RRKM rate-energy depend-
ences were calculated. The G3//B3LYP energies were used for
the critical energies. The vibrational frequencies calculated at
the B3LYP/6-31G* level with the geometries optimized at the
same level were used with scaling by 0*8i& the absence of
recommended scaling factors for other basis sets of the B3LYP
method. Both state densities ®and4 were considered in the
calculations ok, ks, andke. Forks, kz, andks, all state densities
of 5, 5m, and5p and both state sums dfS5Bz and TS5pBz
were considered. Since it is known that thegZétation is nearly
free in1,%° the CH; torsional mode was replaced by the internal
rotation in the calculation of density of states bhf TS1Bz

presents a problem in the RRKM calculations because no saddle

point was found in the dissociation @fto Bz + H*. Therefore,
the distance between the C and H atoms of the methyl group
of 1 was increased with optimization of all other coordinates
(see Figure 3). The best geometry for this loose TS will be
chosen by comparing the result&pts values andi'r /Bz ratios
with experimental ones.

Two research groups reported experimental dissociation rate
constants ol. Bombach et at.measured the rate constants using

photoelectror-photoion coincidence (PEPICO) spectroscopy on
a microsecond time scale. They interpreted thak{Bg curves

for the formation of Tr and Bz cross each other, which has
been ruled out by subsequent studi&?®In addition, their
measured rates are much faster than those investigatedltter.
The well-accepted rate constants were measured in a time-
resolved photodissociation study by Huang and Du#bahich

will be used here for comparison. Reliable/Bz ratios were
obtained by using photodissociatiéand charge exchange mass
spectrometr# as a function of the energy.

All the individual rate constants exceptwere calculated as
described above without any further adjustment. To calculate
ks reasonably, vibrational frequencies for the optimized geom-
etries at separating €H distances of 1.63.0 A (at 0.2 A
intervals along the coordinate in Figure 3) were calculated and
used forTS1Bz Fromk;—kg thus calculatedk,ps and theTr/

Bz ratio were evaluated and compared with experimental values.
The best fit was obtained withS1Bz at the C-H distance of

2.0 A (Model |, see Table 2). The resultant individual rate
constants are shown in Figure 4. The agreement between the
RRKM calculations and experiments is not excellent as shown
in Figures 5 and 6. It is to be noted that the energetic data and
vibrational frequencies for a total of 13 stationary paitts
obtained by quantum chemical calculations were used in the
calculations under the approximations mentioned above. Con-
sidering this, the agreement achieved here is remarkable even
though cancellation by possible positive and negative errors
arising from the individual steps cannot be ruled out. The
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Figure 3. Dissociation path energy calculations fz-H as a function
of the separating €H distance (the B3LYP/6-31G* result). The best
RRKM fitting was obtained withTS1Bz at the C-H distance of 2.0
A, indicated by the arrow.

3
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TABLE 2: Summary of RRKM Modeling
_ scaling factor for 10" - Model |
vibrational frequenciés C—H distance \
model reactant TS of TS1Bz(A) Model I e
| 0.96 0.96 2.0 10° AN
Il 0.96 0.96 2.6
1l 0.96 0.96 1.6
v 0.96 1.02 2.0 Model Il
aVibrational frequencies were calculated at the B3LYP/6-31G* level. ‘:; 10’ -
The scaling factor recommended in ref 48 is 0.96. - \ Model IV
0
E=}
(=]
o . Model IV (-d )
10
10’
101 T T T T T T T T T T

2 3 4 5 6 7 8
Internal Energy of 1 (eV)

Figure 5. Rate-energy dependences kafs Closed and open circles
are experimental results of photodissociation of toluene and toluene-
dg cations, respectivel{# Curves are the result of RRKM model

k(s

calculations.
100 -
— 80+
s
10 T T T T T T T T T T T T é’
2 3 4 5 6 7 8 =
Internal Energy of 1 (eV) s 591
Figure 4. RRKM rate-energy dependences far-kg calculated by 8
Model I. S .
o 40- - .
c . Y
calculatedkgpsis rather insensitive to the-€H distance assumed é / Model Il
for TS1Bz at low energies where experimental data are 20l Modelll
available, while those with different-€H distances diverge as /’ ------------
energy increases (see Figure 5). Since ThéBz ratio was e
. . Models | & IV
measured over a wider energy range {240 eV), it is more 0

useful in comparison. The calculated abundanceTofis 2 3 4 5 6 7 8

sensitive to the €H distance offS1Bzas shown in Figure 6.

