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Abstract

The kinetics of the pyrolysis of the ethylbenzene cation, C8H10
+, has been studied in a turbulent ion flow tube (TIFT) from 623 to 673 K and

at pressures from 30 to 250 Torr. The ions were prepared by the charge transfer reaction O2
+ + C8H10 → O2 + C8H10

+* followed by collisional
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tabilization and then by thermal decomposition in a nitrogen buffer gas. The thermal decomposition rate constants increased with
rom about 15 to150 s−1, but did not vary with pressure, indicating the results refer to the high pressure limit. The experimental activatio
57.8 kJ mol−1, is similar to the bond energy value, 168.3 (±1.2) kJ mol−1, needed to model the data. Modeling of the system using a stat
diabatic channel model/classical trajectory (SACM/CT) approach provided complete falloff curves for the dissociation and recomb
thylbenzene. Similar modeling is also presented for the previously published data onn-propylbenzene cations. The temperature and pre
ependences of the rate coefficients for dissociation and recombination in the falloff range are represented in analytical form. T

ormat corresponds to that employed in data compilations for the corresponding neutral reaction systems.
2004 Elsevier B.V. All rights reserved.
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. Introduction

It is now generally accepted that reactions of molecular
ons and of neutral species should be interpreted by common
heoretical methods[1]. The present work illustrates this prin-
iple by considering the thermal decomposition of molecular
ations. The thermal decomposition processes are important
teps in plasma-chemical reaction mechanisms. In order to
odel such systems, analytical representations of the rate co-
fficients of the elementary reactions involved are required.
he dissociation kinetics of neutral species has been stud-

ed extensively; examples of critical evaluations are given in
2–5]. Because there is scarcity of data regarding dissociation

∗ Corresponding author. Tel.: +1 7813772109; fax: +1 7813777091.
E-mail address:albert.viggiano@hanscom.af.mil (A.A. Viggiano).

1 National Academy of Sciences postdoctoral research fellow.

of ionic species and their temperature and pressure d
dence, more work on the rate coefficients of such proce
is needed. The present work addresses this goal; here w
scribe new experimental studies of the thermal decompos
of ethylbenzene cations (C8H10

+). The results are used to co
struct full sets of falloff curves of this reaction. Additiona
this is also done for dissociation ofn-propylbenzene ion
for which experimental data has already been presente[6].
The derived temperature (T)- and pressure (p)-dependence
of the rate coefficientsk(T,p) are expressed in the same f
mat as used for thermal decomposition reactions of ne
molecules. It is important that not only the same theore
models but also the same formats of data representatio
used in these two areas of kinetics.

Our experimental method employs the charge tr
fer/chemical activation/collisional stabilization sequence
ploited previously[6–8]. This allows the ions to be prepar
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Fig. 1. Schematic energy diagram of charge transfer, competition between
collisional stabilization with buffer gas M (�) and unimolecular decompo-
sition (1-�), and subsequent thermal decomposition (pyrolysis).

cleanly in a high temperature environment. In the present
case, ethylbenzene cations are formed by the sequence

O2
+ + C8H10→ O2 + C8H10

+∗ (1)

C8H10
+∗ → C7H7

+ + CH3 (2)

C8H10
+∗ + M → C8H10

+ + M (3)

C8H10
+ + M → C8H10

+∗ + M (4)

where the asterisk indicates vibrational excitation.Fig. 1
illustrates this reaction scheme. Partial fragmentation of
C8H10

+* , which is formed from the charge transfer (1), occurs
in process (2) in competition with collisional stabilization
(3). At lower temperatures, the system is characterized solely
by this chemical activation scheme. At temperatures greater
than 573 K[8] and at sufficiently high pressures, a fraction of
the stabilized C8H10

+ thermally decomposes. This proceeds
through collisional reactivation (4) and subsequent dissocia-
tion (2) on a slower time scale than the chemical activation
sequence.

