Available online at www.sciencedirect.com

s‘:lENC}E(dDIHEOTe

Mass Spectrometry

ELSEVIER International Journal of Mass Spectrometry 249-250 (2006) 379-384

www.elsevier.com/locate/ijms

Collisional stabilization of highly vibrationally excitegt, m- and
p-xXylene ions (GH1¢") from 300-900 K and 1-250 Torr

Abel I. Fernande2!, I. Dotan®, Thomas M. Millef,
J. Troé, Jeffrey F. Friedmaf', A. Viggiano®*

8 Air Force Research Laboratory, Space Vehicles Directorate, 29 Randolph Rd., Hanscom AFB, MA 01731-3010, USA
b Department of Natural Science, The Open University of Israel, 108 Ravutski St., Raanana 43107, Israel
€ Institute for Scientific Research, Boston College, USA
d Institute for Physical Chemistry, University of Gottingen, Tammannstrasse 6, D-37077 Gottingen, Germany
€ Department of Physics, University of Puerto Rico, Mayaguez, 00681-9016 Puerto Rico
f Air Force Research Laboratory, Directed Energy Directorate, Kirtland Air Force Base, Albuquerque, New Mexico 87117-5776, USA

Received 1 November 2005; received in revised form 28 November 2005; accepted 29 November 2005
Available online 18 January 2006

Abstract

Branching ratios for the reactions of,Owith all three xylene isomers have been measured as a function of temperature over a wide rang
(300-900K) at a fixed number density (1,430 molecule cm? of helium) and for-xylene over an extended buffer gas pressure (50-250 Torr
of nitrogen) and temperature (473-623 K) range. Rate constants measured under selected conditions indicate that the reactions proceed
collisional rate. Two main products were observed in each reaction: the stabilized paregHesi,(S) and a dissociative charge transfer product,
C;H;* (D). The ratio of S/D was found to vary significantly with both temperature and pressure. At high pressure very little dissociation occurre
Results of statistical modeling similar to that used in our studiesalkylbenzenes represent the data well.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction negative ion mass spectroscopy and by comparing translational
energy releasg20-22]

There has been much interest in the study of the detec- There has also been much interest in the study of ionic
tion, reactivity, decomposition pathways and toxicity of xylenesxylenes. For example, there is evidence that combustion can
because these species, as well as other aromatics and volatile enhanced by ion—molecule chemiq&8]. The reactivity of
organic compounds (VOCs), are involved in the use, productionyarious neutral and ionic aromatics, including xylenes, has been
destruction, combustion and accidental emissions concernirgiudied[24—36] in part to elucidate pathways to end products
plastics, fibers, resins, power sources and field0]. Much  [37-41]
effort has been expended in the modeling of the effects of xylene Recently, we have studied the kinetics of charge transfer reac-
and other VOCs on the atmosph¢td,12], and there are con- tions for a homologous seriesmofalkylbenzenes (ethylbenzene,
cerns regarding the enhancement of formation of tropospherigropylbenzene and butylbenzene) over wide temperature and
ozone and other health risk§3—-15] There are concomitant pressure ranggg4—27,30]We produce the highly vibrationally
efforts to remove xylenes by microbial degradation, dischargesxcited alkylbenzene by charge transfer witst OThe excited
and plasmas, and by ultraviolet photooxida{i®/16—19] More-  species can either decompose by unimolecular dissociation or
over, the xylene isomers can be distinguished from each other hyndergo collisional stabilization in collisions with a buffer gas.

At higher temperatures thermal decomposition of the alkylben-
zene cation also becomes important.
mponding author. Tel.: +1 781 377 4028: fax: +1 781 377 1148, Malow et al.[42] recently studied the unimolecular dissoci-

. . +
E-mail address: albert.viggiano@hanscom.af.mil (A. Viggiano). ation of the Xy_lene and ethylbenzene Isomers gfi". They
1 postdoctoral Fellow “National Academy of Sciences”, USA. found vastly different values a&f(E) for the two isomers. Also,
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we have previously presented measurements of the ratio of stplier. The @ ions were made from £in an electron impaction
bilized parent, @H1o* (S), to the dissociation product;87* source.

