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Abstract

The kinetics of the pyrolysis of the ethylbenzene catiagH 5", 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 regt#@d,, — O, + CsH1o™ followed by collisional
stabilization and then by thermal decomposition in a nitrogen buffer gas. The thermal decomposition rate constants increased with temperature
from about 15t0150%, but did not vary with pressure, indicating the results refer to the high pressure limit. The experimental activation energy,
157.8 kJ mat?, is similar to the bond energy value, 168431(.2) kJ mot, needed to model the data. Modeling of the system using a statistical
adiabatic channel model/classical trajectory (SACM/CT) approach provided complete falloff curves for the dissociation and recombination of
ethylbenzene. Similar modeling is also presented for the previously published dataapylbenzene cations. The temperature and pressure
dependences of the rate coefficients for dissociation and recombination in the falloff range are represented in analytical form. The chosen
format corresponds to that employed in data compilations for the corresponding neutral reaction systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of ionic species and their temperature and pressure depen-
dence, more work on the rate coefficients of such processes
It is now generally accepted that reactions of molecular is needed. The present work addresses this goal; here we de-
ions and of neutral species should be interpreted by commonscribe new experimental studies of the thermal decomposition
theoretical methodd]. The presentworkillustrates this prin-  of ethylbenzene cations §810"). The results are used to con-
ciple by considering the thermal decomposition of molecular struct full sets of falloff curves of this reaction. Additionally,
cations. The thermal decomposition processes are importanthis is also done for dissociation ofpropylbenzene ions,
steps in plasma-chemical reaction mechanisms. In order tofor which experimental data has already been presdfied
model such systems, analytical representations of the rate coThe derived temperatur@)- and pressurepj-dependences
efficients of the elementary reactions involved are required. of the rate coefficientk(T,p) are expressed in the same for-
The dissociation kinetics of neutral species has been stud-mat as used for thermal decomposition reactions of neutral
ied extensively; examples of critical evaluations are given in molecules. It is important that not only the same theoretical
[2-5]. Because there is scarcity of data regarding dissociationmodels but also the same formats of data representation are
used in these two areas of kinetics.
* Corresponding author. Tel.: +1 7813772109; fax: +1 7813777001 Our experimental method employs the charge trans-
E-mail addressalbert.viggiano@hanscom.af.mil (A.A. Viggiano). fer/chemical activation/collisional stabilization sequence ex-
1 National Academy of Sciences postdoctoral research fellow. ploited previousl\{6—8]. This allows the ions to be prepared
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Collisional Combining the information ok(E,J) with additional in-
stabilization formation on collisional energy transfer, such as obtained,
Lo L e.g., from chemical activation studies, the limiting low pres-
—> C—)\| Thermal diss. sure rate coefficientgT,[M] — 0) =kgiss 0= ka[M] and com-
0,* + EtBz Co =5C,H,* + CH, plete sets of falloff curves di(T, [M]) can be constructed
' M) by standard unimolecular reaction theory. We employ the
AH Tharm IE approach fronf14] because it has led to simplified expres-

sions fork(T,[M]) which have found wide use in representing
the kinetics of neutral reactiotizg—5]. Following our earlier
studies of the reactions Nfi+ NH3 (+M) — NoH7* (+M)
([15]) and Nb* + N2 (+M) — Ng* (+M) ([16]), we extend the
application to the organic ions discussed abdy&, [M])
Fig. 1. Schematic energy diagram of charge transfer, competition betweenthen is represented by the low pressd«zﬁ?g:oor krec,0 and
collisional stabilization with buffer gas M and unimolecular decompo- h'gh pressurel‘@issw or krecoo) rate coefficients connected
sition (1), and subsequent thermal decomposition (pyrolysis). by an approximate interpolation expression which is char-

acterized by a center-broadening fadtr[14]. Ultimately,
cleanly in a high temperature environment. In the present data evaluations for dissociations of molecular ions should
case, ethylbenzene cations are formed by the sequence  be performed with respect to these three quantities.

