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Thermochemistry and Kinetics of the Reaction of 1-Methylallyl Radicals with Molecular
Oxygen

Vadim D. Knyazev* and Irene R. Slagle*
Department of Chemistry, The Catholic Waisity of America, Washington, D.C. 20064

Receied: July 8, 1998; In Final Form: September 1, 1998

The kinetics of the reaction GBEHCHCH, + O, == CH;CHCHCH,O, has been studied using laser photolysis/
photoionization mass spectrometry. Room-temperature decay constants of #6elCHCH, radical were
determined in time-resolved experiments as a function of bath gas density=[k8}24) x 10 molecule

cm3. The rate constants are in the falloff region under the conditions of the experiments. Relaxation to
equilibrium in the addition step of the reaction was monitored within the temperature rangS33K.
Equilibrium constants were determined as a function of temperature and used to obtain the enthalpy of reaction
1. At high temperatures (66&700 K), no reaction of CECHCHCH, with molecular oxygen could be observed

and upper limits to the rate constants were determined {06 cm?® molecule* s~ at 600 K and 2x 10716

cm® molecule* s™* at 700 K). Structures, vibrational frequencies, and energies of several conformations of
CH3;CHCHCH,, CH;CHCHCH,O,, and CHCH(OO)CHCH were calculated using ab initio UHF and MP2
methods. The results were used to calculate the entropy changes of the addition reaction. These entropy
changes combined with the experimentally determined equilibrium constants resulted in the ave@age R
bond energy for terminal and nonterminal additiohH%gs = 82.6 + 5.3 kJ motl?’. Earlier experimental

results on the kinetics of relaxation to equilibrium in the reaction of allyl radical wiftax@ reanalyzed

using an improved kinetic mechanism which accounts for heterogeneous wall decay of AHelCHO,

adduct. The corrected value of the &HHCH,—O, bond energy (77.0 kJ mol) is determined from the
reinterpreted data.

I. Introduction over wide intervals of temperatures and pressures. The distinctly
different behavior of reaction 1 in the low-, intermediate, and

Oxidation of polyatomic free radicals (R) by molecular high-t ‘ . - titatively ch terized. Equi
oxygen is a key elementary step in combustion processes. While Igh-temperature regions 1s quantitalively characterized. =qui-

the state of knowledge of the reactions of alkyl radicals with librium  constants of _the addition step in reacﬂo_n 1 were
O, is still far from being satisfactory, experimental information measured as a function of temperature. Properties of- CH
on the kinetics and mechanisms of analogous reactions ofCHCH(_:HZ' C_H?’CH(OO_)(_:HCHZ’ and CHRCHCHCH,O, were
stabilized alkeny! radicals with oxygen is even more sparse. At détermined in an ab initio study and used to calculate the
the same time, such information is important for understanding €Ntropies of these radicals. These calculated entropy values,
the chemistry of hydrocarbon combustion. Alkenyl radicals are togethgr with the experimental equmbnym constants, were used
easily formed via attack of a reactive intermediate such as OH 0 obtain the R-O, bond energy. Earlier results of Slagle et
or H on the H atom in theg-position to the double bond in aI.5.on thg relaxation tq equilibrium in the reaction of allyl
alkenes. The corresponding activation energy is lowered dueradicals with @ were reinterpreted using a corrected mecha-
to electron delocalization on the radical formed. The stability Nism® which accounts for a possible wall loss of peroxy
and low reactivity of these alkenyl radicals have been linked to radicals.
the antiknock effect of fuel additives such as etteyit-butyl
ether (ETBE).2 Il. Experimental Section