(D), for the ethylbenzene isomer as a function of temperature The TIFT is similar to low pressure flow tubes except that
and buffer gas densitj26]. Detailed statistical modeling of larger flow rates are used to achieve higher pressures and
those experiment24] was used to determine energy transferReynolds numbers. Buffer gas pressure can be varied from 30
parameters and the details of the charge transfer mechanisio. 300 Torr and the temperature can be elevated up to 700 K.
Here, we extend our studies to the measurement-pb- and A liquid nitrogen storage vessel supplied the barrier gas,
p-xylene cations. Branching fractions have been measured favhich was preheated in a sidearm. The precursor ion3, O
them-xylene isomer as a function of temperature and buffer gasvere created upstream in an off-axis corona discharge source
pressure using our turbulent ion flow tube (TIFT, high pressureand were entrained into theflow in the sidearm. The feed gas
and moderately high temperatures) and for all three isomers ito the corona consisted of a mixture 1% oxygen in argon.

our high temperature flowing afterglow (HTFA). A mixture of N and vapor of the neutral reagent;xylene,
In the same fashion as our earlier work, the kinetics can b&vas injected through a moveable, axial tube into the reaction
represented by the following reactions: zone. Efficient charge transfer followed, producing the xylene
n n cation, GH1o*. At the end of the flow tube, most of the gas was
02" +CgH10—~ 02+ CgHio 1) removed by a large mechanical pump, while a small fraction was
O," + CgHip— Op+ CgHig™ ) sampled through a 150m orifice in a truncated nosecone. The
core of the ensuing supersonic expansion was sampled through
CgHio™ — CyH;T(Bz', Trt) + CHs (3) a skimmer into a mass spectrometer. The ions were analyzed

CaHig™ + M — CaHyo" +M @ Zl):a;g%agﬁgg:;?ass filter and counted by a discrete-dynode
CgH1o™ (+M) — C7H7+ + CHs (+-M) (5) In order to elevate the temperature, five zones of heating
were used and the gas temperature was maintaineel .
The asterisk indicates vibrational excitation of the nascenfThe main flow tube was heated in three zones, one short zone
charge transfer product; not all of these initial products haveat the upstream end, a long middle section and a zone inside
sufficient energy to dissociate. The fraction with enough energyhe vacuum chamber just upstream of the nosecone. The con-
to dissociate has been shown to be highly dependent on theection between the corona discharge tube and its sidearm was
charge transfer mechanisj24]. The symbols Bz Tr* refer  also heated. Lastly, it was found that preheating of the buffer gas
to the aromatic benzylium and the seven-membered tropyliunivas needed since the residence time was too small to cope with
ring, two isomeric forms of @H7*. We monitored S/D, whichis  the decrease in heat transfer at high pressures. The preheater
the ratio of collisional stabilization to dissociation events. Ourconsisted of two Mellen split type (clam shell) tubular heat-
experience is that over moderate density ranges, S/D is lineahg elements that surround a tubular piece of copper. The N
but that over extended density ranges, non-linearities occur dugas flowed through narrow channels (which traverse the copper

to the multi-state nature of the probld@%,25] tube along the axis) that have a radial-spoke cross-section. The
pattern was chosen to promote efficient heating.
2. Experimental technique In both apparatuses, the;Oprimary ion comprised >98%

of the primary ions. When a neutral xylene reactant was added,

Two apparatuses were used for these experiments. Th@oductions at91 amu (&), 106 amu (GH10") and 119 amu
branching ratio measurements over an extended temperatui@H-11*) were observed in the mass spectra of the TIFT and
range at a fixed gas number density were made using our higiHTFA experiments. The first of these ions is a fragment that
temperature flowing afterglow (HTFA) apparat[87,43,44] can exist as the aromatic benzylium isomer or as the seven-
High pressure experiments were conducted onlyfatylenein -~ membered tropylium isomer. The second is the non-dissociative
the turbulention flow tube (TIFT[R6,45] A brief descriptionis  charge transfer production, which will be different dependent on
given below for both technigues. Both of the experiments wer¢he isomer of xylene studied. The third ion is due to secondary
carried out at the Air Force Research Laboratory (AFRL). chemistry of the benzylium cation with neutral reactp4g].

