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Abstract

The kinctics of the reactions of hydroxy radicals with eyclopropane and cyvelobuinne hos
bren investipated in the Lemperatuere ranyge of 298-492 K willl lager Flash photalysis- b
fluerescence technigue, Fhe lemperature dependence ol the rale conslanis is given Iy By -
(117 + 0.15) x 107" 172 exp[—(1037 + 87) keal mol "/RT) em® moleente ' s' amd k. -
(506 = 0.57) % 10" T exp[ - (228 + 78) keal mol " /RT | em” molecule ' s ! for the reactions
Ol + eyclopropane » products (1 ned QI + cyelobulane - » products (2), respectively. Kinetic
data available for OIL + cycloalkane reaclions were annlyzed in terms of stiructure-roactivily
correlations involving kinetic and energetic paramelers,

Introduction

Hydrogen atom abstractions from hydrocarbons by hydraxy richionts plisy
an important role in abmospherie ehemistry and in combustion. This is the
reason that a large number of rate censiants have been determined for the
reactions of OH radicals and alkaneg both by relative and by direct experi-
mental technigues (see ref. |1]). Some of these data have been used as refer-
ence values in relalive rate studies (e.g., dala for reacltions OH + C,H, und
OH + n-CgH,y), while others contributed to the exploration of structure-
reactivity correlidions |2-4].

In constrast to the OH + alkane reactions, only few previods rate nea-
surements were made {or Ol + cycloalkane. Beside the room temperature
direct kinetic studies of OH + cyclonlkane reactions [5-9], rate constants
as a lunction of temperature were obtained by Droege and Tully [H)] Trom
laser flash photolysis/laser induced fluorescence meusuremenis for (O +
cyclopentane and Oll + cyclohexane. However, only room temperature rate
constants are available for OH + eyclopropane [511], OH + cyclabutane
[12], and OH + higher eyvcloalkanes |5,133]

In this article we report on absolute rate constants tor reaclions

(1} OH + cyclopropane —— products
and
{2) Ol + cyclobutane —— products

in the temperature range of 298-492 K.
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were determined at different temperatures, As can be scen from the repro-
gentative results shown in Figure 1 and Figure 2, pood straight lines were
obtained when these pseudo first order rate constants were plotted against
cycloalkane concentration, The second order rate constants &, and k. were
then extracted from the slopes of such plots. The kinetic data are summa-
rized in Table 1.
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Figure 1. Plts of pseudo first order rate constants for reaction (1) against cyclopropane
concentrations.
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Figure 2. Plots of pseudo first order rale constants for reactions (2] against exvclobutane
concenirations.
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Experimental

Kinetic measuremenis were carried out by using the laser flash photolysis/
resonance fluorescence technique. Some details of the technique were given
in ref. [14]. The basic parts of the apparatus were: (i) A gas handling system
which provided a steady flow of a gas mixture through the reactor with a
flow rate high enough to replace completely the reactor filling between two
flashes and (ii) A reaction cell which was made of stainless steel and had a
black anodized interior. Reactor was thermostated by using 4 heating car-
tridges and temperature measurements were made with a retractable
Cromel-Alumel thermocouple; (iii) A Lambda Physik LPX 105 excimer laser
with argon fluoride gas filling was used as the 193 nm light source in the
photolytic generation of the hydroxy radicals from nitric acid and (iv) The
detection system, where OH radicals were monitored by resonance fluores-
cence perpendicular to the photolysis line. Excitation light was obtained by
microwave discharge in water vapor diluted with Ar. Induced fluorescence
was focused through a 310 nm interference filter onto a photemultiplier
tube (EML, 9781 B): (v) Multiplier signal was fed into a digital storage oscil-
Joscope (HITACHE, VC-6041 (Z) model) and finally, the digitialized informa-
tion was processed by a microcomputer. The [OH] decay profile was obtained
by averaging 256 signals.

The gas mixture which entered the reactor contained HNQO, vapor, vary-
ing concentrations of the cycloalkane and Ar buffer gas encugh to make up
the overall pressure to 80-85 torr. Typical initial hydroxy radical concentra-
tion was [OH], = 1 x 102 cm™® and pseudo first order conditions were ful-
filled in all experiments, i.e., [OH], < [cycloalkane]. Quantitative data were
extracted from the [OH] decay profile after about 1/3 of [OH] was con-
sumed. In this region, first order kinetics was strictly obeyed.