The R-O, bond energy for the simplest of the stabilized
alkenyl radicals, allyl (CHCHCH,), has been reported by Ruiz CH3;CHCHCH, radicals were produced at elevated temper-
et al.> Morgan et al4 and Slagle et d. It has been shown by  atures by pulsed laser photolysis, and their decay was subse-
Walker and co-workers (refs 6 and 7 and references therein)quently monitored in time-resolved experiments using photo-
that, at high temperatures, where the equilibrium in tHedR ionization mass spectrometry. Details of the experimental
= RO; addition reaction is shifted to the left, the rate constants apparatus used have been described before and so are only
of the CHLCHCH,+0, — products reaction are significantly  briefly reviewed here.
lower than those observed in the case of alkyl radicals. Baldwin  Pulsed unfocused 248- (or 193-) nm radiation (4 Hz) from a
et al® and Lodhi and Walkérreported similarly low rate  Lambda Physik EMG 201MSC excimer laser was directed along

constants for the substituted allyl radicals, {O;CHCHCH, the axis of a heatable quartz reactor (1.05-cm i.d., coated with
and CHCHCHCH.. boron oxidé?). Gas flowing through the tube a4 m st
Here we report the results of an experimental investigation contained the radical precursor@.5%), molecular oxygen in
of the reaction varying concentrations, and an inert carrier gas (He) in large
excess. The flowing gas was completely replaced between laser
CH,CHCHCH, + O, == products (1) pulses.
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Gas was sampled through a hole (0.04 cm diameter) in the T — T T
side of the reactor and formed into a beam by a conical skimmer
before the gas entered the vacuum chamber containing the
photoionization mass spectrometer. As the gas beam traversed
the ion source, a portion was photoionized and mass selected.
CHsCHCHCH; radicals were ionized using the light from a
bromine resonance lamp (#8.9 eV) with a sapphire window. 150 1
Temporal ion signal profiles ({177, m/e = 55) were recorded
on a multichannel scaler from a short time before each laser
pulse up to 25 ms following the pulse. Data from 1 000 to
55 000 repetitions of the experiment were accumulated before 100 |
the data were analyzed.

CH3CHCHCH; radicals were produced by the pulsed, 193-
nm or 248-nm laser photolysis of crotyl bromide

k/s'

50

CH,CHCHCH,Br ~> CH,CHCHCH, + Br,  (2)

— other products,

t/ms

. 0 1 1 1 1
crotyl chloride 0 5 10 15

[O,]/ 10" molecule cm™

hv
CH;CHCHCH,Cl — CH;CHCHCH, + Cl, (3) Figure 1. First-order CHCHCHCH, decay ratek’ vs [O,]. The

intercept at [Q] = O corresponds to the rate of heterogeneous decay
— other products, of CHiCHCHCH, radicals.T = 300 K, [He] = 6.0 x 10 molecules
cm 3, [CH:CHCHCH:BI] = 2.89 x 10 molecule cm?3. The insert
and 3-chloro-1-butene shows the recorded GEHCHCH; decay profile (and exponential fit)
for the conditions of the open plotted point: JO= 1.23 x 10*

CH,CHCICHCH, lCHgCHCHCHZ el 4) molecules cm?, k' = 148.1+ 3.7 s'L.

— other products, At high temperatures, the equilibrium in reaction (14a) is
shifted to the left and any possible overall reaction can only be
Initial conditions (precursor concentration and laser intensity) due either to a further reaction of the gBHCHCH,O, adduct
were selected to provide low radical concentratioss @! or to a direct abstraction reaction. No reaction withcould
molecule cn3) such that reactions between radical products be observed between 600 and 700 K which indicates that both
had negligible rates compared to those of the reactions g@f CH of these processes are inefficient. An upper limit to the high-
CHCHCH, with molecular oxygen. temperature rate constant was obtained.

The gases used were obtained from Aldrich (crotyl bromide, Ill.1. Room-Temperature Reaction. At room temperature
85% (remainder 3-bromo-1-butene), crotyl chloride, 95% (pre- the decay of CRCHCHCH; radicals in an excess of Qvas
dominantly trans, remainder 3-chloro-1-butene), and 3-chloro- exponential. The experiments were conducted under pseudo-
1-butene, 98%) and Matheson (He99.995%; Q, >99.6%). first-order conditions with [@] in the range (1.6522.7) x 1013
Precursors and oxygen were purified by vacuum distillation prior molecules cm3. The radical signal profiles were fit to an
to use. Helium was used as provided. exponential function ([RlE= [R]o exp(—kt)) by using a nonlinear
least-squares procedure. The pseudo-first-order radical decay
constantsk’, were obtained as a function of the concentration
of molecular oxygen. The values of the second-order rate
o constantk;, were determined from the slopes of linear plots of