As the rate coefficientsk(T,p) of the pyrolysis depend on
T andp, it appears essential to change the experimental vari-
ables over wide ranges. Our turbulent ion flow tube (TIFT)
can reach both high temperatures and high pressures. This
experimental tool has been described previously and used
t
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Combining the information onk(E,J) with additional in-
formation on collisional energy transfer, such as obtained,
e.g., from chemical activation studies, the limiting low pres-
sure rate coefficientsk(T,[M] → 0) =kdiss,0=k4[M] and com-
plete sets of falloff curves ofk(T, [M]) can be constructed
by standard unimolecular reaction theory. We employ the
approach from[14] because it has led to simplified expres-
sions fork(T,[M]) which have found wide use in representing
the kinetics of neutral reactions[2–5]. Following our earlier
studies of the reactions NH4+ + NH3 (+M) → N2H7

+ (+M)
([15]) and N2

+ + N2 (+M) → N4
+ (+M) ([16]), we extend the

application to the organic ions discussed above.k(T, [M])
then is represented by the low pressure (kdiss,0or krec,0) and
high pressure (kdiss,∞ or krec,∞) rate coefficients connected
by an approximate interpolation expression which is char-
acterized by a center-broadening factorFc [14]. Ultimately,
data evaluations for dissociations of molecular ions should
be performed with respect to these three quantities.

This work also addresses some practical issues regard-
ing combustion. There is interest in the design of advanced
hydrocarbon-fueled, hypersonic, airbreathing propulsion
systems[17–21]. Because these systems operate on very short
time scales, the acceleration of combustion is highly desir-
able. It has been found that the introduction of plasmas can
enhance the rate of combustion[9,22–27]. The ionization en-
h lays
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o study energy transfer for excitedn-propylbenzene[6] and
thylbenzene cations[7] as well as other systems[8–12]. The
ate coefficientsk(T,p), symbolically represented by

(T, [M]) = k4[M] k2

(k2 + k3 [M])
= k5, (5)

re found to be close to the high pressure limit of the r
ion, i.e.,k(T, [M] → ∞) =kdiss,∞ =k2 k4/k3. The rate con
tantkdiss,∞ then can be related to specific rate const
(E,J) of the dissociation represented here byk2. We have
stablished this relationship previously[13] accounting in
etail for both theE- andJ-dependences ofk(E,J). Using this
elationship, measurements of specific and thermally
ged rate constants,k(E,J) andkdiss,∞ respectively, were pu
n a common basis and analyzed consistently.
ances combustion, in part, by a reduction of ignition de
hich, in turn, are due to the initial fragmentation of f
olecules. Neutral aliphatics and alkylbenzenes have
sed as components in jet fuel surrogate blends for co

ational modeling of combustion[28–30]. Our group studie
he use of ethylbenzene as a fuel surrogate and the kine
harge transfer reactions of this compound with air ion
he modeling of plasma-assisted combustion[7,8,12,23,31].
owever, accurate kinetic data on the pyrolysis of ethyl
ene cation are lacking. This work combines experime
easurements with theoretical modeling of the fragme

ion for this reaction.
The analysis of the reaction can be done in a particu

ystematic manner, since separate information is ava
n collisional energy transfer and on specific rate cons
(E,J), such as required for the full construction of the th
al rate coefficientsk(T,p). On this basis, one can demo

trate that falloff curves for the dissociation of neutral
onic molecules indeed can and should be represented
ame format as used in data evaluations of neutral rea
n atmospheric and combustion chemistry.

. Experiment

.1. Experimental technique

Our experiments were conducted in the AFRL turbu
on flow tube (TIFT) which previously has been describe
etail [8,10] such that the technique is only briefly summ
ized here. The TIFT is similar to low-pressure flow tu
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except that larger flow rates are used to achieve higher pres-
sures and Reynolds numbers. The O2

+ precursor ions were
created upstream by flowing a mixture of a few percent of O2
diluted in Ar through an off-axis corona discharge source; the
low [O2] prevented unwanted side reactions and the falsifi-
cation[32,33]of pyrolysis rate constant measurements. The
ions flowed through a small orifice into a sidearm and were
entrained by a large flow of nitrogen buffer gas (from liq-
uid). The gas mixture entered the flow tube where the neutral
reagent was injected through a moveable on-axis tube. At the
end of the flow tube, most of the gas was removed by a large
mechanical pump; a small fraction was sampled through a
truncated nosecone orifice (150�m diameter). The core of
the supersonic expansion, occurring downstream of the ori-
fice, was sampled through a skimmer into a quadrupole mass
spectrometer which acted as a mass selector. The resulting
ions were subsequently counted by a discrete dynode elec-
tron multiplier.