This work also addresses some practical issues regard-

Oz" +CgHio— Oz +CgHio™ (1) ing combustion. There is interest in the design of advanced

EtBz+*_) C,H,* + CH,

CgH1o™ — C7H7" + CHs 2) hydrocarbon-fueled, hypersonic, airbreathing propulsion
s . system$17-21] Because these systems operate on very short
CgHio™ +M — CgHio" +M (3) time scales, the acceleration of combustion is highly desir-
CeHiot +M — CaHig™ +M 4 able. It has been found that_the mtroducnop o_f plgsmas can
8THo 8Tio @) enhance the rate of combusti@)22—27] The ionization en-
where the asterisk indicates vibrational excitatifig. 1 hances combustion, in part, by a reduction of ignition delays

illustrates this reaction scheme. Partial fragmentation of which, in turn, are due to the initial fragmentation of fuel
CgH10™", which is formed from the charge transfer (1), occurs molecules. Neutral aliphatics and alkylbenzenes have been
in process (2) in competition with collisional stabilization used as components in jet fuel surrogate blends for compu-
(3). At lower temperatures, the system is characterized solelytational modeling of combustidi28—30] Our group studied
by this chemical activation scheme. At temperatures greaterthe use of ethylbenzene as a fuel surrogate and the kinetics of
than 573 K[8] and at sufficiently high pressures, a fraction of charge transfer reactions of this compound with air ions for
the stabilized gH10" thermally decomposes. This proceeds the modeling of plasma-assisted combusfitg,12,23,31]
through collisional reactivation (4) and subsequent dissocia- However, accurate kinetic data on the pyrolysis of ethylben-
tion (2) on a slower time scale than the chemical activation zene cation are lacking. This work combines experimental
sequence. measurements with theoretical modeling of the fragmenta-
As the rate coefficients(T,p) of the pyrolysis depend on tion for this reaction.
T andp, it appears essential to change the experimental vari-  The analysis of the reaction can be done in a particularly
ables over wide ranges. Our turbulent ion flow tube (TIFT) systematic manner, since separate information is available
can reach both high temperatures and high pressures. Thisn collisional energy transfer and on specific rate constants
experimental tool has been described previously and usedk(E,J), such as required for the full construction of the ther-
to study energy transfer for exciteebropylbenzengs] and mal rate coefficient&(T,p). On this basis, one can demon-
ethylbenzene catiorjg] as well as other systerfd-12]. The strate that falloff curves for the dissociation of neutral and

rate coefficient&(T,p), symbolically represented by ionic molecules indeed can and should be represented in the
ka[M] ks same format as used in data evaluations of neutral reactions
k(T M) = ———————— = ks, (5) in atmospheric and combustion chemistry.

(k2 + k3 [M])

are found to be close to the high pressure limit of the reac-

tion, i.e., k(T, [M] — 00) =Kyisspo = ko ka/ks. The rate con- 2. Experiment

stantkgisspo then can be related to specific rate constants

k(E,J) of the dissociation represented herekay We have 2.1. Experimental technique

established this relationship previougly3] accounting in

detail for both thée- andJ-dependences &fE,J). Using this Our experiments were conducted in the AFRL turbulent
relationship, measurements of specific and thermally aver-ion flow tube (TIFT) which previously has been described in
aged rate constantg(E,J) andkgisspo respectively, were put  detail[8,10] such that the technique is only briefly summa-
on a common basis and analyzed consistently. rized here. The TIFT is similar to low-pressure flow tubes
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except that larger flow rates are used to achieve higher pres-and extrapolating to zero concentration. The accessible pres-
sures and Reynolds numbers. Thg"Qrecursor ions were  sure range was limited by the small signals at low P and
created upstream by flowing a mixture of a few percentof O allowable intensity of impurity ions at high P. Thermal de-
diluted in Ar through an off-axis corona discharge source; the composition of GH1g" is slow below 573 K8] and the cur-

low [O3] prevented unwanted side reactions and the falsifi- rent upper temperature limit of the TIFT is limited to about
cation[32,33] of pyrolysis rate constant measurements. The 673 K.

ions flowed through a small orifice into a sidearm and were A steady-state solution of the kinetics Eqgd)—(4)
entrained by a large flow of nitrogen buffer gas (from lig- yielded,

uid). The gas mixture entered the flow tube where the neutral

reagent was injected through a moveable on-axis tube. Atthe S k3[M] / k2 [1 — exp(—ks?)]
end of the flow tube, most of the gas was removed by alarge p kst(L+ k3[M]/k2) — (ka[M] / k2)[1 — exp(—kst)]
mechanical pump; a small fraction was sampled through a (6)

truncated nosecone orifice (1pfn diameter). The core of

the supersonic expansion, occurring downstream of the ori- with ks corresponding t&(T,[M]) from Eq. (5). Minor chan-
fice, was sampled through a skimmer into a quadrupole massnels were neglected. Extrapolating to zero time le&tb),
spectrometer which acted as a mass selector. The resultinghe stabilization-to-decomposition ratio in the absence of
ions were subsequently counted by a discrete dynode electhermal decomposition

tron multiplier.

