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The combination of HOCI formation and removal leads to a net
destruction of ozone via the cycle

HO, + CIO — HOCI + O, 3)

HOCI + hv — OH + CI 4

OH + O, —~ HO, + O, (19)
Cl+0;—ClO+ 0O, (20)

net: 20, — 30, 2n

In addition, HOCI formation plus photolysis converts HO, to OH
(combination of reactions 3 and 4). This results in an enhanced
ClO, effect on O; due to the reaction

OH + HCl — H,0 + CI (22)
which releases radical chlorine from the reservoir species.
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The experiments were carried out at temperatures ranging from 236 to 569 K. The O," ion reacted with #-alkanes (C,Hy,4s)
via fast nondissociative and dissociative charge-transfer channels, its proportion depending on temperature. The nondissociative
product C,H,,.,* subsequently reacted with O, via a slow H atom transfer path, producing alkyl ions. With increasing
temperature the alkane ions C,H,,4," (# 2 4) began to decompose thermally, producing olefinic ions and alkanes. The product
olefinic ions C,,H,,,* (m = 4, 5, 6) reacted with O, via a slow H atom transfer path, producing alkenyl ions C,,H,,,;*. The
CgH,;* decomposed thermally forming fragment alkyl ions and olefins. The fragment alkyl ions reacted with #-CgH, 4 reproducing
C;H,,*, thus leading to a chain mechanism in #n-CzH, 3 decomposition. The equilibrium reaction, C,H;* + C;Hg = C,H,,",
and the subsequent dissociative rearrangement reaction, C,H,;* — C,H," + H,, were studied. The reactions of NO* and
NOO", both minor products of the irradiation of N,—O, mixtures, with alkanes were also studied. The rate constants of
the ion~molecule reactions and the unimolecular thermal decomposition reactions and the equilibrium constant were measured.

Introduction

Ion—-molecule reactions and thermal decomposition of ions
occurring in N,-O,~alkane mixtures under high-pressure con-
ditions are important processes in some fundamental fields.
Elucidation of the O,-adding effect on ion reactions in hydro-
carbons is of special interest to radiation chemistry, since both
O, and hydrocarbons are important and much studied molecules
and, in addition, O, is sometimes used as a radical scavenger in
the radiolysis. Thermal decomposition of alkyl ions is interesting
because it causes ionic chain reactions in the radiation-initiated
thermal cracking of hydrocarbons.!

Our time-resolved atmospheric pressure ionization mass
spectrometer is suitable to study such ion processes in gases.

Experimental Section

A time-resolved atmospheric pressure ionization mass spec-
trometer (TRAPI) was used. Its details were described previ-
ously.>® Therefore only a brief summary will be given here. A
time-resolving function is added to a usual atmospheric pressure
ionization mass spectrometer {(API)* using repetitive X-ray pulses

" Present address: Japan Nuclear Fuel Service Co. Ltd., 2-2-2 Uchisai-
wai-cho, Chiyoda-ku, Tokyo 100, Japan.

0022-3654/88/2092-1126%01.50/0

(2 ns duration and 6.25-100 pulses/s) for ion generation. Dose
per X-ray pulse is 35 mR which produces 7.3 X 107 ions cm™ in
nitrogen gas at standard temperature and pressure conditions. Part
of ions thus produced flow out through a pinhole aperture (11
um diameter and 25 um long) into the vacuum chamber and, after
being mass analyzed by a quadrupole mass spectrometer, are
detected by using an ion multiplier together with a conventional
100-MHz pulse-counting equipment, then forming a mass spec-
trum and a time-dependence curve of mass analyzed ion intensity.
At the latter stage of the experiments a high-speed multichannel
scaler used so far to obtain time-dependence curves was replaced
with a new one (Seiko EG&G, DS-202D; minimum channel width
1 us), which was combined with a personal computer (NEC,
PC-9801), a minidisk unit, a printer, and a X-Y plotter.
Standard gases in cylinders (Seitetsu Kagaku Co.) of individual
N,-alkane (C,Hg, C3Hg, n-C4H 4, n-C3H 5; 20 ppm) mixtures

(1) Matsuoka, S.; Tamura, T.; Oshima, K.; Oshima, Y. Bull. Jpn. Pet. Inst.
1978, 17, 58.

(2) Matsuoka, S.; Nakamura, H.; Tamura, T. J. Chem. Phys. 1981, 75,
681.

(3) Matsuoka, S.; Nakamura, H.; Tamura, T. J. Chem. Phys. 1983, 79,
825,

(4) Horning, E. C; Horning, M. G,; Carroll, D. L; Dzidic, 1.; Stillwell, R.
N. Anal. Chem. 1973, 45, 936.
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Figure 1. Typical mass spectra obtained for (1) N,~0,(1050

ppm)-C,H(1.42 ppm) at 302 K; (2) Ny~O,(1050 ppm)-C;Hg(1.18
ppm) at 302 K; (3 and 3’) N;~0,(200 ppm)-n-C,H,,(1.00 ppm) at 301
and 491 K; (4 and 4) N;~O,(1900 ppm)-n-C¢H,(1.03 ppm) at 300 and
499 K; (5 and 5”) N,~0,(4100 ppm)-n-CgH 5(1.95 ppm) at 300 and 498
K. The ions produced from N,~O, components, i.e., N,* (a), NO* (b),
0,* (c), NOO* (d), O,* (e), and their N, cluster ions, are labeled only
in the mass spectrum 1 for simplicity.

were used. These gases were diluted with the N,-O, (35-10000
ppm) gases in order to give appropriate alkane and O, contents
in the reactant gases. The alkane contents were measured by gas
chromatography and the oxygen contents by a concentration cell
type oxygen analyzer. The experiments were carried out at
temperatures ranging from 236 to 569 K and at atmospheric
pressure.