In order to elevate the temperature, six zones of heating
were used and maintained to±2 K by Watlow heating con-
trollers. The main flow tube was heated in four zones, two
short zones at both ends, a long middle section, and a zone
inside the vacuum chamber just upstream of the nosecone.
The connection between the corona discharge tube and the
sidearm was also heated. Lastly, it was found that preheating
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and extrapolating to zero concentration. The accessible pres-
sure range was limited by the small signals at low P and
allowable intensity of impurity ions at high P. Thermal de-
composition of C8H10

+ is slow below 573 K[8] and the cur-
rent upper temperature limit of the TIFT is limited to about
673 K.

A steady-state solution of the kinetics Eqs.(1)–(4)
yielded,

S

D
≈ k3[M] /k2

[
1 − exp(−k5t)

]
k5t(1 + k3[M] /k2) − (k3[M] /k2)[1 − exp(−k5t)]

(6)

with k5 corresponding tok(T,[M]) from Eq. (5). Minor chan-
nels were neglected. Extrapolating to zero time led to (S/D)0,
the stabilization-to-decomposition ratio in the absence of
thermal decomposition

(
S

D

)
0

=
[
C9H+

12

]
[
C7H+

7

] = k3 [M]

k2
(7)

Substituting Eq.(7) into Eq.(6) yielded

S

D
≈ (S/D)0

[
1 − exp(−k5t)

]
k5t(1 + (S/D)0) − (S/D)0[1 − exp(−k5t)]

. (8)
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f the buffer gas is needed. During the course of this w
he preheater design was changed to allow for higher tem
tures. The new preheater consisted of two Mellen split
clam shell) tubular heating elements that surrounded a
ar piece of copper or stainless steel; the gas flowed thr
arrow channels (which traverse the tube along the axis
ave a radial-spoke cross-section. The pattern was cho
romote efficient heating.

As in our earlier work[8], the C8H10
+ was prepared b

ollisional charge transfer with the O2
+ precursor; this oc

urred downstream of the moveable injector. In the abs
f ethylbenzene, the O2+ signal was dominant. Common im
urities were H3O+(H2O)0,1 and O2

+(H2O). Since the re
tive concentrations of the impurities were less than
orrections[34] to the recorded branching ratios were o
mall. When ethylbenzene was added, ions at 91, 92,
nd 119 a.m.u. were observed. The high mass peak c
ponded to secondary reactions of the aromatic benzy
C7H7

+),m/z= 91, with neutral ethylbenzene[35]. The peak
t 92 a.m.u. was small and hidden in the adjacent 91 a
ignal unless higher resolution spectra were used to sep
he two peaks. An isotope correction was made.

The experimental procedure for determining the the
ecomposition rate coefficients was identical to that of
arlier study[6] of C9H12

+ (propylbenzene) pyrolysis an
as summarized here. Branching ratios of the ion p
cts were recorded, varying the concentration of the ne
eagent by varying its flow rate while all other conditio
ere kept constant. The accurate evaluation required
econdary chemistry and finite flow rates to be accou
or. The former was taken into account by varying [C8H10]
Since data were taken by extrapolating to zero extent o
ction, we made the simplifying assumption that the decr
f the product of concentrations of [C8H10] and [O2

+] during
he course of the reaction was insignificant. The extrap
ion along with small changes inS/D at low temperature
nd pressure introduced significant scatter in the data w
as reduced by replacing the (S/D)0 fitted parameter with
-parameter linear expression

S/D)0 = a1 + a2 [N2]. (9)

This assumption is reasonable since our earlier re
7,8] indicate that the (S/D)0 versus [M] plots are quasi-linea
ubstituting Eq.(9) into Eq.(8) results in a three-parame
xpression and all the data at a particular temperature c
t simultaneously. Nonlinear least squares fits of the time
endence ofS/D at each temperature to the three-param
xpression of Eqs.(8) and(9) yielded both k5 and a line fo
S/D)0. Two parameter fits were also made at each tem
ture and pressure. These lead to approximately the
esults for the pyrolysis rate constant but with more sca
hose fits showed that the rates were independent of
ure within our uncertainty and therefore in the high pres
imit.