In order to elevate the temperature, six zones of heating [ S [CoHT,]  k3[M]
were used and maintained #? K by Watlow heating con- (B)O - [C7H;F] - ko ™
trollers. The main flow tube was heated in four zones, two
short zones at both ends, a long middle section, and a zone Substituting Eq(7) into Eq.(6) yielded
inside the vacuum chamber just upstream of the nosecone.
The connection between the corona discharge tube and thes (S/D)o[1 — exp(—kst)]
sidearm was also heated. Lastly, it was found that preheating, ™ i-4(1+ (5/D),) — (S/D)o[L — exp(—kst)]” C)

of the buffer gas is needed. During the course of this work,
the preheater design was changed to allow for higher temper-  Since data were taken by extrapolating to zero extent of re-
atures. The new preheater consisted of two Mellen split type action, we made the simplifying assumption that the decrease
(clam shell) tubular heating elements that surrounded a tubu-of the product of concentrations of§81¢] and [0,*] during
lar piece of copper or stainless steel; the gas flowed throughthe course of the reaction was insignificant. The extrapola-
narrow channels (which traverse the tube along the axis) thattion along with small changes i§D at low temperatures
have a radial-spoke cross-section. The pattern was chosen tand pressure introduced significant scatter in the data which
promote efficient heating. was reduced by replacing th&D)o fitted parameter with a

As in our earlier work8], the GH1o" was prepared by 2-parameter linear expression
collisional charge transfer with the,O precursor; this oc-

curred downstream of the moveable injector. In the absence(S/D)o= a1+ a2 [N2]. 9)
of ethylbenzene, the £ signal was dominant. Common im-
purities were HO*(H20)o 1 and Q" (H20). Since the rel- This assumption is reasonable since our earlier results

ative concentrations of the impurities were less than 2%, [7,8]indicate that the§D)o versus [M] plots are quasi-linear.
correctiong34] to the recorded branching ratios were only Substituting Eq(9) into Eq.(8) results in a three-parameter
small. When ethylbenzene was added, ions at 91, 92, 106,expression and all the data at a particular temperature can be
and 119a.m.u. were observed. The high mass peak correfit simultaneously. Nonlinear least squares fits of the time de-
sponded to secondary reactions of the aromatic benzyliumpendence o§D at each temperature to the three-parameter
(C7H7%), miz=91, with neutral ethylbenzerj@5]. The peak expression of EqE8) and(9) yielded both k and a line for
at 92 a.m.u. was small and hidden in the adjacent 91 a.m.u.(§D)g. Two parameter fits were also made at each temper-
signal unless higher resolution spectra were used to separatature and pressure. These lead to approximately the same
the two peaks. An isotope correction was made. results for the pyrolysis rate constant but with more scatter.
The experimental procedure for determining the thermal Those fits showed that the rates were independent of pres-
decomposition rate coefficients was identical to that of our sure within our uncertainty and therefore in the high pressure
earlier study[6] of CgH12" (propylbenzene) pyrolysis and limit.
was summarized here. Branching ratios of the ion prod- The accuracy of the procedure was estimated to be about
ucts were recorded, varying the concentration of the neutral a factor of 2 at lower temperatures where declines were small
reagent by varying its flow rate while all other conditions and slightly less at higher temperatufeg. 2shows a typical
were kept constant. The accurate evaluation required bothtime dependence &D at T=673 K and at nitrogen buffer
secondary chemistry and finite flow rates to be accounted pressures of 30, 100, and 250 Torr. The three parameter fit is
for. The former was taken into account by varyingsHG] shown as lines.
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Fig. 2. Thermal decomposition ofgBl10* at 673 K. [GH10*]/[C7H7*]=

S/D is plotted vs reaction time at pressures of @),(100 @), and 250 ¢)

Torr of nitrogen. Best fits to Eq$8) and(9), shown as curves, yield values
of (SD)o, the ratio of stabilization to dissociation in the absence of thermal
decomposition, ankk, the first-order thermal decomposition rate coefficient
of CgH1o".