Nitric acid gas was.prepared from concentrated HNG; (63% purity, Carlo
Erba) with concentrated H:S0, in 1:2 ratio; purification was made by bulb-
ta-bulb distillation in vacuum. Cyclopropane (= 99%, J.T. Baker Chem. Co))
was purified by preparative GC to yield a sample of 289.95% c-CaHg with
0.01% propylene impurity. Cyclobutane was synthesized from 1,4-dibro-
mobutane with Li-amalgam as described in the literature [15]. After GC pu-
rification, the ¢-C, 11, content was =99.96% Ar (89.996%, Linde) and Cull,
{99.97%, Matheson) were used without further purification.

Resulis

The experimental technique used in this work has been tested by deter-
mining the room temperature rate constant of reaction

(3) OH + ethane —— products

for which reliable kinetic data can be found in the literature. The average of
six determinations gave ks = (2.74 + 0.40) x 107 cm® molecule™ 57" in
good agreement with 2,68 x 107 em® molecule™ 57!, the value which is the
recommendation for k; given in Atkinson’s recent review [1].

By monitoring the OH resonance [luorescence as a function of reaction
time, pseudo first order rate constants & {(=#%,[c-C;Hs]) and ki =koc-Ci;Hal)
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Panie [ Rimolecular rate constants for reactions of OH with cyclopropane and cyclobutane®

£/107" cm® molecule™ 57}

T/K oy ks
298 £ 3 1.11 = .24 - 175+ 1.2
325 + 1 1.33 = 0.08
327 =1 222+ 20
337z 1 1.52 = 0.22 -

360 + 2 : 216 = 1.4
2+ 1 1.91 = 042

386 = 1 236 + D16 -

392 + 2 ' 28.9 = 30
429 + 2 349 + 28
467 £ 2 3.65 = 0.58

460 £ 3 . 398 x40
476 = 3 412+ 034

492 = 3 4.62 = 062

*(uoted errors are 2o values.

Arrhenius representlations of the rate parameters are presenied in Fig-
ure 3. Although the temperature dependences of the rate constants are rea-
sonably well described by the simple Arrhenius equation {broken lines),
however, same curvature is obvious in the log k vs. 1/T plots. Therefore we
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Figure 3. Arrhenius representation of kinetic data for reaction (1), O, znd reaction {2), @,
The error bars represent *2¢ errors. - - -, Archenius equation; —, oq. (4.
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chose to describe our experimental results by the expression
(4) k= B exp(—11/RT)

with the exponent » fixed al the value of 32 (see full lines). 'Fhe use of Lhis
function is supported also by the results of Drocge and Tully [10]) on the re-
actions OH + cyclopeniane and OH + cyclohexane for which eq. (4) with »
values close to 1.5 has been found to be consistent with their experimental
data. Nonlinear least squares fits of the B and H parameters in eq. {4} {o the
experimental results gave Lhe following rate constant expressions tin em’
molecule™ 5! units):

(5) &y = (L17 * 0.15) X 107" T*2 expl —(1037 + 87) keal mol "/RT)
and
(B} %2 = (506 £ 0.57) x 107" ™ exp[~(228 = 78) keal mol "' /RT|

where the qunted errors are 2¢ values, Fquations {5} and (6) were used to oh.
tain the solid lines indicated in Figure 3.

Discussion

The room temperature rate constanis and the parameters of eg. (1) for
OH reactions with cyclopropane and eyclobutane togother with 1hose lor -
actions with higher cyclonlkanes are sumnmarized in Table IT. Qur ronm
temperature rale constanis are about 30% higher than the literature values,
which are for the reactions of cyclopropane 0.80 [11] and 0.62 (5] and of cy-
clobutare 12.0 [12] (all in 10" em® molecule™’ - units).