The accuracy of the procedure was estimated to be a
factor of 2 at lower temperatures where declines were s
nd slightly less at higher temperature.Fig. 2shows a typica

ime dependence ofS/D at T= 673 K and at nitrogen buffe
ressures of 30, 100, and 250 Torr. The three paramete
hown as lines.
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Fig. 2. Thermal decomposition of C8H10
+ at 673 K. [C8H10

+]/[C7H7
+] =

S/D is plotted vs reaction time at pressures of 30 (�), 100 (�), and 250 (�)
Torr of nitrogen. Best fits to Eqs.(8) and(9), shown as curves, yield values
of (S/D)0, the ratio of stabilization to dissociation in the absence of thermal
decomposition, andk5, the first-order thermal decomposition rate coefficient
of C8H10

+.

2.2. Experimental results

The pyrolysis of ethylbenzene cations was studied at tem-
peratures of 623, 648, and 673 K. Pressure of the N2 buffer
gas was varied from 30 to 250 Torr. These measurements
extend considerably the temperature range of the earlier uni-
molecular decomposition data for this ion[7,8] which were
performed at 423, 473, and 523 K; these did not exhibit ther-
mal decomposition.

The raw data, such as those inFig. 2, were fitted to Eqs.
(8) and(9). Table 1compares the resulting slopes of (S/D)0
versus [N2] with the data from[7]. As expected, the pyrolysis
data exhibit smaller slopes because a higher buffer gas tem-
perature will lead to less stabilization of the excited charge
transfer product, i.e., reaction(3) is slower. However, the
673 K data have a somewhat greater slope than those of the
623 and 648 K data for unknown reasons. Moreover, while
a1-values in[7] were scattered arounda1 = 0.7, the present
values seem to be somewhat smaller but their scatter is too
large for definitive conclusions. Thea1-values increase with
decreasing temperature which was interpreted quantitatively
in [7]. We did not repeat this analysis for the present data
since, apart from some scatter, the present average value o
a2 follows the trends of the measurements from lower tem-
peratures.

T
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6

The values of k5 range increase from 15 to 150 s−1 with
increasing temperature. The alternative two parameter anal-
ysis showed that the rate constants do not vary over the entire
pressure domain, within error, which is indicative of the high
pressure limit. Our theoretical analysis presented below is
in accord with this conclusion. The three parameter analysis
yields one fitted value ofk5 at each temperature over the entire
number density range which is on the order of 1018 molecule
cm−3. An Arrhenius plot of the pyrolysis rate constants yields

k5 = 2.7 × 1014 exp(−157.8 kJ mol−1/RT ) s−1. (10)

This activation energy is on the order of the bond en-
ergyE0 = 168.3 (±1.2) kJ mol−1 as employed in the analysis
of [7]. Below we compare this measured k with predictions
based on modeling including specific rate constantsk(E,J)
normalized to experimental data.

3. Modeling of falloff curves

3.1. Limiting high pressure rate coefficients

The absence of a pressure dependence in the measure-
ments of the dissociation rate coefficients as well as the
modeling described in the following sections, indicate that
t high
p con-
s
F ssion,
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tern-Volmer quenching parametersa1 anda2 in Eq. (9) and pyrolysis rat
onstantsk5

(K) a1 a2 (cm3 molecule−1) k4 (s−1) Reference

23 0.7 2.7× 10−18 – [7]
73 0.7 2.0× 10−18 – [7]
23 0.6 1.6× 10−18 – [7]
23 0.48 3.5× 10−19 15.7 This work
48 0.79 2.6× 10−19 51.5 This work
73 0.46 3.8× 10−19 151.2 This work
f

he present experimental conditions coincide with the
ressure limit of the reaction. For this reason, we first
ider the limiting high pressure rate coefficientskdiss,∞.
or accurate modeling, one replaces the simple expre
diss,∞ =k2k4/k3, by the more accurate one that includes m
tates

diss,∞ =
∞∑

J=0

(2J + 1)

∞∫
E0(J)

k(E, J)f (E, J) dE. (11)