2.2. Experimental results

The pyrolysis of ethylbenzene cations was studied at tem-
peratures of 623, 648, and 673 K. Pressure of thdfer

of Mass Spectrometry 241 (2005) 305-313

The values of k range increase from 15 to 150%swith
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 & at each temperature over the entire
number density range which is on the order oféifiolecule
cm~3. An Arrhenius plot of the pyrolysis rate constants yields

ks = 2.7 x 10" exp(—157.8 kI molt/RT)s™L. (10)

This activation energy is on the order of the bond en-
ergyEq=168.3 ¢-1.2) kdmot ! as employed in the analysis
of [7]. Below we compare this measured k with predictions
based on modeling including specific rate const&EsJ)
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

gas was varied from 30 to 250 Torr. These measurementsygeling described in the following sections, indicate that

extend considerably the temperature range of the earlier uni-

molecular decomposition data for this ipf8] which were
performed at 423, 473, and 523 K; these did not exhibit ther-
mal decomposition.

The raw data, such as thoseHig. 2, were fitted to Egs.
(8) and(9). Table 1compares the resulting slopes &)
versus [N] with the data fronj7]. 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., reactiof®) is slower. However, the

the present experimental conditions coincide with the high
pressure limit of the reaction. For this reason, we first con-
sider the limiting high pressure rate coefficielMgssqo-

For accurate modeling, one replaces the simple expression,
Kdisspo = koka/ks by the more accurate one thatincludes many
states

kdissoo = » (27 +1) [ Kk(E.J)f(E. J)dE. (11)
=0 Eo(J)

673 K data have a somewhat greater slope than those of the

623 and 648 K data for unknown reasons. Moreover, while
ai-values in[7] were scattered arourai =0.7, the present
values seem to be somewhat smaller but their scatter is to
large for definitive conclusions. Tre-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 0?0

a follows the trends of the measurements from lower tem-
peratures.

Table 1
Stern-Volmer quenching parametegsanday in Eq. (9) and pyrolysis rate
constantks

T(K) a ap (cm® molecule’?) kg (s71) Reference
423 Q7 2.7x 10718 - 71
473 Q7 2.0x 10718 - [71
523 Q6 1.6x 10718 - 71
623 Q48 3.5x 10719 15.7 This work
648 Q79 2.6x10°1° 515 This work
673 Q46 3.8x 10719 1512 This work

This expression relatdgjssoo With the specific rate con-
stantsk(E,J) corresponding té, andf(E,J) denotes equilib-

g'ilum populations corresponding ta/ks. k(E,J) have been

measured at selected energiesnd over certain distribu-
tions of angular momentund, for CgH1g* in [36,37] and
for CgH12" in [38]. Our measured values fgissxo, there-
re, should be compared with these measureme(&qf).
The comparison, however, is much less direct than one might
wish: kgisspo generally depends more on the values of the
bond energyEy = Eg(J=0) thank(E,J). In addition Kgisspo is
averaged over distributions of J in a way that generally dif-
fers from that of the(E,J) measurements. The comparison,
therefore, requires a full theoretical modeling bottgfs o
andk(E,J).

We have performed this full modeling ifiL3] using
a statistical adiabatic channel model/classical trajectory
(SACM/CT) approach on a short-range valence/long-range
induced-dipole switching potential. Because the real poten-
tial is not available from ab initio calculations, model po-
tentials were employed. The uncertain switching from the
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] = ] kept unchanged. The latter corresponds to phase space the-
PST 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 Bowerg39,40], however, accounting for the centrifugal

barriers along the minimum energy path of the relevant po-

tential energy surface. We observe that o increasingly

falls below k£3T, 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 factdygiq(T) (see,

o w0 oo e.g[41]) then decrease with increasing temperature. The high

pressure recombination rate coefficientEigfs. 3 and 4over

the range 500-1000 K, are approximated by the expressions

molecule s

3

k /ecm

TIK

Fig. 3. High pressure rate coefficientscqo for the reaction gH;* + ~ —11 1.2 11
CHs — CgH1o* (lines = calculations fronji13], PST = phase space theory, kregoo A~ 2.3 x 1077(T/600K) cm® molecule™ s

lower line = SACM/CT calculations, points = experimental results from this (12)
work converted with the equilibrium constag¢ from dissociation data).