In the absence of molecular oxygen, the kinetics of the-CH i ys [0;] (Figure 1). Experiments were performed to establish
CHCHCH; radicals was that of an exponential decay with a that decay constants did not depend on initial radical concentra-
first-order constant in the range-80 s°*. This was attributed  tjons (provided that the concentration was kept low enough to

I1l. Results

to the heterogeneous wall reaction: ensure that radicalradical reactions had negligible rates
compared to the reaction withJp radical precursor concentra-
CH,CHCHCH, — heterogeneous loss (5)  tion, or photolyzing laser intensity and wavelength.

The room-temperature rate constants of reaction 1 were
The reaction with @displayed distinctly different behavior  determined at [Hel= (3—24) x 106 atoms cm®. These
in low (room temperature), intermediate, and high-temperature himolecular rate constants of the reactions ofsCHCHCH,
intervals. While it was possible to experimentally determine radicals with molecular oxygen (interpreted as addition reaction
bimolecular rate constants of the reaction of CTHCHCH, 1a) exhibit a pronounced falloff behavior. The valueskof
radicals with Q in the low-temperature region, the reaction jncrease with pressure within the experimental pressure range

exhibited nonexponential radical decay in an excess of molecular(Figure 2). The conditions and results of these experiments are
oxygen at intermediate temperatures. The observed decaypresented in Table 1.

curves could be fitted to a double-exponential function. This | 2. High-Temperature Reaction. In the high-tempera-
behavior is indicative of relaxation to an equilibrium of the type  yre region (606 700 K), no reaction of CLCHCHCH; radicals
R+ 0, = ROz with molecular oxygen could be observed. When 248-nm
. photolysis with high laser intensity (5823 mJ pulse! cm™32)
CH;CHCHCH, + O, = CH,CHCHCH,O, (la-1a) was used, rates of radical decay increased slightly (up to 62
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T T T T T CHCHCH, decay was analyzed under the assumption that the
following processes are important under these conditions: (1)
heterogeneous loss of GBHCHCH,, reaction 5; (2) reversible
i { addition of Q, reaction (1la;-1a); (3) decay of the adduct, GH

-
(&)}
T
1

CHCHCHO,, due to heterogeneous loss, which is described

by a first-order rate constarky. The kinetics of the Ckt

é CHCHCH; radical signal(t) in such a system can be described
by the following double-exponential expressityis

-13 3 -1 -1
k,/10 "~ cm” molecule” s
N
o
T
1

®
Sr T I(t) = 1,exp(44t) + 1,exp(4,t) 0]
where
0 1 1 1 1 1
0 5 10 15 20 25 30
16 3 liOZ] + k5 - /12
[He]/ 10 atom cm Il:IOW
Figure 2. Falloff in k; at room temperature. ! 2
lL=1,—1
s~1 compared to the wall decay rate of 20"swhen very high 20t
concentrations of molecular oxygen (up to &80 molecules Ay o= (A £ [A? — A(k_, ks + k JO Ik, + kskd)]”z)
cm~3) were added to the flow. However, such an increase was '
not observed when significantly lower laser intensities 0.7 A=k JOy] + Kk 15t ks + Ky
2.8 mJ pulse! cm~2) were used. The upper limit values lof
(1 x 10716 at 600 K and 2x 10~1® at 700 K) were obtained by The values ofks were measured directly in the absence of