This expression relateskdiss,∞ with the specific rate con
tantsk(E,J) corresponding tok2 andf(E,J) denotes equilib
ium populations corresponding tok4/k3. k(E,J) have bee
easured at selected energiesE and over certain distribu

ions of angular momentum,J, for C8H10
+ in [36,37] and

or C9H12
+ in [38]. Our measured values forkdiss,∞, there-

ore, should be compared with these measurements ofk(E,J).
he comparison, however, is much less direct than one m
ish: kdiss,∞ generally depends more on the values of
ond energyE0 =E0(J= 0) thank(E,J). In addition,kdiss,∞ is
veraged over distributions of J in a way that generally
ers from that of thek(E,J) measurements. The comparis
herefore, requires a full theoretical modeling both ofkdiss,∞
ndk(E,J).

We have performed this full modeling in[13] using
statistical adiabatic channel model/classical trajec

SACM/CT) approach on a short-range valence/long-r
nduced-dipole switching potential. Because the real po
ial is not available from ab initio calculations, model
entials were employed. The uncertain switching from
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Fig. 3. High pressure rate coefficientskrec,∞ for the reaction C7H7
+ +

CH3 → C8H10
+ (lines = calculations from[13], PST = phase space theory,

lower line = SACM/CT calculations, points = experimental results from this
work converted with the equilibrium constantKc from dissociation data).

pronounced anisotropy of the short-range valence potential
to the (nearly) vanishing anisotropy of the long-range elec-
trostatic potential, therefore, was parameterized with a sin-
gle fit parameter obtained by using the measuredk(E,J). On
this basis,kdiss,∞(T) was predicted in[13]. As shown be-
low, the derivedkdiss,∞ agree well with the measured values
which indicates an internal consistency of the experimen-
tal specific and thermal rate constants. In order to reduce
the influence from uncertainties in the bond energyE0(J),
we choose a representation of the modeled high pressure
recombination rate coefficientskrec,∞ as a function of the
temperature.Figs. 3 and 4show the results for the C8H10

+-
and C9H12

+-systems, respectively. The rate coefficients de-
rived with anisotropic potential energy surfaces are compared
with values for potentials, whose anisotropies are artificially
switched off while the minimum energy path potentials are

F l
p

kept unchanged. The latter corresponds to phase space the-
ory (PST), such as elaborated by Pechukas and Light, Nikitin,
Chesnavich and Bowers, and others (see the detailed descrip-
tion in [1]). Our version of PST corresponds closest to the
orbiting transition state phase space theory of Chesnavich
and Bowers[39,40], however, accounting for the centrifugal
barriers along the minimum energy path of the relevant po-
tential energy surface. We observe thatkrec,∞ increasingly
falls below kPST

rec,∞ with increasingT. This effect is due to
an increasing shift of the effective bottleneck of the reaction
into the more anisotropic range of the potential with increas-
ing thermal energy. The thermal rigidity factorsfrigid(T) (see,
e.g.[41]) then decrease with increasing temperature. The high
pressure recombination rate coefficients ofFigs. 3 and 4, over
the range 500–1000 K, are approximated by the expressions

krec,∞ ≈ 2.3 × 10−11(T/600 K)−1.2 cm3 molecule−1 s−1

(12)

for

C7H7
+ + CH3 → C8H10

+

and

krec,∞ ≈ 8.0 × 10−12(T/600 K)−1.1 cm3 molecule−1 s−1

f ia-
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K

w
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k

w

k

k

ig. 4. AsFig. 3 for the reaction C7H7

+ + C2H5 → C9H12
+ (experimenta

oint from[6]).
(13)

or C7H7
+ + C2H5 → C9H12

+. The corresponding dissoc
ion rate coefficientskdiss,∞ are obtained from the above e
ressions and from the equilibrium constantsKc,

c = kdiss,∞
krec,∞

, (14)

hich are modeled consistently with Eqs.(12)and(13)over
he range 500–1000 K by

c = 5.0 × 1025 (T/600 K)−0.5

× exp(−E0/kT ) molecule cm−3 (15)

ith E0/k= 20240 K for the C8H10
+-system and

c = 1.7 × 1027(T/600 K)−0.9

× exp(−E0/kT ) molecule cm−3 (16)

ith E0/k= 20070 K for the C9H12
+-system (for the em

loyed molecular parameters and their origin, see[13]). In
his way for C8H10

+,

diss,∞ = 1.2 × 1015(T/600 K)−1.7 exp(−E0/kT )s−1 (17)

ith E0 = 168.3 kJ mol−1. Near 650 K, this reduces to

diss,∞ = 1.9 × 1014 exp(−159.2 kJ mol−1/RT ) s−1. (18)