In the HTFA, a fast helium flow transported the ions, cre-Effects of secondary chemistry were eliminated by varying the
ated by electron impact, through a heated quartz flow tube. Aylene reactant concentration and extrapolating to zero. Oper-
commercial furnace was used for the heating. After the gaseating the TIFT at 698 K and 80 Torr, a high resolution spectrum
reach equilibrium temperature, the reactant gas ¢- or p-  of them-xylene reaction showed a small amount of mass 105,
xylene, GHip) was added. Temperature can be varied fromindicating the loss of a hydrogen atom. This product has been
ambient up to 1500K and typical pressures vary from 0.5 tabserved when the xylene cation has high internal energy, in the
2 Torr. Here, we made measurements from 300 to 900K atalow et al. experimentgi2]. The only appreciable dissocia-

a buffer density of 1.45 10'® molecule cnt3, with the max- tive charge transfer product waskg;*, at 91 amu. The species
imum temperature limited by potential decomposition of theC;Hg* was not observed with xylene, unlike our earlier studies
xylenes. The bulk of the gas was pumped by a roots blower andf n-propylbenzeng25] andn-butylbenzeng27], because the

a small fraction was sampled before the ions were filtered by alkyl sidechain of the xylenes are notlong enough to promote the
quadrupole mass spectrometer and detected by an electron muMcLafferty rearrangement needed for this fragmentation chan-
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nel. The mass spectra exhibited common impurities due toa 10 - T T - T T
water impurity in the buffer; BO*(H20),1and G*(H20). The s SO 2:‘:;?;;‘%?:’}
impurities were less than 2% (sometimes much less) in both _ ® SID, p-xylens (HTFA)
apparatuses. No corrections to the recorded branching ratios — 7§ O meta, Amold et al.*
were made since the impurities were small and it was not clear 5 |~ 9 L
how to make corrections accurately. However, since the disso- ~, R
ciative product was small, a part of the scatter in the data may & g PR
result from the impurities. A w8

The following source gases were used for the experiments. @ 8
He (AGA, 99.995%) was used as the buffer gas in the HTFA )
after passing through a liquid nitrogen trap to remove water 0, + m-xylene — producis
vapor. Boil off from liquid nitrogen was used as the buffer in the [He] = 1.45x10"® molecfom”
TIFT. O, (Mass. oxygen, 99.999%) was used as the source gas
to produce @' in both experiments. Approximately, 1% mix- 0o a0 so s 700 80 so  ioo
tures ofo-xylene (Aldrich, 97%, anhydroug);xylene (Aldrich, T(K)

99+%' HPLC grade) and'xylene (Aldl’iCh, 99+%, anhydrous) Fig. 1. HTFA measurements for S/D of-, o- and p-xylene cations
in helium were used as the reactant neutrals. The vapors froffbm 300 to 900K at a constant number density of the bath gas He of

the xylenes were used after several freeze—thaw cycles. 1.45x 108 molecule cn3. The present data at each temperature are an aver-
age of three to six individual points. Also shown are room temperature results
3. Results from Ref.[29] (O) and from Ref[28] (O, O and{). The full lines (in order of

p-, o- andm-xylene from top to bottom) present the results of a modeling with

) _ —(AE)/hc=180cnT?, the dashed lines with 360 crh, see text.
In the present work, the main goal was to measure branching