adding up to 1& molecules cm? of O, (the concentration of O, The temporal profile of the C}€HCHCH, signal was fitted
He was reduced accordingly so that the total concentration of to formula | usingkis Ki, lo, andkyq as adjustable parameters
bath gas remains constant, Table 1). The slight increase of the(hereK; = ki/k-14is the equilibrium constant of the reaction
radical decay rate in the presence of very large@centrations (1a;-1a), and is the signal value d@t= 0). After the values
observed at high photolyzing laser intensity could be explained of the above parameters were found, the fitting procedure was
by the photolysis of small amounts of impurities contained in repeated several times wiky fixed at selected values in the
the molecular oxygen or by the effects of laser irradiation on vicinity of the best value, and the other three parameters floated.
the reactor walls in the presence of radical precursor gndO  As a result the sum of squares of deviations was determined as
more significant increase in decay rates upon the addition of a function ofK; (with the three other parameters optimized) in
O, was observed in experiments where more energetic 193-nmthe vicinity of its minimum and fitted with a parabolic function.
radiation was used. Such an increase similar to that observedrFrom that information the experimental relative uncertainty
in the study of the (Ch),CCH-O, reactiort® was attributed to of the fitted values ofK; was determined using standard
a contribution from a reaction of GG@HCHCH, with the procedure® (also, see ref 16). In each experiment to determine
products of the photodissociation or electronic excitdfiaf the values oKj the data were accumulated until the criterion
O, by the 193-nm radiation at elevated temperatures. Conditionsof ¢ < 10% was satisfied. The equilibrium constants of reaction
of experiments with low-intensity 248-nm photolysis which (1a~1a) were determined as a function of temperature from
allowed an estimate of the upper limit of the rate constant for 345 to 390 K. The conditions and results of these experiments
reaction 1 are listed in Table 1. The upper temperature limit are presented in Table 2. Equilibrium constants are plotted in
of the experiments (700 K) was determined by the rapid increaseFigure 3 as a function of temperature. The insert in Figure 3
with temperature of the ion signal background (which can be presents an example of a double-exponential decay profile for
attributed to thermal decomposition of the radical precursor or reaction 1. Experiments were performed to establish that the
ion fragmentation). K3 values obtained did not depend on the nature or concentration
I11.3. Intermediate Temperature Range. Determination of the radical precursor, the initial radical concentration, or the
of Equilibrium Constants. In the intermediate temperature photolyzing laser wavelength or intensity. Experiments con-
range (345-390 K) the decay of CECHCHCH; radicals in the ducted with three different precursors of the {CHCHCH,
presence of @displays a nonexponential behavior, which can radical did not indicate any correlation between the values of
be fit with a double-exponential function. The kinetics of £H  K; and the type of precursor used (Table 2, Figure 3).

TABLE 1: Conditions and Results of Experiments to Measurek;(T[M]) ©

T (K) [M])/1016 [precursor]/16t L2 [Oz)/10t3 ki/10713 (cm® molecule? s71) ks (s79)
297 3.0 3.01 13 8.1422.69 6.42+ 0.54 48.6
300 6.0 2.89 13 2.6816.86 8.58t 0.77 49.7
298 12.0 97.4 20 1.7+8.03 12.40+ 1.47 27.6
299 12.0 2.55 13 1.655.29 13.13+1.63 32.9
299 12.0 2.55 55 1.655.29 13.02t 1.45 39.9
300 24.0 2.92 13 2.669.93 13.39%+1.31 38.1
600 12.0 588 2.8 8.82<10° <2.3x 1078 15.1°
600 12.0 3.53x 104 1.8 9.95x 10° <1.0x 108 17.9
600 12.0 3.03x 10° 0.74 9.96x 10° <2.3x 1078 22.3
700 12.0 3.03x 1¢® 0.74 9.96x 10° <2.1x 10 32.7

a Photolyzing laser intensity (mJ cthpulsel). ° 248-nm photolysis was used (193-nm photolysis was used in all other experini@imspated
quartz reactor was used (quartz reactor coated with boron oxide was used in all other experirBe@tpro-1-butene was used as a radical
precursor (crotyl bromide was used in all other experimefiGpncentrations are in molecules tin
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TABLE 2: Conditions and Results of Experiments to Measure the Equilibrium Constants of Reaction (1a;1ay

fx10¢

T/IK  [He)/10®  [precursor]/1&t L2 [OJ/10*°  ke/st ki O2]/st  koidst  kist In(Kp)° trans cis