Results and Discussion

1. Mass Spectra and Formation of 0,*, NO*, and NOO*.
Mass spectra give information about ions participating in reactions.
Figure 1 shows typical spectra for the N,—0,(200~4100 ppm)-—
alkane(~1 ppm) mixtures at 300 and 500 K. They were obtained
while pulsing and correspond to average intensities during a time
interval of 180 us beginning at 35 us after the pulse irradiations.
(Drift time of jons passing through the quadrupole rods of the
mass spectrometer is somewhat longer than 35 us.)

In atmospheric pressure N,-O,(~ 1000 ppm) mixtures, N,*
and Nj* are formed instantaneously by the irradiations. Sub-
sequently, they change to O,*, NO*, and NOO* within a few
microseconds by reactions with O,. The NOO™ ions, which have
a different structure from the well-known ONO*3* decompose
thermally to NO* + O with a rate constant of 5.6 X 107 exp(-
4500/RT) s7'.> The formation ratio of O,* to NO* + NOO*
is 4.7% and that of NOO™* to NO* is 1.7 at 303 K.3 The O,*, NO*,
and NOO* react with alkanes (C,H,,+,) forming alkane ions, alkyl
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Figure 2. Time-dependence curves of the major ion intensities observed
in N;-0,(1050 ppm)-C,H¢(1.42 ppm) at 302 K. The O,* curve is
shifted to the right to avoid overlapping with the NO* curve.

ions, olefinic ions, and alkenyl ions. The N,* ions observed in
Figure 1 are formed by the irradiation of rarefied buffer N, gas
outside the reactor and so disappear rapidly by diffusion.? The
impurity ions observed, mainly H,O cluster ions, are insignificant
in amounts owing to the initial short observation time: such time
interval was used to study reactions without interference of im-
purities.

2. 0,% + C,Hy,yy and C,Hopy* + O, Reactions. 2.1. Ethane.
Figure 2 shows time-dependence curves of the major reactant and
product ions in N,~O,(1050 ppm)-C,H¢(1.42 ppm) mixtures at
302 K. The rate constant of O,* + C,H reaction can directly
be obtained from the decay slope of O,* and the concentration
of C,Hg. The decay of ions due to diffusion to the reactor wall
and charge neutralization in gas volume is only about 15% per
300 us over the temperature region studied here.>® Therefore,
it did not interfere with the determination of reaction rate con-
stants. The detailed procedures are given in ref 2. Reaction rate
constants measured here are summarized in Table I. N, cluster
ions O,*-nN; gave the same decay slope as the bare ion O,* did.
This was the general observation for the N, cluster ions of other
bare ions. Effect of N, clustering on the reaction rate constant
will be discussed later. The reaction model is inferred from Figures
1 and 2 as follows:

02+ + C2H6 - C2H6+ + 02 + 0.6¢eV (la)
— C,H* + HO, + 1.5 eV (1b)

(Thermochemical data used here were obtained from ref 7 and
8.) Although the n2/z 30 curve consists of C,H¢*, isotope peak

(5) Guilhaus, T.; Brenton, A. G.; Beynon, J. H.; O'Keefe, A.; Bowers, M. .

T.; Gilbert, J. R. Int. J. Mass Spectrom. Ion Processes 1988, 63, 111.

(6) Matsuoka, S.; Nakamura, H.; Tamura, T. Chem. Phys. Lett. 1984,
106, 347.
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TABLE I: Reaction Rate Constants Measured in the Present Experiments

Matsuoka and Ikezoe

reaction

rate const, cm® s~}

temp, K (comments)

Ion—-Molecule Reaction

0,* + C,H; — C,Hy* + 0,
0,* + C;H; — C;Hg* + O,
0," + n-CgHyo — CeHyo* + O, (~84%)

(1.21 £ 0.20) x 107
(1.36 £ 0.21) x 10°
(1.46 £ 0.23) x 10

236-458
302
301 (product distributions

— CHg* + H, + 0, (~1%)
— C;H,* + CH, + 0, (~15%)
0,* + n-CeH,, — CHy*t + 0, (~73%)

— CH,* + CH, + O, (~2%)
—~ CH,* + H + C,H, + O, (~2%)
— CHg* + C,H, + O, (~6%)
- CHy* + CH, + O, (~10%)
— CsH,,* + CH, + 0, (~3%)
— CeH,, + H, + O, (~3%)
0,* + n-CgHyg — CgHyg™ + O, (~92%)

- C5H“+ + C3H7 + 02 (~2%)
had C6H13+ + C2H5 + 02 (~4%)
- C7H|5+ + CH3 + 02 ("’1%)

(1.99 £ 0.30) x 10°°

(1.94 £ 0.30) X 10°°

depend on temperature (see text))

300 (product distributions
depend on temperature (see text))

300 (product distributions
depend on temperature (see text))

NOO* + C,H, — C,H;* + NO + OH
NOO* + C;H, — C;H,* + NO + OH
NOO* + n-C,H,, — C{H,* + NO + OH
NOO* + n-C¢H,s — C¢H,;* + NO + OH
NOO* + n-Cngs g C3H17+ + NO + OH
NO* + n-CgH,, — C;H,;* + HNO