ratios as a function of temperature and pressure. This requires
a low depletion of [@*] which is necessary to account for the
secondary chemistry but adds uncertainty to measurements fies the time between collisions. Similarly, the Langevin colli-
rate constants. In addition, rate constants in the HTFA have beesion rate with the N buffer used in the TIFT is independent of
found to be sensitive to experimental condition, but branchingemperature at 6.6 10-19cm?® molecule1s1.
ratios have not. Since, we were fixing the buffer gas number Fig. 1shows not only the present HTFA data but also room
density in those experiments, it was not possible to optimize fotemperature values of S/D taken at similar number densities from
accurate rate constant measurements. In addition, previous stuather experiments. The agreementdexylene angy-xylene is
ies of the reactions of £ with alkylbenzenes showed that reac- good to excellent. In contrast, that farxylene is less satisfac-
tion occurred on every collision for all conditiori85,26,47]  tory. The presentvalue for S/D of about 7.6 compares to previous
The extra effort required to measure rate constants at eadIFT values of 3.5 and28,29] No good explanation is appar-
set of conditions is time consuming using the current experient for the discrepancy, especially given the good agreement for
mental arrangement. Therefore, we only spent time testing thile other two isomers. The measurements were repeated a num-
assumption of a collisional rate constant for thexylene sys-  ber of times as a check, and S/D remained higher than values
tem in the TIFT at pressures less than 100 Torr. Above thiseported in earlier work.
pressure, substantially more observation time was necessary for If the present value of S/D fon-xylene at 300K is rejected,
experimental reasons. The average of the measurements of rében the S/D values follow the inequality: paraneta > ortho.
constants below 100 Torr was 210~°cm®molecules™t  Two sets of model lines are shownfig. 1, which rationalizes
over the temperature range of 473—-623 K. This value is in goothe absolute values and temperature dependences of the results.
agreement with our previous room temperature measuremefite relative values of the para and ortho isomers are well pre-
(1.7 x 10~9 cm® molecule ! s71) and with those ofparél and  dicted. The model predicts relative values for the meta isomer
Smith (1.9x 10~° cm® molecule 1 s~1). Both of these measure- to be more like the para isomer. However, agreement with either
ments were performed using the selected-ion flow tube (SIFTihe para or ortho results is within the uncertainties of the model
techniqug23,28,29] given that only very small differences in energetics are needed
The remainder of the experimental results consists of meao explain the differences. The details of the modeling are given
surements of the branching ratiodid,0*]/[C7H7*], or S/D, as  below.
a function of temperature and pressure. The HTFA was used to The pressure dependence of collisional stabilization was
measure the temperature dependence of S/D at a fixed bath gasasured using the TIFT over a buffer gas pressure range of
concentration for all three xylene ion isomers, from 300 to 900 K50—-250 Torr and temperatures from 473 to 623K for ihe
The results are shown iRig. 1L The buffer gas number den- xylene only. These data are shownFhig. 2 Measurements
sity was kept at a constant value (1430 molecule cn1?®) of S/D were made also at 698 K, but these higher temperature
in order to separate temperature effects from those of collisionsesults exhibited very large scatter and were thus discarded. The
The Langevin collision rate constant of the excited xylene ionTIFT has not yet been well characterized at such high temper-
with He buffer is 5.5¢< 10-1%cm® molecule 1 s71, independent  atures. The values of S/D are very large indicating that little
of temperature. Therefore, fixing the buffer gas number densitgdissociation occurs at these high pressures.
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150 T T T ' ' Our earlier studies of the reaction of Owith alkylbenzenes
e m-xylene clearly showed that the charge transfer procefgesnd(2) can
523 K proceed by three mechanisms: resonant charge transfer (branch-
573K ing ratioga) which essentially deposits the thermal energy of the
623K 1 neutral alkylbenzene @EH1g in this paper) into the parent ion
(CgH10"") in addition to the difference of the ionization energies
of O, and the alkylbenzene, complex-forming charge transfer
(branching ratiogp) which statistically distributes the energy,
50 . . ] and charge transfer producing electronically excited®@anch-
= ing ratio g¢c). Modeling the corresponding energy distributions
g(E, T) has been done in our work analogous to that described
previously[24,25,27] We useg, and g, as parameters, while
gc=1—ga— gp. The second set of input parameters needed to
model the data are the average energitg) transferred per
collision between vibrationally highly excitecsB10"" and the
Fig. 2. TIFT measurements of S/D for thexylene cation as a function of buffer gas M. We us€AE) values such as obtained from our
number density of Bl(50-250 Torr) over the temperature range 473-623K. Tegnalysis of the collisional stabilization of ethylbenzene cations
I|nesforT=473,523,573and 623 K (from top to bottom) show modeling results[24]. Finally, we require information on the specific rate con-
with —(AE)/hc=280cnT?, see text. ) . o .
stantsk(E) for dissociation of @H1o" . For the latter quantity,
in our energy range we only have relatively uncertain single-
Compared to our earlier experiments for ethylbenZ@6&  energy measurements from photodissociation experinfi@sits
n-propylbenzeng25] andn-butylbenzeng27] much larger val- ~ There are low energy measurementsdorylene[42], which,
ues of S/D were observed for xylene. Our modeling given b6|0Vhowever’ seem to have a very unusual energy dependence and
indicated that, for these large values of S/D, there should bgo not seem compatible with the single higher energy point. In
a nearly linear dependence of S/D ong]Nvith S/D~0 at  this situation, we must live with uncertainty of the input param-
[N2]=0. The modeled curves are also shownFig. 2 One  eters and to accept some deviation between the modeling and
observes some scatter around these curves. However, the trenflg experimental results.
are quite clear: at a giveRy S/D increases with [} because of We use collisional stabilization rate constapt&[M] with
more efficient collisional stabilization and, at a given]NS/D  the collision efficiencyy. approximated by49]:
decreases with increasirigbecause of increasing energy and .
hence an increasing dissociation rate. ve . —(AE)s @)
The kinetics outlined in Sectiohcan be analyzed for S/D. 1—¥¢  E — Eo