A two orders of magnitude increase in reactivity can be observed wiih in-
creasing ring size. The specific reactivitios of Lthe CH; groups towsards O
radical attack, expressed g kwif/(No. of ring CHa-groups), are in 10 " cm'
molecule™ s ' units: 0.97 (0.23} for e-Ci 14, 4.4 (3.0) for e-CyHg, 100 (10.8) for
e-CsHy, 119 (13.5) for c-Cql e, and 16,9 (13.5) for e-C;Hy,, where the num-
bers before and within the brackets are experimental and estimated |16)
values, respeetively. Reactivity of a CH, group in the strained cyclopropane
and cyclobutane molecules is seen to he eonsiderably smaller than in the
five-, six- and seven-membered ring compounds, The effect of ring slrain is
accounted for explicitly in Atkinson's estimation methed {16] by introducing
“ring factors,” however, significant deviation of the estimades from the

Tamk 1 Kinetie data for O + eveloalkane  » products reactions.™"

B0 i,

Ei2os Kyt ™
Reaction Ref' em’ moleculy 'y ! em” moleguie s ! cod mel !
OH + A this work 1.11 £ 0.24 M7 x015 1037 + KT
Ml +1] his work 17.5 + 1.2 6.06 = 057 28 > 74
OH + O 19] 502+ 22 702 >+ 025 -G 2
O+ 0O ] 71.4 » 11 897 = 0.U8 -274 e
Ol + - {12] 118 + 20
"Parameters are given in aceordance with eq. (4} uzing = 1.5 value. !

“euoted rrrors e 2o villuies,
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mensured rate constants is still apparent from the examination of the re-
sulls given nbove. Differences between measured rate constanis and values
predicted from Lhe structure-reactivity relationship had been ovbserved also
for reactions of OH radicals with cyclic ethers [17].

In Figure 4, experimental and estimated bimolecular rate constants are
plotted vs, the number of CH;-groups (i.e., the ring size). The striking fea-
ture of Lthis plot is the large dilference between the experimental rate con-
stants for reactions of the smaller eycloalkanes with OH and the reactivities
of the corresponding open chain alkanes. Since the plot of alkane reactivi-
ties is shown only for comparison, the experimental results are indicated in
the figure by a fitted line given by the dashed line.

The increase in reactivity from ¢-CiHe to ¢-CeH 2 is caused mainly by the
change of the energetic parameter H from about 1 keal mol ™ to a small nega-
tive value. In spite of this, no good correlation is found if log(ky/No. of CHa-
groups) or H is plotted against the ring strain energy.

A linear correlation was found to exist for several classes of organic com-
pounds between the logarithm of the rate constant per C— H bond and the
corresponding bond dissociation energy [5]. The correlation is based on the
assumption that the differences in reactivity reflect differences in activa-
tion energies. Since we find that in case of OH + eycloalkane reactions the
B constant per C — H bond depends on ring size, here we prefer to establish
a correlation between the H parameters for hydrogen atom abstraction from
cycloalkanes by OH and the appropriate C—H bond dissociation energies.
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Figure 4. Bimolecular rate constants for OH + cycloalkane reactions as a Function of
the number of CH,-groups in the reactant. Solid points: experimental values; solid line:
eslimations obtained with Atkinson's methad [15]; and dashed line: estimations carre-
sponding Lo the CI{; reactivity in open chain alkanes [17].
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Figure 5. Plot of H parameter v, € — 1 bond dissociation energios. DH §(C — 3 val.
ues are from ref. (18] except for e-Calli [19)

The plot of 1 vs. DH{{C — H), presented in Figure 5, shows a pood linear
correlation for the OH + cycloatkane reactions. The deviations observed for
the cyclohexane and cycloheptane reactions are of the order of the expUTi-
mental errors. In case of cyclohexane, the error arises probably from the dis-
sociation energy, while in case of cycloheptane an estimated H value is
plotted which is ebtained from the roam temperitture rate constant [13] with
an estimated B parameter (10.9 x 10 ' em® molecule a™"). For the hond dis-
sociation energy in cyclopropane, we used the older value from rel’ [20]. The
more recent recomendation [19) disagrees with the linear correlat jon i
duced with the rest of eyeloaikanes. :

Qur attempts Lo correlate the 1) paritneelery for hydrogen atony abstine-
tions to the strain encrgies and C— H bond dissociation energies, respee-
tively, in the cycloalkanes, indicate that it is the bond strenpth which
governs the reactivities and the ring sirain energies influenee the reaction
rates only by effeqting the dissocialion energies, This is in agreement with
Previous conclusions extracted from the study of the room temperature rate
constants for reactions of mono- (5], bi-, and tricycloalkanes [21] with O
radicals.
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