NO* + n-Cngs - C3H17+ + HNO
C,H¢* + 0, — C,Hy* + HO,
C3Hg+ + 02 g C3H7+ + HOZ
nCH,,* + 0, — C,Hy* + HO,
n'C6H14+ + 02 g C6H|3+ + H02
n-CgH,i* + 0, — C3H,,* + HO;
CyH" + n-C,H,o — C,Hg* + C;Hs
C4H3+ + 02 g (:,‘]'17‘+ + HOZ

CSHlO * 4 02 g C5H9+ + H02

CeH,t + 0, — C¢H, " + HO,

(0.89 £ 0.15) X 107
(1.08 £ 0.18) x 107
(1.03 £ 0.21) x 10°°
(1.53 £ 0.30) x 10°°
(1.70 £ 0.40) x 107

(1.85 £ 0.40) x 10710

(4.9 £ 1.0) x 10710

(1.15 £ 0.35) x 107!°

(3.3 £ 0.6) X 10711
(7.5 % 2.0) x 1077
(4.2 % 1.0) x 109
(1.4 £ 0.7) x 1071
(7.3 % 1.5) x 10719

(4.7 £1.2) x 10714

(1.7 £ 0.4) x 10713

(1.5 £ 0.4) X 107

302

302

301

300

300

300-508 (insignificant
temperature dependence)

300-483 (insignificant
temperature dependence)

302

302

301

300

300

498 (C3Hg* formed by the
decomposition of n-C,H,")

500 (C,H;* formed by thermal
decomposition of n-CgHs*)

444-534 (CsH,o* formed by thermal
decomposition of n-CgH g%,
k temperature independent)

444-534 (C¢H,,* formed by thermal
decomposition of n-CgH %,
k temperature independent)

C,H;* + C;H; — (4.6 £ 0.9) x 10710 302
sec-C;H,* + n-CyHyg — (4.2 £0.8) X 10710 301
(2.5 £0.5) x 107%° 498
Thermal Decomposition®
n-C4H ot — C3Hg* + CH, (1.4 X 10') exp(~20000/RT) 405-461
n-CgH 4t — C4Hg* + C,H, (3.0 X 10'*) exp(-19500/RT) 380-457
n-CgH gt — C,Hg* + C4Hyq (7.1 X 10'") exp(-15000/RT) 398-483

— CsHo* + C;H,

— CgHp* + C;H,
C3H17+ - C4H9+ + C4Hs
- C;Hy " + C;H,
i CéH‘3+ + C2H4

(1.3 X 10'3) exp(-21000/RT)

447-543 (C8H17+ from n'Cngg)

Rearrangement?

(C,Hg¢H:C,Hs)* — sec-C,Ho*t + H,

2Rate constants in s7!.

(IP) of C,H;* (natural abundance of *C is 1.12%), and NO*,
its shape and size suggest insignificant presence of C,H".
However, when we reduced the oxygen content from 1050 to 35
ppm the shape changed drastically as is shown in Figure 3. The
initial convex should be attributed to C,H,*, although the curve
in the latter time stage is explained solely by the C,H;* IP and
NO™*. Subtracting these components from the m/z 30 curve, we
obtain the C,H¢* curve illustrated by the solid line. These ob-

(7) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. J. Phys.
Chem. Ref. Data 1977, 6, Suppl. 1.

(8) Stull, D. R.; Prophet, H. JANAF Thermochemical Tables, 2nd ed.;
Natl. Stand. Ref. Data Ser. Natl. Bur, Stand. No. 37; National Bureau of
Standards: Washington, DC, 1971.

(3.6 X 10'?) exp(~12000/RT)

305-356 ((C,HsH-C,Hy)* formed by
C,Hs* + C,H, reaction)

servations show the occurrence of reaction la and a subsequent
H atom transfer reaction

CH¢t + 0, = CHt + HO, + 0.91 eV 2)
Therefore, the time dependence of C,Hg* intensity is written as
[CHg™] =

k1o [CoH] [0, o

fexp(—k,[C,Hqglt) — exp(—k,[O0;]10} (3

710,] ~ k.. [CoHg]' p(=k1,[C,Hql?) p(-k,[0,]0)} (3)
where [O,%], is the initial concentration of O,*. Since [O,] >
[C,Hg], k,[O,] will be greater than k,[C,Hg]. Indeed, the decay
slope of C,H¢* is equal to that of O,* and so it does not give the
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Figure 3. Time-dependence curves of m/z 30 ions observed in N,~0,(35
ppm)-C,Hq(1.84 ppm) at 301 K. The solid line, C,H¢*, was obtained
by subtracting the contribution of C,Hs* IP and NO* from the m/z 30
curve.

k, value. In this case we can determine the k, value by the
curve-fitting method. If we choose k;, = 1.15 X 10710 cm® 57, the
calculated curve by use of eq 3 just fits the solid curve in Figure
3. As the initial rising slope of C,Hs* curve (not shown in Figure
3) is gentle compared with that of C,H¢*, reaction 1b does not
seem to occur significantly irrespective of its higher exothermicity
than reaction la. It has been generally observed that exothermic
charge-transfer reactions to polyatomic molecules are fast.>'® On
the other hand, H -transfer reactions are slow due to the internal
barrier of reaction path.!®!! This seems to be true for reaction
1. Thus, alkyl ions C,H;s* are formed not by reaction 1b but by
the two-step reactions la and 2.