for

pronounced anisotropy of the short-range valence potentialC7H7™ 4+ CHz — CgHio™
to the (nearly) vanishing anisotropy of the long-range elec-

trostatic potential, therefore, was parameterized with a sin- and
gle fit parameter obtained by using the measu(&l)). On krecoo ~ 8.0 x 10-12(7/600 K)~+1 cm® molecule 1 s~
this basis Kyisspo(T) Was predicted irf13]. As shown be-

low, the derivetyisso agree well with the measured values (13)
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 enekgyJ),

we choose a representation of the modeled high pressur
recombination rate coefficientgeco as a function of the kdiss oo
temperatureFigs. 3 and 4how the results for thedEl1o*- c=
and GH1,"-systems, respectively. The rate coefficients de-
rived with anisotropic potential energy surfaces are comparedWhich are modeled consistently with E¢$2) and(13) over
with values for potentials, whose anisotropies are artificially the range 500-1000K by

switched off while the minimum energy path potentials are Ke=50x 1025(T/600 K)_0-5

for C7H;* + CoHs — CgH12*. The corresponding dissocia-
tion rate coefficient&yissco are obtained from the above ex-
é:)ressions and from the equilibrium constalkgs

(14)

- ’
krecoo

x exp(—Eo/kT) molecule cri® (15)

W: I T png with Eg/k=20240K for the @H1o*-system and
N ARt Ke = 1.7 x 107(7/600 K)~2
15 = 3 x exp(=Eo/kT) molecule criv® (16)
_;é - i with Eg/k=20070K for the GH1,"-system (for the em-
E ] : ployed molecular parameters and their origin, Eej). In
o ] 5 i this way for GH1o",

10" kdissoo = 1.2 x 10'°(1/600K) "7 exp(— Eo/kT)s™t (17)

] - with Eg=168.3kJmoatl. Near 650K, this reduces to
T T i kdisseo = 1.9 x 10" exp(—1592kImor/RT)s L. (18)

T/K
For GgH12", the similar expressions are

Fig. 4. AsFig. 3for the reaction @H;* + Co;Hs — CgH12" (experimental = _
point from([6]). kdissoo = 1.4 x 10'%(7/600 K) 20 exp(~ Eo/kT)s % (19)
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with Eg=166.9 kJ mot?® and

kdissoo = 1.6 x 10°exp(-1561 kJmol/RT)s™1  (20)
near 650 K.

Employing the same equilibrium constarsg, the val-
ues of our measured dissociation rate coefficidgts for
CgH10" from this work and for GH12* from [6] are con-
verted intokec and shown inFigs. 3 and 4together with
the modeledkec. 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) andkgiss and of K¢ through the calculated reaction

entropies and the employed reaction enthalpies. However,
before definite conclusions can be drawn, it must be demon-

strated that the measurdgiss are sufficiently close to the
high pressure limitindkgissco- Firstly, this requires model-
ing of limiting low pressure rate coefficienkgiss,oand 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-
cientskgiss,0 we employ standard unimolecular rate theory
in the formulation of14], i.e., we write

ovib,h(Eo)kT

kdisso = [M]ﬂcz |: Ovib

] FE FanhFrot €Xp(—EokT).
(21)

The parameters have been defindd #] and only the non-
trivial factors are discussed in the following. We assume that
the collision numbeZ can be approximated by the Langevin
rate constant for ion-induced dipole capture (see,[é3]).