At low energies the TS at the-€H distance 2.6 A (Mc?del 1)) i ) Internal Energy of 1 (eV) i

shows a better agreerent. As the disance decteases, HESYS®. The fane snuniance o, TNCT) - (o), i,

abundance offr increases. At the d'StanC_e of 2.0 A’ the corrected for thermal energies by Lifshitz efaCurves are the results

agreement between calculated and experimental abundancgs RrRkMm model calculations.

ratios is the best. Decreasing the distance less than 2.0 A hardly

affectskopsOr Tr/Bz ratios (see Figures 5 and 6). The distances results of VTST or SACM calculations. For the kss from

far less than 2.0 A, however, are too short as structures for benzene cation, Klippenstein et®land Troe et at® carried

TS1Bzconsidering the energy calculations shown in Figure 3. out the VTST and SACM/CT (classical trajectory) calculations
For unimolecular reactions without reverse barriers, modified for k(E), respectively. The two results are nearly the same and

RRKM theories such as the variational transition state theory agree well with the normal RRKM result at rate constants larger

(VTST) and the statistical adiabatic channel model (SACM) are than 16 s1. Near the reaction threshold, they predict somewhat

more appropriate for modeling of loose transition states than lower rate constants than the normal RRKM result, which

the normal RRKM theory employed here. We have not resulted in higher critical energies. The SACM/&(E) calcula-

attempted to estimatg by such modified RRKM theories since  tions® for the formation of GH;* from n-butylbenzene cation

ks is one of the nine rate constants determiriggwith limited gave a similar result in comparison with the normal RRKM

accuracy of theoretical molecular parameters and energetic dataalculation. The two model calculations agree well at rate

for estimation of the other rate constants. The present estimationconstants larger than 467

of k4 by the normal RRKM calculations is adequate for the Decreasing the €H distance ofTS1Bzmakes the TS tighter

purpose of understanding the dissociation kinetics of ti¢;sC and results in a decreaselaf Then, contribution of the route

isomers qualitatively. Instead we will mention some recent 1 — Bz + H* to the formation oBz would decrease, sindgz
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dissociations. The relative entropy between stable species can
100 Model | be considered as the reaction entropy, and that between a

1 reactant and a TS as the activation entrop$. The relative
80 -

entropies evaluated at 1000 K by using the vibrational frequen-
: cies calculated and scaled by 0.96 and the rotational constant
60 - (5.5 cnt?) for the internal rotation ofl are listed in Table 1.

All the stable species have negative entropies relative e
higher the entropy is, the more stable the species is without
considering the energetic factor, because the density of states
increases with the entropy. In other words, the isomers such as
3, 4, 5, 5m, and5p are less stable thahentropically as well

as energetically. Contribution of the internal rotation to the
entropy ofl is evaluated as 29 J® mol~1, which is the main

H
o
1

N
o
1 2

Relative Abundance (%)
o

1004 reason for the particular entropic stability bf Since5 and5p
] are energetically and entropically more stable tBamd4, the
80+ abundances of the stable isomers at preequilibrium prior to
1 dissociation would be on the order f> 5, 5p > 3, 4. This
60+ agrees with the above prediction from the rate-energy depend-
] ences.
40+ Starting from4, it rapidly isomerizes to6 or 1 prior to
1 dissociation toTr (ko, ko > ks). As energy increases, the
20 dissociation rate increases more rapidly than the isomerizations.
] ; The kinetics of isomerizations and dissociation starting fiom
0 L : : — is similar to those of. and4. At low energies its isomerizations

2 3 4 5 6 7 8 are faster than dissociation 8z, and at high energies the
reverse is true. Figure 4 shows that the slogesky, andk;)

for dissociations are larger than those for isomerizations. This
means that the stable;g* isomers rapidly interconvert prior

to dissociation at low energies, and the dissociations can occur
faster than the interconversion at high energies. This prediction

can be produced vi& as well as fromL. The denominator of ~ 29r€es with the previous experimental observations. In early
. ) 4 : °
eq 10 is the sum of the two contributions. The abundance ratio Work_, I\_/IcLaff_erty_ and co-workefs +ca_1rr|ed out mass spectro
of Bz formed from 1 and via5, [BZ]::[BZ]s, is kiks. The metric investigations on severafids" isomers with deuterium
calculated result is shown Figure 7 as a function of the energy labeling. They compared dissociations of deuterium-labeled ions
together with the relative abundanceTaf At the C-H distance  ©f 1. 4 and5 (5 was generated from 2-phenylethanol) by
of 2.0 A (Model 1) [BZ]: is around 10% of the total product determining isotope effect.s and degrees of H-scram@llng. .
ions, less thanBz]s. Since Bz]: would become far less than ~ Was concluded that for their metastable dissociations, occurring
[Bz]s at C—H distances less than 2.0 A, the contribution of ©n @ microsecond time scalk, 4, andS isomerize to a common
1 — Bz + H* to the Tr/Bz ratio or keps becomes negligible ~ Structure prior to dissociation, arfilions of higher energies
compared to that of formation &z via 5. It is to be noted that ~ Undergo direct cleavage loss of prior to isomerization. In a
the latter contribution, ignored in the previous theoretical stidy, ater study’ isomerization ofl to 5 was suggested. Subsequent
is considerable. Even at the-G! distance of 2.6 A (Model 1) studies by several investigators showed the distinct behavior
[BZ]s is similar to or larger thangz]; up to~6 eV (see Figure of 5 generated fronm-butylbenzene or 2-phenylethanol, using

7). This clearly shows that contribution of isotoluene cations téchniques of ‘photodissociatinand collision-induced  dis-
to the formation of GH;* from 1 should not be ignored. sociatior® This indicates the stability & and its distinguishable

From the rate-energy dependences in Figure 4, the kineticsd'ssoc'at'on at high energies as predicted above. Bartfreasd

of isomerizations and dissociations of the varioysl£* ions Bally et al.® generateds and/or 5p from+fhe|r neutrals and
can be predicted. Starting frofiy the isomerizations td and confirmed thglr distinct entlty.on theﬁs, hyperSl.Jrface.