A reaction between excited O,* and CH, is proposed to proceed
by the following modes:'2

02+(a47|'u) + CH4 - CH4+ + 02 +34¢eV (4a)

The rate constant for reaction 4 is reported'? to be 1.2 X 107 cm?
s7!, and the branching ratio k4/k4, to be 0.5. However, we
consider from our results for C,H,, C;Hyg, C4H,q, and so on (see
later) that a dissociative charge-transfer reaction

O,*(@*r) + CH, —~ CH;*+H+ 0, + 1.8 ¢V

would be more plausible than (4b) for the CH,* formation mode.
For reactions between the ground-state O,* and C,H,,,, a dis-
sociative path becomes exothermic only when n 2 4.

In our atmospheric pressure experiments many cluster ions are
observed. When nN, or O,-nN, clusters to O,*, the mass of the
reactant ion and the reduced mass of the reactants will increase.
Collision theory predicts that the collision constant between
0O,*nN, and C,H, will decrease from 1.25 X 10 cm? s7! for bare
O,* (n=0) to 0.88 X 10 cm? s”! for large cluster ions (n = =).
Since the clustering energy is weak, the abundance of the cluster
ions will decrease with increasing temperature. In the N,—0,(1050
ppm)—C,H4(1.42 ppm) mixtures, the abundance ratio of the bare
0, to ¥ ,=0(0,7nN, + 0,%-0,-nN,) changed from 0% at 236
K to 85% at 485 K and the ratio of O,%0,nN, to 3_,-o(0,-nN,

(9) Laudenslager, J. B. In Kinetics of Ion-Molecule Reactions; Ausloos,
P, Ed,; Plenum: New York, 1979; p 427.

(10) Ikezoe, Y.; Matsuoka, S.; Takebe, M.; Viggiano, A. A. Gas Phase
Ion-Molecule Reaction Rate Constants Through 1986; Maruzen: Nihonbashi,
Tokyo, 1987.

(11) Meot-Ner, M. In Gas Phase Ion Chemistry; Bowers, M. T., Ed,;
Academic: New York, 1979; Vol. 1, p 197.

(12) Lindinger, W.; Albritton, D. L.; Fehsenfeld, F. C. J. Chem. Phys.
1979, 70, 2038.
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+ 0,*.0,:nN,) changed from >90% at 236 K to 0% at 458 K.
Irrespective of these large variations of clustering, 10 measured
rate constants of reaction 1 over these temperatures were within
the range of (1.15 & 0.12) X 10 c¢m?® 57!, although a slight
increase of the value was observed with increasing temperature.
This will show that the rate constant of O,* + C,H, reaction is
nearly the same as that of O,".0, + C,Hg reaction and further
that the N, cluster ions may be mainly formed outside the reactor
by adiabatic cooling through the pinhole aperture. On the other
hand, Dotan et al.!? reported that, although the O,* ion reacted
with CH, slowly giving CH;0,™, this reaction did not proceed
for O,*.0, irrespective of its weak binding energy of ~9.5
keal/mol.'4

Referring to hydrocarbon ions seen in Figure 1, the abundance
of their N, clusters is small even at room temperature and it
decreases with increasing temperature to an insignificant amount.
Therefore, the presence of the cluster ions would not affect the
interpretation of the results given below even if they are formed
in the reactor.

2.2. Propane, n-Butane, n-Hexane, and n-Octane. Similar
reactions to those described above for ethane were observed. For
alkanes with n = 4, dissociative charge-transfer channels opened
in addition to the nondissociative one.

For C3H8,
02+ + C3H3 g C3H8+ + 02 + l.1eV (5)
C;H;t + O, — (n- or sec-)C;H,t + HO, (+0.69 or 1.4 eV)
(6)
For n-C4H10,

02+ + n'C4H]0 - n'C4Hlo+ + 02 +16eV (~84%) (73)

- (2' or 1')C4Hg+ + Hz + 02 (+17 or 1.2 CV) (NI%)
(7b)

— (1)C;Hy* + CH, + 0, (+0.30 eV) (~15%) (7c)

n'C4H10+ + 02 -
(sec- or n-)C,Hyt + HO, (+1.0 or 0.30 eV) (8)

For n-CsH,4,
O, + n-CeHyy — n-CHy it + O, + 1.9 eV (~73%)  (92)
— (1:)C;Hy* + n-CH, + 0, (+0.43eV) (~2%) (9b)
- CH + H+CHs + 0, (~2%) (9)
— (1)CHg" + CHg + 0, (+1.6eV) (~6%) (9d)
— (1)CHo* + CHs + 0, (+0.52¢eV) (~10%)  (9¢)

— CH,* + CH; + 0, (~3%) (9f)

— CH," + Hy + 0, (~3%) (9g)

n-C¢Hy .t + O, — C¢H,;* + HO, (10)

For n-CgH,s,

O,t + n-CgH s — n-CgH 5™ + O, (~92%) (ll1a)

— CHy* + C,Hy + 0, (<1%) (11b)

— CHy* + CH, + 0, (~2%) (11c)

— CHyy* + CH + 0, (~4%) (11d)

—~ C,H,s* + CH; + 0, (~1%) (11f)

n-CsHys* + 0, — C4H,,* + HO, (12)

The O,* + C,H,,, reaction may directly produce C,H,,+,* ions
(with neutral products of H + O, or HO,) in addition to the