For C9H12
+, the similar expressions are

diss,∞ = 1.4 × 1016(T/600 K)−2.0 exp(−E0/kT ) s−1 (19)
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with E0 = 166.9 kJ mol−1 and

kdiss,∞ = 1.6 × 1015 exp(−156.1 kJ mol−1/RT ) s−1 (20)

near 650 K.
Employing the same equilibrium constantsKc, the val-

ues of our measured dissociation rate coefficientskdiss for
C8H10

+ from this work and for C9H12
+ from [6] are con-

verted intokrec and shown inFigs. 3 and 4together with
the modeledkrec. In both systems, the measurements are
less than a factor of two different from the predictions.
This is well within the uncertainties of the measurements
of k(E) andkdiss and ofKc through the calculated reaction
entropies and the employed reaction enthalpies. However,
before definite conclusions can be drawn, it must be demon-
strated that the measuredkdiss are sufficiently close to the
high pressure limitingkdiss,∞. Firstly, this requires model-
ing of limiting low pressure rate coefficientskdiss,0and then
the falloff curves used to interpolate between the two pres-
sure regimes. This modeling is given in the two following
subsections.

3.2. Limiting low pressure rate coefficients

In order to estimate the limiting low pressure rate coeffi-
c ory
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k

-
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w olli-
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−
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t
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t ed
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then is straightforward, leaving most of the remaining uncer-
tainty in the productβcFanhFrot. We estimate this uncertainty
to be about a factor of two, which adds to the uncertainty
of E0 as mentioned previously. For the temperature range
500–1000 K, this treatment gives

krec,0

≈ [N2]1.3 × 10−23(T/600 K)−14.2 cm6 molecule−2 s−1

(23)

for the C8H10
+-system and

krec,0

= [N2]1.1 × 10−24(T/600 K)−16.9 cm6 molecule−2 s−1

(24)

for the C9H12
+-system.

3.3. Falloff curves

Our interpolation between the limiting low pressures (k0)
and high pressure (k∞) rate coefficients employs the doubly
reduced expression

k
(

k0/k∞
)

w
t
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ientskdiss,0, we employ standard unimolecular rate the
n the formulation of[14], i.e., we write

diss,0 = [M]βcZ

[
ρvib,h(E0)kT

Qvib

]
FEFanhFrot exp(−E0kT ).

(21)

The parameters have been defined in[14] and only the non
rivial factors are discussed in the following. We assume
he collision numberZ can be approximated by the Lange
ate constant for ion-induced dipole capture (see, e.g.[42]).
he collision efficiencyβc is estimated[43] by

βc

1 − β
1/2
c

≈ −〈�E〉
FEkT

, (22)

here 〈�E〉 is the average energy transferred per c
ion. Recently, we have reported〈�E〉 in an N2 buffer as
〈�E〉/hc= 285 (±150) cm−1 for C8H10

+ in [7] and 200
±100) cm−1 for C9H12

+ in [6]. There is some uncertainty
he anharmonicity factor,Fanh. We useFanh≈ 2.5 in accord
ith the approach discussed in[44]; however, the uncertain
f Fanhhas little relevance to the present work. The estim
f the rotational factorFrot requires information on the ce

rifugal barriersE0(J) of the reaction. These are obtain
rom the minimum energy path potential of the reaction.
alculations from[13] show thatE0(J) approaches the we
nown expressions for ion-induced dipole potentials atJ→ 0
hile increasing deviations occur with increasingJ. With the
olecular parameters given in[13], the calculation ofkdiss,0
k∞
=