345 12.0 3.89 12 0.586 34.0 375.8 25.3 48.5 13485075 6.41 0.31
350 12.0 3.55 13 0.224 33.7 173.3 73.9 81.1 12286076 7.01 0.69
350 12.0 4.13 12 0.590 27.9 3334 40.3 48.8 125079 7.01 0.69
355 12.0 74.5 64 0.561 16.9 310.5 49.3 23.8 12.3430.051 784 1.38
355 12.0 74.5 4 0.561 25.7 341.4 52.5 36.2 12.3#50.037 7.84 1.38
355 12.0 5249 25 0.562 249 343.6 51.2 57.4 12.46820.080 784 1.38
360 12.0 3.34 15 0.467 26.2 280.9 91.0 70.9 11F98065 8.15 1.51
360 12.0 3.89 12 0.992 24.4 423.2 62.7 57.8 11827077 8.15 1.51
365 6.0 210 1.0 0.801 21.3 242.7 72.0 23.2 11.383.033 8.50 1.67
365 6.0 210 0.41 0.801 14.0 209.7 62.3 16.0 11.38D.095 8.50 1.67
370 12.0 3.00 15 0.856 28.0 306.9 121.5 44.2 10861063 9.15 212
370 12.0 10.8 2.4 0.400 234 219.3 138.0 46.2 11261051 9.15 2.12
370 12.0 10.8 9.9 0.400 26.9 104.9 61.7 21.8 11828083 9.15 212
370 6.0 10.4 6.39 0.377 224 180.9 128.5 50.0 11499054 9.15 212
375 12.0 5219 2 0.745 16.0 327.8 151.1 24.6 10.9340.076 10.04 2.44
375 12.0 5950 53¢ 0.726 8.9 288.6 126.0 0.7 11.0%/0.049 10.04 2.44
380 12.0 3.00 15 0.836 26.3 303.2 201.7 39.3 10441083 11.18 2.75
385 6.0 8.6 8.8 0.727 17.2 138.0 173.2 41.6 9.989.072 1255 3.29
390 12.0 3.89 12 1.01 24.8 198.3 225.3 37.9 9.6938074 14.12 4.05

2 Photolyzing laser intensity (mJ crhpulset). ® Units of K, are bar?. Error limits shown here are the values of relative uncertaintythe K,
values (see textf.Values of the “correction” function (see text, Section IV.8248-nm photolysis was used (193-nm photolysis was used in all
other experiments¥.Crotyl chloride was used as GEHCHCH, precursor (crotyl bromide or 3-chloro-1-butene were used in all other experiments).
f3-Chloro-1-butene was used as {LHHCHCH, precursor (crotyl bromide or crotyl chloride were used in all other experimen®)jncentrations
are in molecules cn¥.

T T T T of the adductky, as mentioned above, is interpreted as the rate
constant of RQ heterogeneous loss. The fitted valueskef
°r for reaction 1 lie within the range 081 s'L.

IV. Thermochemistry of Reaction 1la;,—1a

12 + . The enthalpy changes of reaction (t&a) at room temper-
ature were obtained from the valueskafT) using a Third Law
analysis. The procedures used have been described be-
forel011.1416 These calculations require knowledge of the
temperature dependencies of the thermodynamic functions
(entropy and enthalpy) of the reactants and products of reaction
(1a;—1a) which were obtained using the results of ab initio
calculations.

IV.1. Interpretation of Experimental Equilibrium Con-
stant Values. Addition of molecular oxygen to the delocalized
CH3CHCHCH; radical can occur at two positions, terminal

In(Kp / bar™") + f

0 {2vieasd

L2 CH,CHCHCH, + 0, == CH;—CH=CH-CH,—00 (1t

-0.01 0,00 0.01 002

25 26 27 2.8 29 3.0

and nonterminal
1000K/T

Figure 3. Modified van't Hoff plot of (In(Kp) + f(T)) vs 1000K/T for CH,;CHCHCH, + O, = CH;—C(OO)H-CH=CH, (1nt)
reaction (1a;-1a). Line represents the result of the Third Law fit (see

text). The insert shows the recorded LHICHCH, decay profile (and S . .
double-exponential fit) for the conditions of the open plotted poit: 1 N€re are two possibilities: (1) addition occurs mainly at one
= 370 K, [0;] = 8.562x 10 molecules cim?. site, either terminal or nonterminal (i.e., rate of addition at the