(13) Dotan, I.; Davidson, J. A.; Fehsenfeld, F. C.; Albritton, D. L. J.
Geophys. Res. 1978, 83, 4036.
(14) Durden, D. A ; Kebarle, P.; Good, A. J. Chem. Phys. 1969, 50, 805.
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Figure 4. Time-dependence curves of C,;Hy* and C;H,o* in N,-0,(850
ppm)-n-C,H;,(0.94 ppm) at 302 K used to obtain the mode of the
NOO* + n-C/H,, reaction. The solid curves were obtained without
taking into consideration the formation of C,Hg* from this reaction (see
text).

products described above. However, by comparison of the initial
rising slope of C,H,,+,* with that of C,H,,,,*, the contribution
of the direct formation channel was found to be less than a few
percent. We got this result from the curves (not shown) which
are like those in Figure 4 (see later) but were obtained at tem-
peratures above 460 K for the gas system with 200 ppm O, and
1 ppm C,H,,+, (n = 4). For such oxygen content the rising slope
of C,H,,+,* became slower and at such high temperatures reaction
15 (see later) became insignificant because of rapid thermal
decomposition of NOO®, these making it easy to evaluate the
contribution of the direct formation channel of C,H,,+,*. Product
distributions described above are values at 300 K, which were
determined from the initial intensities of the corresponding
time-dependence curves. With increasing temperature, the per-
centage of the nondissociated ions decreased: for n-C,H;p, ~84%
at 300 K, ~74% at 399 K, ~52% at 426 K, and ~12% at 491
K; for n-C¢H,y, ~73% at 300 K, ~57% at 391 K, ~21% at 460
K, and ~6% at 499 K; for n-CgH,5, ~92% at 300 K, ~50% at
407 K, and ~25% at 476 K. At the same time, the distribution
of the dissociative modes were also affected; for instance, C,Hy*
formation in n-CgH ;5 increased as can be seen in Figure 1. In
addition, with increasing temperature the unimolecular thermal
decomposition of the product C,H,,,* ions began to occur. This
will be described later. The rate constants of reactions 1a, 2, 5-12
measured here are listed in Table I. Charge-transfer reactions
are seen to proceed with collision rates, while the subsequent H
atom transfer reactions proceed slowly, becoming slower and
slower with increasing carbon number of alkane ions. A few rate
constants for the reactions

CoHymitt + CHyppy = CHypp ¥ + CuHypes (m<n)

(13)

were also measured and the values are listed in Table I.

It should be noted that in most reactions in Table I the product
ion structure is not known. Two or more isomers may be formed.
Isomerization may occur during or after the ions are produced.
Therefore, the structures of ions participating in subsequent re-
actions will be even more uncertain.

3. NO* + C,H,,4, Reactions. The H™-transfer reaction

NO* + C,H,,+, =~ C,H;,4,+ + HNO (14)

was examined and the rate constants measured are summarized
in Table I. The reaction is exothermic for n-alkanes of n > 6 and
correspondingly the reaction proceeded for n-C¢H,, and n-CgH ;.
These observations are in good agreement with the results of ICR
apparatus by Lias et al.,!> except that the reaction rate constant
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Figure 5. Time-dependence curves of C,Ho* in N;-0,(200 ppm)-n-
C4H,((1.00 ppm) at various temperatures showing the occurrence of its
thermal decomposition reaction: (1) 301 K; (2) 329 K; (3) 377 K; (4)
405 K; (5) 434 K; (6) 461 K.

for n-C4H,, measured here is about 5 times larger than their value.
Temperature dependences for these reactions were not observed
between 300 and 500 K.

4. NOO* + C,H,,,, Reactions. The decay slope of NOO*
was enhanced by addition of the alkanes, and the following reaction
was inferred:

NOO* + C,Hyus = C,Hypet + NO+ OH  (15)

In Figure 4 time-dependence curves of C;H;o* and C,Hy* in
N,-0,(850 ppm)-n-C,H,((0.94 ppm) mixtures at 302 K are
shown. The corresponding two solid curves were calculated based
on reactions 7, 8, and 13 (C,H,p+,* = s-C;H;*) and using the
rate constants in Table I. Although the solid curve for C,H;,*
fits the experimental points, the solid curve for C,Hy* rises more
slowly than the experimental points. However, if we add reaction
15 as a source of C,Hg* ions, the calculated curve just fits to the
experimental curve. (The initial amount of NOO* was chosen
to be one-tenth that of O,*. The contributions of diffusion loss
of ions, reactions with trace amount of impurity water, and the
isotope peak of C4Hyt were taken into consideration to obtain the
calculated curves.) Further, with increasing temperature the
experimental curve shifted to the curve calculated without reaction
15, this being explained by a loss of NOO™* due to thermal de-
composition. Thus, we have chosen C,Hyt as the product of
reaction 15.

5. Thermal Decomposition of C,Hy,,t and Subsequent Re-
actions. 5.1. Thermal Decomposition. The time-dependence
curves of C,H,o" ions formed in N;—0,(200 ppm)—-#-C,H ,(1.00
ppm) mixtures are shown in Figure 5 for various temperatures
from 301 to 461 K. They are illustrated after subtracting the
contribution of the isotope peak of C,Hy* from the m/z 58 curves.
The m/z 58 curves also contain NO*.N, as a small fraction.
However, since the decay slope of NO* due to diffusion and
reaction with impurity water is roughly equal to that of C,H,",
the contribution of NO*N, can also be subtracted together with
C, Hy* IP except for its initial part. The decay slope of C,H "
thus obtained is clearly seen to be enhanced with increasing
temperature. This enhancement should be attributed to the
following thermal decomposition reaction:

n-C4H10+ - C3H6+ + CH4 + 0.04 eV (16)