1 + k0/k∞
F (k0/k∞) (25)

ith the broadening factorF(k0/k∞) from[14].F(k0/k∞) con-
ains a weak collision contributionFWC(k0/k∞), which de-
ends on〈�E〉 and which was approximated by the meth

rom [14] and a strong collision contributionFSC(k0/k∞).
e have calculatedFSC(k0/k∞) in three ways. First, we ha

epresented the five transitional modes of the reactio
ow-frequency oscillators and applied rigid activated c
lex RRKM theory, such as described in detail in[1]. Sec-
nd, we have used phase space theory to account fo
- and J-dependence ofk(E,J). Finally, we also have a
ounted for the effects of anisotropy of the potential in
ACM/CT treatment, i.e., includedE- andJ-specific rigidity

actorsfrigid(E,J). The latter two treatments were found to g
early the sameFSC(k0/k∞). Some differences in the shap
f the broadening factors between RRKM and SACM
alculations were found and these are illustrated below.

We present full sets of falloff curves in two ways. Fi
e show sets of RRKM strong collision falloff curves. S
nd, we compare strong collision broadening factors f
RKM and SACM/CT calculations. RRKM strong collisi
urves are presented inFigs. 5 and 6on the basis ofkrec,∞
ndkrec,0 from Sections3.1 and 3.2. Figs. 5 and 6illustrate
arked shifts of the falloff curves with changing tempe

ure. While the present experiments (and those of[6]) ob-
iously correspond to conditions near to the high pres
imit, values ofkrec belowkrec,∞ are expected at higher te
eratures for the same [M].Figs. 5 and 6illustrate this deca
f krec(T [M]) at fixed [M] with increasingTwhich partly is
ue to falloff and partly to the decrease ofkrec,∞(T). krec,∞
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Fig. 5. Falloff curves for the reaction C7H7
+ + CH3 (+N2) → C8H10

+ (+N2)
for T= 500, 600, 800, 1000, and 1200 K (from top to bottom), RRKM strong
collision interpolation betweenkrec,0 and krec,∞, krec,0- and krec,∞-values
from this work, see text).

has a much weaker temperature dependence. One observes a
somewhat unusual trend from C8H10

+ to C9H12
+: the cen-

ters of the falloff curves [N2]c =krec,∞/krec,0 at 600 K are
equal to [N2]c = 1.7× 1012 molecule cm−3 for C8H10

+ and
[N2]c = 7.4× 1012 molecule cm−3 for C9H12

+. This is oppo-
site to the trend usually observed for increasing molecular
complexity. However, because of different reactant frequency
patternskrec,0 is larger for C8H10

+ than for C9H12
+. This ef-

fect is only partly compensated by a smallerkrec,∞ for C9H12
+

such that the predicted trend results.
Figs. 7 and 8compare strong collision broadening fac-

tors from RRKM and SACM/CT calculations. Although the
trends are the same, RRKM calculations give smaller broad-
ening factors than SACM/CT calculations. We do not further
elaborate these fine details because weak collision broaden-
ing reduces SACM/CT roughly to the strong collision RRKM
results. The falloff curves shown inFigs. 5 and 6, therefore,
are accurate within an uncertainty of a factor of 2.

Fig. 7. Strong collision broadening factorsFSC(k0/k∞) for the reaction
C7H7

+ + CH3 (+N2) → C8H10
+ (+N2) from SACM/CT calculations (full

lines) and RRKM calculatons (dashed lines) (T (K) = 1200, 1000, 800, 500,
600 from top to bottom atk0/k∞ = 2).

3.4. Approximate representation of k(T,[M])

In this section, we provide analytical expressions for the
T- and [M]-dependent rate coefficientskrec(T,[M]) which,
when combined with the equilibrium constantsKc from Eqs.
(15) and (16), can be converted intokdiss(T,[M]). We use
krec,∞ from Eqs.(12) and (13), krec,0 from Eqs.(23) and
(24)and the falloff interpolation from Eq.(25). At an accept-
able level of approximation, asymmetries of the broadening
factorsF(k0/k∞) in Eq. (25) are neglected and the simple
expression

F (x) ≈ F
1/

{
1+[(logx)/N]2

}
c (26)

from [14] with logx= 10log(krec,0/krec,∞) and N≈ 0.75–
1.2710log Fc is used. The center-broadening factorFc
from 500 to 1000 K was derived from the calculations
Fig. 6. AsFig. 5for the reaction C7H7
+ + C2H5 (+N2) → C9H12