other site is negligible), or (2) addition occurs at both sites with

One should note that the conditions of the experiments were roughly comparable rates. In the first case, the measured rate
selected to optimize only the determination of the equilibrium and equilibrium constants correspond to the process (1t or 1nt)
constants. This results in expected high uncertainties of thethat is nonnegligible. Inthe second case, however, the observed
kidO2], k-1a and kg kinetic parameters listed in Table 2, rate and equilibrium constants need further interpretation and
uncertainties that, moreover, are not easily estimated. Thetheir relationships to the rate parameters of the elementary
values ofk;, andk-1, are expected to be in the falloff region processes 1t and 1nt needs to be understood.
which will complicate any potential use of these data. Their  The reactivity of both terminal and nonterminal sites of&H
temperature dependencies exhibit the anticipated qualitative CHCHCH, toward Q addition is likely to be similar. Atomic
behavior: k-1, values increase with temperature (as expected spin densities on both corresponding carbon atoms are equal to
for the rate constant of a decomposition reaction) and the values1.0 (obtained at UHF/6-31G** level, also see section IV.2).
of kia (corresponding to the second-order addition rate constant) Based on analogy with alkyl radicals, one can expect that steric
slightly decrease with temperature (as expected for a barrierlesshindrances to @addition are not likely to result in dramatic
addition in the falloff region). The rate constant of the decay differences in the terminal and nonterminal rate constants (rates
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of addition of Q differ by less than a factor of 3 fan-CsH-; 6-31G** (for CH;CHCHCH;,) and 6-31G* (for peroxy species)

andiso-C3H7,1718 as well as fom-C4Hg and secCyHog,*° and basis sets. Internal rotation barriers and cis-trans configuration
even these differences are explained by correlation with the energies were studied by the MP2/6-31G** method. Geo-
radical ionization potentials and not steric hindrafté3. metrical structures corresponding to minima and maxima of the

Analysis of the experimental equilibrium data obtained in the rotational potential energy surfaces were obtained with the full
current work was performed under the assumption that terminal optimization at the UHF level, and the energy was calculated
and nonterminal addition rate constants differ by not more than at the MP2/6-31G** level. Structures, vibrational frequencies,
a factor of 3. and energies of these species are listed in Tables 1S-4S
Terminal and nonterminal rate constants for the reverse adduct(Supporting Information). The GAUSSIAN 94 system of
decomposition reaction; 1a, are expected to differ by not more  programs® was used in all ab initio calculations.
than a factor of 10. Relaxation to equilibrium in the current Cis conformations of CRECHCHCH, and CHCHCHCH,-
experimental setup is best observed wker, is roughly equal OO were found to be 4.2 (5.1) and 8.0 (8.1) kJ mabove
to 100 s?! (corresponding to the middle of the range of the corresponding trans forms. @EH(OO)CHCH is 4.2 (4.4)
temperatures suitable for the determination of equilibrium kJ moi~ belowtrans CH;CHCHCH,OO (MP2/6-31G** level,
constants,T, = 365 K in the current work). Assuming an values in parentheses include scaled ZPVE).
Arrhenius dependence fér14T), we estimate that a factor of The most uncertain aspect of the properties of the radicals
10 difference ink_1, values would mean a difference of 7 kJ  pertinent to the calculation of their entropy is the treatment of
mol~! in the activation energies for the reverse R&lduct the hindered internal rotations. In all radicatsCH3 torsions
decomposition. In turn, this would mean thBt values for (periodic triple well) were approximated by a symmetrical (
terminal and nonterminal processes will be separateet®y = 3) sinusoidal potential. Potential energy surfaces of other
K. At the same time, the whole temperature interval of the torsional motion in R@ radicals have more complex shapes.
current study where equilibrium was well enough resolved to In the general case, all torsional motions have three unequal
be suitable for measurements is only 45 K. Thus, one can minima and three unequal maxima (the only exception is the
conclude that rates of the reverse decomposition, are 01C4C3C2 torsion ikis-=CH;CHCHCHO, which has only two
different by not more than a factor of 10 for the terminal (1t) minima). In cases when the differences between three maxima
and nonterminal (1nt) sites of addition of,@ the CH- are significant, there is an ambiguity in applying sinusoidal
CHCHCH; radical. approximations (needed to calculate thermodynamic properties)
If both 1t and 1nt processes are considered, the kinetics ofto these complex shapes. One example of such a complex
radical decay in the intermediate temperature regime is describedpotential is that of the €00 torsion in cis-CHCHCHCHO».
by a triexponential expression (corresponding equations areThis potential has three maxima (11.9, 4.8, and 2.8 kJ fratl
derived in the Supporting Information section 1S). However, O201C4C3 equal to 1°1—128.5, and 119.2, respectively)
these triexponential concentration vs time dependencies can beand three minima (at 0201C4C3 equal to 73:#73.7, and
well fitted with a double-exponential expression (I). A computer 172.5, the second and the third one being 1.39 kJthabove
simulation was performed to assess the relationship betweenthe first one). Two different sinusoidal approximations were
the rate parameters of 1t and 1nt processes and the observedsed for this potential. One was a single-maximum sinusoida
equilibrium constank;. Kinetic parameters of individual steps  with the barrier height equal to the 11.88 kJ mioftwo minor
used in the simulation were varied within and slightly outside maxima are ignored). The other approximation is a 3-fold
the ranges observed in the experiments (iH:525< k;,< 400 sinusoida with the barrier height obtained by averaging all three
and 10 k-15,< 1000, 0.& K4[O7] =< 20, O0< kg=< 100 with the maxima (6.5 kJ molh). In such cases, the differences between
above restrictions on the ratios of rate coefficients for the different possible approximations were taken into account in
terminal and nonterminal processes. It was found that within order to assess the uncertainty in calculating entropy. All
these ranges of parameters, modeled triexponential kinetics couldenergies here are calculated at MP2/6-31G** level with cor-
be very well fitted with a double-exponential expression | and rections for the zero-point vibrational energy (scéledy a
the resultant value oK; is always within a factor of 2 from  factor of 0.91). Reduced moments of inertia for internal
twice the geometric mean of the actual equilibrium constants rotations were calculated from the structural data by the method