The collision efficiencys is estimated43] by

B —(AE)
1_ g2 FpkT

(22)

where (AE) is the average energy transferred per colli-
sion. Recently, we have reportédE) in an N, buffer as
—(AE)/hc=285 #150) cnt! for CgH1"™ in [7] and 200
(£100) cn 1 for CgH12" in [6]. There is some uncertainty in
the anharmonicity factofann We useFann~ 2.5 in accord
with the approach discussed#]; however, the uncertainty
of Fann has little relevance to the present work. The estimate
of the rotational factoF requires information on the cen-
trifugal barriersEq(J) of the reaction. These are obtained
from the minimum energy path potential of the reaction. The
calculations fron{13] show thatEg(J) approaches the well
known expressions forion-induced dipole potentialk-at 0
while increasing deviations occur with increasihgVith the
molecular parameters given 3], the calculation okgiss o

of Mass Spectrometry 241 (2005) 305-313

then is straightforward, leaving most of the remaining uncer-
tainty in the producBcFannFrot. We estimate this uncertainty
to be about a factor of two, which adds to the uncertainty
of Eg as mentioned previously. For the temperature range
500-1000 K, this treatment gives

kreco
~ [N2]1.3 x 102377600 K) 142 cm® molecule 21
(23)
for the GgHyp*-system and

kreco
= [N2]1.1 x 102477600 K)~ 16 cm® molecule 2s™1
(24)

for the GH12*-system.
3.3. Falloff curves

Our interpolation between the limiting low pressurks (
and high pressurek{,) rate coefficients employs the doubly
reduced expression

k . < ko/ koo

with the broadening factdi(ko/k.o) from[14]. F(ko/k) CON-
tains a weak collision contributioR"C(ko/ks), which de-
pends on AE) and which was approximated by the method
from [14] and a strong collision contributioRSC(ko/kso).

We have calculateBSC(ko/kso) in three ways. First, we have
represented the five transitional modes of the reaction by
low-frequency oscillators and applied rigid activated com-
plex RRKM theory, such as described in detai[1f. Sec-
ond, we have used phase space theory to account for the
E- and J-dependence ok(E,J). Finally, we also have ac-
counted for the effects of anisotropy of the potential in our
SACM/CT treatment, i.e., includdg andJ-specific rigidity
factorsfyigig (E,J). The latter two treatments were found to give
nearly the sam&SS(ko/koo). Some differences in the shapes
of the broadening factors between RRKM and SACM/CT
calculations were found and these are illustrated below.

We present full sets of falloff curves in two ways. First,
we show sets of RRKM strong collision falloff curves. Sec-
ond, we compare strong collision broadening factors from
RRKM and SACM/CT calculations. RRKM strong collision
curves are presented Kigs. 5 and n the basis Okrecpo
andkeec,0from Sections3.1 and 3.2Figs. 5 and @llustrate
marked shifts of the falloff curves with changing tempera-
ture. While the present experiments (and thos¢6pf ob-
viously correspond to conditions near to the high pressure
limit, values ofkrec belowkiec o are expected at higher tem-
peratures for the same [Mfigs. 5 and 6llustrate this decay
of kee(T [M]) at fixed [M] with increasingT which partly is
due to falloff and partly to the decreasel@fc o(T). Krecro

) Flko/keo) (25)
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Fig. 5. Falloff curves for the reaction;€l7* + CHg (+N2) — CgHio" (+N2) Fig. 7. Strong collision broadening factoRS“(ko/ks) for the reaction

for T=500, 600, 800, 1000, and 1200 K (from top to bottom), RRKM strong  ¢;H;* + CHg (+N) — CgH1g" (+N3) from SACMICT calculations (full
collision interpolation betweeRrec,0 andkrecpo, Krec,o @nd Krecpo-values lines) and RRKM calculatons (dashed lines) (T (K) = 1200, 1000, 800, 500,
from this work, see text). 600 from top to bottom ato/ky, = 2).

has a much weaker temperature dependence. One observe
somewhat unusual trend fromgB10" to CoH12*: the cen-
ters of the falloff curves [Mc = krecpo/krec,0 at 600K are
equal to [N]c=1.7x 102 molecule cn® for CgH1o" and
[N2]c =7.4x 102 molecule cmi for CgHy,*. This is oppo-
site to the trend usually observed for increasing molecular
complexity. However, because of different reactant frequency
patternskec ois larger for GHyo" than for GH12*. This ef-
fectis only partly compensated by a smakgk for CoH12*
such that the predicted trend results.