The product ion was inferred from the mass spectra, the time
dependence curves of C4H " and candidate product ions, and
energetic consideration. Figure 6 shows the time dependence

(15) Lias, S. G.; Eyler, J. R.; Ausloos, P. Int. J. Mass Spectrom. Ion Phys.
1971, 19, 219,
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Figure 6. Time-dependence curves of C4H,¢*, C;H,*, and C Hg* at 498
K showing the modes of the thermal decomposition of C,H;o* and the
successive reaction of the product C;Hg*.
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Figure 7. Arrhenius plots of the thermal decomposition reaction rate
constants of n-C,H,o*, n-C¢H,,*, n-CgH 5%, and CgH,*.

curves of C;H,o* and C;H,* at 498 K. The C;H¢* intensity
increased corresponding to the decrease of C{H,o* (see the be-
havior of these ions between 70 and 130 us; the increase of C;H,*,

however, is not so clear because of overlap with the decay curve

of N3* which has the same m/z).

Figure 7 shows Arrhenius plots of the decay slope of C;H o*.
At low temperatures reaction 8 is predominant but at high tem-
peratures reaction 16 proceeds predominantly. Therefore, acti-
vation energy of reaction 16 was determined from the plots in the
high-temperature region as 20 £ 2 kcal mol™ and its rate constant
as kg = 1.4 X 104 exp(-20000/RT) s7..

For n-C¢H,,* and n-CgH,;* similar thermal decomposition
reactions were observed and the following modes were inferred
from the mass spectra.

n-C6H14+ - C4Hg+ (17)
n-CgH;s* — CHy,*, CsHyo*, CHy* (18)

Formation of alkyl ions such as C,;Hg* and CsH;,* does not seem
to occur from the energetic viewpoint. It should be noted that
these olefinic ions would also be produced by the dissociative
charge-transfer reactions, 9 and 11, at high temperatures. Ar-
rhenius plots of the decay slopes of n-C¢H,,* and n-CgH g* are
given in Figure 7. Activation energies were determined as E};
= 19.5 + 2 kcal mol™! and E5 = 15 £ 2 kcal mol™}. The rate
constants were obtained as k;; = 3.0 X 10'* exp(—19 500/R7T)
s7!, and as kg = 7.1 X 10! exp(-15000/RT) s7..
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Figure 8. Time-dependence curves of C¢H,,* and CgH;,* in N~0,(4100
ppm)-n-CzH 5(2.0 ppm) at 543 K showing the occurrence of the C¢H,*
+ 0, = C4H;* + HO, reaction.

Reactions 16-18 may be explained by a similar four-center
complex fission mechanism used for the pyrolysis of neutrals.'¢
That is

. +
H H H H

~N Ve Na__ _ +
H;C—“C<H2 = /9---9\ — (H,C=CHRy)
R} H Wby Pe +

RH

where R, and R, are alkyl radicals. Elimination of R;H would
be energetically easier for ions than for neutrals for lack of one
binding electron probably in the cyclic transition state. This
explains the lower activation energies observed. Preexponential
factors obtained here have an ambiguity of nearly one order of
magnitude due to £10% errors of the activation energies. For
neutral X-substituted hydrocarbons, RX (X = halogen, OH,
OCH,), elimination reactions of HX are reported to have acti-
vation energies of around 50 kcal mol! and preexponential factors
of around 1013-10' s71.16

5.2. Subsequent Reactions of the Product Olefinic Ions. The
C,;H,* ions formed by reaction 16 decreased with time and cor-
respondingly the C,Hg* ions increased as is shown in Figure 6.
This is explained by the following H, -transfer reaction:

C3H6+ + n'C4H10 - 2'C4Hg+ + C3H8 + 0.69 eV (19)

The reaction rate constant measured here, 7.3 X 107 cm?® 57! at
490 K, is somewhat higher than the reported values, (4.9-5.1)
X 10—10 cm3 s—1'17,18

The C,H;*, CsH, o+, and C¢H,* from reactions 17 and 18 also
decreased with time and correspondingly C,H,*, CsHy*, and
C¢H,,* increased. Time-dependence curves of C¢H,,* and C;H,,*
in N,-O, (4100 ppm)-n-CgH 5(2.0 ppm) at 534 K are shown in
Figure 8 as an example. The decay slopes of these olefinic ions
were enhanced proportionally with increasing O, concentration.
This means the occurrence of the reaction

CmH2m+ + Oz g CmH2m—l+ + H02 (m = 4—6) (20)

Reaction rate constants were measured at temperatures between
444 and 534 K and the results are summarized in Table I.
Significant temperature dependences were not observed.

As can be seen in Figure 8 the C¢H,,* (m/z 84) intensity did
not decrease to zero but remained at about one-tenth of its initial
value. This may indicate that the C¢H,,* ions have two types
of structures, the major one being reactive and the minor one much

(16) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 1976;
plll

(17) Sieck, L. W,; Searles, S. K.; Ausloos, P. J. J. Res. Natl. Bur. Stand.
1971, 754, 147.

(18) Sieck, L. W.; Lias, S. G. J. Phys. Chem. Ref. Data 1976, 5, 1123.
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Figure 9. Van't Hoff plots of K, = [C,H,;*]1/[C,H;*}[C,H] and Ar-
rhenius plots of the rate constant of (C,Hs-H-C,Hs)* — sec-C,Hy* + H,
reaction.

less reactive. This was the same for C,;Hg* and CsH o*. The
product alkenyl ions CsHg* and CgH,* were stable in the present
gas mixtures, but the C,H,* ions decreased to zero with the same
decay slope of reactive C,Hg*, showing the occurrence of sub-
sequent reaction.