In its simplest form (assuming a single excited state) this can bgnere £, denotes the dissociation threshold energy for reac-
written as: tion (3) and the specific rate constai(&) of reaction(3) are

s [Cst J o« ) veZ[N2] © represented approximately by:
k(E) o (E — Eg)*** 8)

> H ¢ o

77

8 10

[C.H. "VIC_H.]
(]

S/D

0 110'® 21078 31018 41018 51018 6101€
IN,] (molecule/cm®)

D [CHI] 1-a  (1—a)k(E)

whereE denotes the internal energy of the chemically activated>/D then is derived from:

xylene cationsy the collision efficiency (for stabilization) and s 00 Ye(E)

k(E) is the specific rate constant for their fragmentation. We ideny = Z[M] /0 dEg(E.T) *(E) ©)

tify Zwith the collision rate constant, being the Langevin capture

rate constant betweergB10* and M. Finally, the symbat cor- ~ whereS™ is a fit variable.

responds to the fraction of nascent xylene cations that do not As done previously for ethylbenzene catiof#s}] we com-
have enough energy to decompdsé(ks + k»). This expression bine the single energy measuremgBt] for o-xylene of
predicts a linear dependence of S/D with pressure or numbélE) =7 (+3) x 10®s 1 at an energy oft/hc ~ 35,090 cn?,

density. A more detailed modeling identifying{lo) in terms ~ With k(E) =3 x 10*s~! at E/hc = 23,170 cmit in the middle of
of the branching of the charge transfer channels is given belowhe experiments from Ref42]. This leads to

E— Eo 5.85
he 35,090 crrrl]

4. Modeling ME) ~ 7(:3) < 10| (10)
In the following, we demonstrate that our measured S/D asvith Eo/hc =16,890 cnml. The exponent is similar to the value

a function of temperaturg and bath gas concentration [M] can of 4.824 derived for ethylbenzene catiofis7], but differs

well be accounted for by the modeling scheme elaborated in ounarkedly from a value of 17.93 derived in R§42]. As our

work on other alkylbenzené®4,25,27,47,48However, lackof measurements are made at energies close to the single high

information on a few of the input data required for the modelingenergy datum, the representation of BE)) appears to be much

leaves some arbitrariness in the finer detalils. more meaningful than that given for the low energy data alone.
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Table 1
Molecular parameters employed in the modeling