5 are much faster than the dissociationBp at low energies The eXperlmentaI .obs_»ervatlon of at h|gh energies can be
(k1, ks > ks). As energy increases the dissociation rate constant, dqe to further isomerization &z after formation. Very recently,

ks, increases more rapidly and would become larger than the Fridgen et af® reported thatBz formed from ethylbenzene
isomerizations at higher energies. The resulof ksindicates ~ cation can undergo isomerization %o. From a theoretical
that initially 4 and5 are formed with similar abundances. Since analysis of experimental data, they suggested that the threshold
ke is much larger thaiks, however, the abundance Sfwould for the |somer|z§t|on is~4.5 .eV of the internal energy of
be much larger after interconversion withThen, the abundance ~ €thylbenzene cation. Comparing the threshold§0 kJ mot)

of 4 becomes very small. In addition, most®fons return to calculated for the formation oBz from ethylbenzene cation

1 (mainly at low energiesks > ks, k;) or dissociate toBz with that (~220 kJ mof?) from 1, it is possible that thé ions
(mainly at high energiek; > ks, ke) faster than its formation ~ Of energies higher thary5.1 eV can undergd — Bz (+ H°)

from 1. This means that and5 are more reactive thahand — Tr. This suggests that the isomerizatiBa — Tr would
have little time to accumulate, and the steady-state approxima-make a contribution to the experimental abundancé&rofat

tion (eq 7) applied above is valid. One of the reasons wiyy 7.0 €V in Figure 6.

less reactive is due to the free internal rotation of the methyl ~An attempt was made to improve the rate calculations by
group. Evaluation of relative entropies of the relevant species adjusting parameters used in RRKM modeling, even though the
is helpful in understanding the kinetics of isomerizations and above analysis is enough to understand the kinetics qualitatively.

Internal Energy of 1 (eV)

Figure 7. Relative abundances dir, Bz;, and Bzs calculated by
RRKM Models | and 11.Bz; andBzs denoteBz formed from1 and via
5, respectively.
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The kops values calculated overestimate the experimental ones (MOEHRD) (KRF-2005-041-C00224), in which main calcula-
by a factor of~2. The rate constant is lowered by increasing tions were performed using the supercomputing resource of the
the critical energy and/or vibrational frequencies of the TS (i.e., Korea Institute of Science and Technology Information (KISTI).
tighter TS) in RRKM calculations. The accuracy of TS

frequencies and energies obtained by quantum chemical calcula- Supporting Information Available: Cartesian coordinates
tions has not been evaluated. We varied vibrational frequenciesoptimized at the B3LYP/6-3Ht+G** level, vibrational fre-

of the TSs without changing the critical energies since the quencies for gHg™ and GDg"* ions calculated at the B3LYP/
activation entropies evaluated from the vibrational frequencies 6-31G* level, reaction path degeneracies assumed in RRKM
scaled by 0.96 indicate somewhat looser TSs. For example, thecalculations, and RRKM rate expressions far—ko. This
ASio00¢* values ford — Tr + H° and5 — Bz + H°, occurring material is available free of charge via the Internet at http://
via tight TSs, are positive values (4 and 13 J'Kmol™1, pubs.acs.org.

respectively, evaluated from the data listed in Table 1), even

though generallyAS' is a negative value for the reaction References and Notes

occurring via a tight TS? Use of a global scaling factor of (1) Rylander, P. N.; Meyerson, S.; Grubb, H. 3 Chem. Physl957,
1.02 (Model IV, see Table 2) for vibrational frequencies of TSs 79, 842.

resulted in the best agreement between calculated and experi- (2) Howe, I.; McLafferty, F. W.J. Am. Chem. S0d971, 93, 99.

mentalkops Values (see Figure 5). It is usual that the scaling 197(33295L%‘§§Z”" K., McLafferty, F. W.; Jerina, D. M. Am. Chem. Soc

factor %) for TS frequencies required for RRKM fitting is (4) Baldwin, M. A.; McLafferty, F. W.; Jerina, D. MJ. Am. Chem.

larger than thatR) for reactant frequencies as in this case. For Soc 1975 97, 6169. _ _ _

the formation ofTr from ethylbenzene cation, Fridgen etal. (5) McLoughlin, R. G.; Morrison, J. D.; Traeger, J. Org. Mass
— + Gt Spectrom1978§ 13, 483.
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