The H, -transfer reaction between these olefinic ions and »-
C¢H,; and n-C4Hy,, similar to reaction 19, would not occur be-
cause of the following reason. The H,™ transfer is reported to
proceed by two-step mechanism,'” first the H™-transfer reaction
and then H transfer. The H™-transfer reaction from n-C;H,, and
n-CgH, 5 would be endothermic even for the most reactive structure
of C,.H,,* (m = 4-6), i.e., 1-C,,H,,,*, although the overall H,
transfer reaction is exothermic. Therefore, the H, -transfer re-
action does not occur.

It is interesting to note that both radical cations, i.e., alkane
ions and olefinic ions, react slowly with O, producing corresponding
alkyl and alkenyl ions.

6. Fate Of CnH2n+1+ in CnH2"+2. 6.1. C2H5+. The C2H5+ ion
in C,H, reacts as follows:

CH;*— CH,* + H, (22)

The time dependences of these ions at 302 K are shown in Figure
2. Since the mass number of C;Hyt is the same as that of
C,H;*'N,, the curve labeled as C,H,*N, contains partly
C,H *2N,. Therefore, the initial rising slope of C;Hs*-N, re-
sembles that of C,;Hs* and the subsequent decrease of the curve
is also affected by the presence of C,Hs*-2N,. As the reaction
time proceeds, the decay slope of C,Hs* becomes equal to that
of C,H,,*, showing an attainment of the equilibrium of reaction
21. The C,H,,* ion would have the three center bonded structure
(C,Hs+H-C,H;)* and the C;H,* ion a sec-butyl structure as was
proposed by Hiraoka and Kebarle.!® In their experiments the
equilibrium was not observed because of the relatively low
pressures of S Torr. In our experiments the equilibrium constant
K, = [CH,*]/[C,H*][C,H,] could be measured from the in-
tensities of C,H,;*-nN, and C,H:*-nN, (n = 0) ions at temper-
atures between 305 and 356 K. Van’t Hoff plots are given in
Figure 9. From the figure the enthalpy and entropy changes were
obtained as AH,; = 12 + 2 kcal mol™ and AS,, = -15.7 cal mol™
deg™! (for AH,, = 12 keal mol™). Since the decay slope of C,H;*
becomes equal to that of C,H,,*, the following equation holds

ka1 [CoHs*[C,Hg] = kyp[CH,,i ] (23)

where k,, is an apparent second-order rate constant of the overalil

(19) Hiraoka, K.; Kebarle, P. Can. J. Chem. 1980, 58, 2262.
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Figure 10. Time-dependence curves of CgH,5* in N,—0,(4100 ppm)-n-
C3H (2.0 ppm) at various temperatures showing the occurrence of its

thermal decomposition reaction: (1) 301 K; (2) 447 K; (3) 483 K; (4)
509 K; (5) 543 K; (6) 569 K.

forward reaction of 21 and k,,[C,Hg] is given by the decay slope
of C,Hs*. Thus, ky, can be obtained from eq 23. Arrhenius plots
of k,, are given in Figure 9. From the plots activation energy
is obtained as E,, = 12 % 2 kcal mol™! and the rate constant is
expressed as ky, = 3.6 X 10'2 exp(~12000/R7T) s™'. Hiraoka and
Kebarle reported £, = 9.6 £ 1 kcal mol™!. They further con-
cluded that AH,, should be larger than E,, based on their ob-
servation of the negative temperature dependence for the C,Hg*
formation, and estimated somewhat arbitrarily AH,, = 13 £ 3
kcal mol™!. The negative temperature dependence under their
conditions, however, would not given an evidence of AH,, > E,,,
because the concentration of (C,H;,;*)}* (see reaction 6 in ref 19)
should have a negative temperature dependence and therefore the
C,H,* formation rate might show a negative temperature de-
pendence even.in a case of AH,, < E5;. The 15% errors of our
measured values mainly come from the mass number overlaps of
C,Hs*nN, and C,Hy*-(n - 1)N, ions.

6.2. C;Hy*, CiHy*, CoH 3%, and CeH 5%, These ions did not
react with the respective parent alkanes, unlike C,Hs* in C,H;.
Formation of cluster ions C,Hj,4**C,H,,4, Was not observed in
the mass spectra at 300 K. However, since the alkane content
was as low as about 1 ppm and trace impurities such as water
obstructed the interpretation, a possibility can not be excluded
of the occurrence of slow reactions with a rate constant less than
107! cm? 57! for C;H; and n-C4H g, and 10712 cm?® 57! for n-CgH 4
and #-CgHs. These alkyl ions except for CgH;* were also
thermally stable at least up to 500 K.