+ (+N2).
 Fig. 8. AsFig. 7for the reaction C7H7
+ + C2H5 (+N2) → C9H12

+ (+N2).
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of Section3.3,

Fc(T ) ≈ 0.25± 0.5 (27)

for the C8H10
+-system and

Fc(T ) ≈ 0.23± 0.5 (28)

for the C9H12
+-system.Fc is known to decrease with in-

creasing temperature at smallT, before it increases at highT
[14,45–47]. This temperature range apparently corresponds
to the intermediate regime. At the present stage it appears
premature to modify Eq.(26) in order to account for the
asymmetries of the falloff curves illustrated inFigs. 7 and 8.

4. Summary and conclusions

We have measured thermal dissociation rates for ethyl-
benzene cations by preparing the ions via a sequence involv-
ing charge transfer, chemical activation, and collisional sta-
bilization. There was no apparent pressure dependence of
the measured rate coefficients which indicated that the re-
action was near the high pressure limit. Modeling of the re-
action by unimolecular rate theory provided falloff curves
for the dissociation (and the reverse recombination) of ethyl-
benzene andn-propylbenzene cations. The results over the
r te ex-
p

k

k

F

K

w

k

k

F

K

w n
i the
m eex-
p t a
f e

C9H12
+-system) orE0 lowered by about 3.5 kJ mol−1. In do-

ing the former, the following data, based on the dissociation
experiments, are the final recommended expressions,

kdiss,∞ = 3.4 × 1014 exp(−159.2 kJ mol−1/RT ) s−1

kdiss,0 = [N2] 1.2 × 103(T/600 K)−14.7

× exp(−E0/kT ) cm3 molecule−1 s−1

Fc ≈ 0.25

Kc = 9.0 × 1025(T/600 K)−0.5

× exp(−E0/kT ) molecule cm−3

with E0 = 168.3 kJ mol−1 for the C8H10
+-system and

kdiss,8 = 3.5 × 1015 exp(−156.1 kJ mol−1/RT ) s−1

kdiss,0 = [N2] 4.1 × 103 (T/600 K)−17.9

× exp(−E0/kT ) cm3 molecule−1 s−1

Fc ≈ 0.23

Kc = 3.7 × 1027(T/600 K)−0.9

× exp(−E0/kT ) molecule cm−3

w x-
p s
i sim-
i esent
t hen
m

A

cus-
s ion-
m this
w 357
“ n”),
t elop-
m ited
S 303
E

R

and

it-
ong,
04.

err,
atz,
ange 500–1000 K were represented by the approxima
ressions

rec,∞ ≈ 2.3 × 10−11(T/600 K)−1.2 cm3 molecule−1 s−1

rec,0≈[N2]1.3 × 10−23(T/600 K)−14.2 cm6 molecule−2 s−1

c ≈ 0.25± 0.05

c = kdiss

krec

≈ 5.0×1025(T/600 K)−0.5 exp(−E0/kT ) molecule cm−3

ith E0 = 168.3 kJ mol−1 for the C8H10
+-system and

rec,∞ ≈ 8.0 × 10−12(T/600 K)−1.1cm3 molecule−1 s−1

rec,0 ≈ [N2]1.1 × 10−24(T/600 K)−16.9 cm6 molecule−2 s−1

c ≈ 0.23± 0.05

c = kdiss

krec

≈ 1.7×1027(T/600 K)−0.9 exp(−E0/kT ) molecule cm−3

ith E0 = 166.9 kJ mol−1 for the C9H12
+-system. As show

n Figs. 3 and 4, agreement between the modeled and
easured rate coefficients would be obtained, if the pr
onential factor ofKc either would be increased by abou

actor of 1.8 for the C8H10
+-system (a factor of 2.2 for th
ith E0 = 166.9 kJ mol−1 for the C9H12
+-system. These e

ressions and the falloff Eqs.(25) and (26) may serve a
nputs for data compilations and computer models in a
lar manner to those used for neutral reactions. The pr
reatment also conveniently allows for modifications w
ore accurate molecular input data become available.
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