Figs. 7 and 8&ompare 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 p(x) ~
elaborate these fine details because weak collision broaden-
ing reduces SACM/CT roughly to the strong collision RRKM  from [14] with logx= lolog(krec,dkrecm) and N~ 0.75—
results. The falloff curves shown Figs. 5 and 6therefore, 1.27%0g F. is used. The center-broadening factBg

are accurate within an uncertainty of a factor of 2. from 500 to 1000K was derived from the calculations

544, Approximate representation of k(T,[M])

In this section, we provide analytical expressions for the
T- and [M]-dependent rate coefficienkg(T,[M]) which,
when combined with the equilibrium constaktsfrom Egs.
(15) and (16), can be converted intkgiso(T,[M]). We use
Krecoo from Egs.(12) and (13), krec,0 from Egs.(23) and
(24)and the falloff interpolation from Eq25). At an accept-
able level of approximation, asymmetries of the broadening
factorsF(ko/kso) in Eqg. (25) are neglected and the simple
expression

1/{1+[(|ogx) /N]2}

F¢ (26)

10774

3

k_/em” molecule
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Fig. 6. AsFig. 5for the reaction @H;* + CoHs (+N2) — CoH1o™ (+N2).
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Fig. 8. AsFig. 7for the reaction @H;* + CoHs (+N2) — CoH12™ (+N2).
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of Section3.3,

Fe(T) ~ 0.25+ 0.5 (27)
for the GgHyo*-system and
Fe(T) ~ 0.23+£ 05 (28)

for the GH12*-system.F. is known to decrease with in-
creasing temperature at sméajlbefore it increases at high
[14,45-47] This temperature range apparently corresponds

of Mass Spectrometry 241 (2005) 305-313

CoH12*-system) oiEg lowered by about 3.5 kJ mot. In do-
ing the former, the following data, based on the dissociation
experiments, are the final recommended expressions,

kdissoo = 3.4 x 10t exp(-1592 kImolt/RT)s™1

kdisso = [N2] 1.2 x 10%(7/600 K)~147

11

x exp(=Eo/kT)cm® molecule' s

Fe~0.25

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 illustratedfigs. 7 and 8

4. Summary and conclusions

We have measured thermal dissociation rates for ethyl-

K¢ = 9.0 x 10°%(7/600 K)~ %5

x exp(—Eo/kT) molecule crin®
with Eg = 168.3 kJ mot? for the GgH1o*-system and
kdissg = 3.5 x 10" exp(~156.1 kJmolt/RT)s™?

o —17.9
benzene cations by preparing the ions via a sequence involv£disso = [N2] 4.1 x 10° (7/600K)

ing charge transfer, chemical activation, and collisional sta-

bilization. There was no apparent pressure dependence o

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 and-propylbenzene cations. The results over the

range 500—1000 K were represented by the approximate ex-With Eo=166.9kJm

pressions

krecoo & 2.3 x 10714(7/600 K)~*2 cm® molecule 1 s71

21

krec0~[N2]1.3 x 10723(77600 K)~1#2 cmP® molecule® s

Fe~0.25+0.05

kdiss

c=
krec

~ 5.0x10°%(7/600 K)~%5 exp(~ Eo/ kT) molecule cm®

with Eg = 168.3 kJ mot? for the GH1o*-system and

11

krecoo & 8.0 x 1071%(7/600 K)~*tcm® moleculet s

kreco ~ [N2]1.1 x 102%(7/600 K)~16° cmf molecule ? s72

Fe~ 0.23+£0.05

k .
Ke = diss

k rec

~ 1.7x10%/(1/600 K)~%° exp(~ Eo/ kT) molecule cm®

with Eg=166.9 kJ mot! for the GH1,*-system. As shown

in Figs. 3 and 4agreement between the modeled and the
measured rate coefficients would be obtained, if the preex-
ponential factor oK. either would be increased by about a
factor of 1.8 for the @H1o"-system (a factor of 2.2 for the

x exp(=Eo/kT) cm® molecule ts™t

Fc ~ 0.23

f

K¢ = 3.7 x 10°77(1/600 K)~%°
x exp(—Eo/kT) molecule cri®

ot! for the GH1,*-system. These ex-
pressions and the falloff Eq$25) and (26) may serve as
inputs for data compilations and computer models in a sim-
ilar manner to those used for neutral reactions. The present
treatment also conveniently allows for modifications when
more accurate molecular input data become available.
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