7. Thermal Decomposition of CgH\;* and Subsequent Ionic
Chain Reactions. The time-dependence curves of CgH,;* in
N,—-0,(4100 ppm)-n-CgH,;3(2.0 ppm) are shown in Figure 10 for
various temperatures from 301 to 569 K. The decay of CgH,,*
ions is enhanced thermally. Mass spectra and time-dependence
curves suggest the following thermal decomposition reactions:

CsH,st — CH, v + C,H,, (24a)
— CsH,,* + C;H;, (24b)
— C,H,* + C H;, (24c¢)
The C3H,;* ions are produced by the reactions

CgH st + O, — CgH 7+ + HO, 12)

CouHopma™ + n-CiHyjg > CgH;" + C,Hypey (m 2 6)
(13)
NO* + n-CgH,3 — CgH,;* + HNO (149

NOO* + n-CgH ;3 — CyH 5+ + NO + OH (159
At high temperatures, say above 447 K in Figure 10, CgH 3" ions
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Figure 11. Time-dependence curves of C,Ho*, CsH,;,*, C¢H,5*, and
CgH,;* in Ny—0,(4100 ppm)-n-CgH 5(2.0 ppm) at 483 K, suggesting the
occurrence of ionic chain decomposition reactions.

will be decomposed rapidly with kg = 7.1 X 10! exp(~15000/RT)
s, The thermal decomposition of NOO* to NO* proceeds even
more rapidly.> Reaction 14’ proceeds with a rate of ky, [CyH 5]
= 1.5 X 10* 57!, Therefore, the decay slope of CgH,,* after 200
s is not affected by reactions 12, 14/, and 15’, Thus, the slopes
at 447, 483, and 509 K in Figure 10 can be attributed to reactions
24 and 13’. These reactions give the following expression for the
concentration of CgH,,* after 200 us

[CeHyy*] =
kyy [CsHys}4
kyy [CsHyg] + kyy

where A is the total concentration of ions and B is a constant
determined from the initial conditions. One can deduce values
for k,4 without explicit knowledge of 4 and B, as shown in the
following discussion. Although various types of alkyl ions may
participate in reaction 13/, we used only one type rate constant
k,y in eq 25 as an approximation. As can be seen in Figure 10,
the CgH,,* intensities decreased more than one order of mag-
nitude, finally reaching the steady-state concentration which
corresponds to the first term of the right-hand side of eq 25. This
means Ky, 3 k(3 [CgHyg]. Therefore, the decay slopes at 447
and 483 K give the decay constants, k,,. At higher temperatures
the decay slope approaches the decay slopes of NO* and of C,Hg*
from reaction 11. (At high temperatures the C,Hy* ions become
the major product of reaction 11.) This is because reactions 11
and 13’ become the main source of CgH,;*. In this case, the
curve-fitting method can be used to obtain the k,, value. (This
method was already explained to obtain the k, value.) The Ar-
rhenius plots of k4 are given in Figure 7. The activation energy
is calculated to be E,, = 21 £ 2 kecal mol™! and the rate constant
to be ky = 1.3 X 10" exp(21 000/RT) s™'. Comparing ks with
k4, it is found that the radical cations CgH;g* are thermally less

+ B exp{—(k(y [CsHyg] + ky)t} (25)
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stable than the corresponding aikyl cations CgH,,*. This instability
comes from E 3 < E,4. That is, the C-C bond of CgH 3" would
be weaker than that of CgH,,;* because of the presence of an
unpaired o electron.

Time-dependence curves for C,Hy*, C;H;,*, C¢H,;*, and
C8H17+ in N2_02(4100 ppm)—n-C8H|8(2.0 ppm) at 483 K are
shown in Figure 11. The C,* ion intensity decreases at first and
then increases. This can be explained by the existence of isomers.
The initial C,* ions from reaction 11 at high temperatures would
have normal or secondary structures. The ions from reaction 24,
however, would mainly have a tertiary structure; the tertiary ions
will react with n-CgH )3 much more slowly than the normal or
secondary ions. The Cs* and C¢* alkyl ions with any structures
seem to react very slowly with n-CgH 5. Since the n-CgH 5 content
here is as low as 2 ppm, the occurrence of reactions between the
fragment alkyl ions from reaction 24 and n-CgH 5 is not observed
in Figure 11. However, if one carries out experiment in 100%
n-CgH g vapor, these reactions would be observed. At that time,
reaction 24 and 13’ will make a chain mechanism. Indeed,
Matsuoka et al. found that ionic chain reactions proceeded together
with well-known radical chain reactions in the radiation-initiated
thermal cracking of n-octane vapor.! They reported that the ionic
chain products were C;—Cg paraffins and C;—C; olefins, containing
large quantities of branched products such as iso-C4H,, iso-C,Hj,
and iso-CsH;;, which were not formed by radical reactions.
Formation of these branched products means that n-CgH,,* ions
from reaction 13’ will isomerize before their thermal decompo-
sition. The activation energy of the formation of the ionic chain
products measured by Matsuoka et al. is about 22 kcal mol™ which
agrees with E,, = 21 kcal mol™' measured here.

Conclusion

The O,* + C,H,,.; reaction prefers a charge-transfer channel
to the more exothermic H™-transfer channel. The product alkane
ions C,H,,4,* react with O, slowly producing C,H,,+,* and HO,.
The olefinic ions C,H,,* also react with O, producing C,H,,.,*
and HO,.

The C,H,,.," ion is thermally less stable than the C,H,,4,*
ion. This would be attributed to the presence of an unpaired
electron in C,H,,4+,t which weakens the C-C bond. Thermal
decomposition of alkane ions (radical cations) produces olefinic
ions (radical cations) and alkanes, and that of alkyl ions produces
fragment alkyl ions and olefins. The thermal decomposition of
CgH,;* and the subsequent H-transfer reaction between the
product fragment alkyl ions and #-CgH 5 leads to an ionic chain
mechanism in the radiation-initiated thermal cracking of #n-CgH g
vapor at temperatures above 500 K.
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