Molecule lonization Dissociation energy at Vibrational
energy (eVy} 0K (kJ mol1)b frequencies
o-Xylene 8.56 202 Ref51]
m-Xylene 8.55 205 Ref51]
p-Xylene 8.44 215 Ref42]
2 Ref.[50].

b Ref.[50], with conversion from 298 to 0K as in Ré85].

Keeping the same exponent as fekylene, the single-energy
measurement85] for the other xylenes correspond to

[ (E—E) 5%

k(E) ~ 5(*3) x 100 | ————— 11

(B) ~ 5&3) x 10| =6 050 omr L | (11)
with Eg/he =17,970 cnmt for p-xylene and
[ (E—E) 1°%

k(E) ~ 8(£3) x 108| ——— % 12

(B) ~8&E3) < 10" =e 170 om 1 | (12)

with Eo/hc=17,140cm! for m-xylene; seeTable 1for the
molecular data employed{AE)|-values for M=He of 180
(£90) cnt! and for M=N, of 285 150) cnm! were taken
from Ref.[24]. Likewise, initial branching ratios were taken
from Ref.[24]. However, we found thag.=0.1, rather than
gc=0.183 used in Ref24], gives slightly better agreement with
the experimental slopes of the lines showirig. 1 Therefore,
we usega=0.45,¢=0.45 andgc = 0.1 to initialize the model-
ing.

The effectiveyc-values are much smaller than unity such
thaty is essentially proportional tQAE). Therefore for large
values of S/D such as displayedrig. 2, the slope of S/D-plots
is sensitive to the ratio ofAE)/k(E) where the effective energy
depends orgz andgp. On the other hand, the small values of
S/D such as shown iRig. 1 are also sensitive, at fixeg, to
the partitioning of 1- g5 betweeng, and gc. This applies in
particular to the slope of the temperature dependendeigiri.
Incontrast, the TIFT measurements showRign 2are relatively
insensitive to the value @f. We, therefore, first optimizeg. by
inspecting-ig. 1 We found that there was a small dependence o

gc with gc =0.1 reproducing best the experimental temperatur
dependences. In order to reproduce the absolute values of S/D,

we had to take into consideration the considerable uncertain
of the ratio(AE)/k(E) discussed above. The full lines kig. 1
used—(AE)/hc =180 cnt! for M = He, such as determined for
ethylbenzene cations in R¢24]. Increasing(AE)| by a factor

of 2 yields the dashed lines shownkig. 1 These are in better

agreement within our experimental scatter such that fine-tuning
of the modeling results did not appear meaningful. One should
note that thermal dissociation did not play any role for the con-
ditions of the experimental results showrFiy. 2

5. Conclusions

The combination of our experimental and modeling results
show an internally consistent picture. The reaction gf @ith
the three xylene isomers presents itself as a chemical activa-
tion system where the initial charge transfer proceeds by three
channels, i.e., by resonant, complex-forming and electronic exci-
tation charge transfer pathways. This is similar to the modeling
for the corresponding ethyls;propyl- andn-butylbenzene sys-
tems. Having accounted for the superposition of the energy
distributions from these three channels, dissociation of xylene
cations competing with collisional stabilization needed to be
analyzed by amaster equation. In our treatmentthiswas doneina
simplified manner with the equations derived from a step-ladder
model. Employing specific rate constants from the literature as
well as charge transfer branching ratios and collisional energy
transfer properties such as derived for ethylbenzene cations,
the measured stabilization versus dissociation yields could be
reproduced within a factor of two in detail without further param-
eter adjustments. One can, therefore, conclude that the observed
properties of the considered reactions can be well rationalized
by our approach.
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