for terminal and nonterminal addition: of Pitzer and Gwinr#222 Thermodynamic functions of the
hindered internal rotations were obtained from interpolation of
K = 2\/KiKine (] the tables of Pitzer and Gwirfd. Vibrational frequencies

obtained in ab initio calculations were scaled by a factor of
Thus, experimental values df; provide a measure of the 0.892! Properties of the CRECHCHCH,, CHsCH(OO)CHCH,
average (arithmetic mean) AiG°r for terminal and nonterminal ~ and CHCHCHCH,O; radicals used in thermodynamic calcula-
processes,AG tlin: tions are listed in Table 3.
IV.3. Determination of AH®9g and AS°>9s Of Reaction
(1a,—1a). The room-temperature enthalpy of reaction (1a,

LIAGH(1t) + AG°((1nt)]  AG®[,,

1

In("/2Kp) = RT RT (i —1a) was obtained from the data &n(T) using a Third Law
analysis. First, the average valuesAt [y for terminal and

where the equality is valid with an accuracy-bin(2). Here, nonterminal processes in reaction (tha) were obtained
Ky is the observed equilibrium constant of reaction {Ii) in directly from the values of the observed equilibrium constant
bar . via formula Ill. The addition of a small “correction”

IV.2. Molecular Parameters of CH;CHCHCH 5, CH3CH-
(OO)CHCH, and CH3CHCHCH ,0,. None of the conforma- [AH L — AH oy AS L — AS o8y
tions of the species involved in reaction 1 have been investigatedf(T) = ' RT - — : = :
before. We studied the geometries and harmonic vibrational (V)

frequencies of CeCHCHCH,, CH;CH(OO)CHCH, and CH-
CHCHCH,0O, using the ab initio unrestricted HF method with  converts the right-hand-side of the equation IIl to a linear
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TABLE 3: Models of the Molecules Used in the Data Analysis
Vibrational Frequencies (cm)

transCHsCHCHCH; 197,272,472, 495, 666, 698, 826, 909, 949, 989, 1068, 1114, 1199, 1287, 1379, 1424, 1430, 1451,
1459, 2816, 2857, 2892, 2935, 2944, 2945, 3028

ciss=CH;CHCHCH, 267, 274,487,537, 634, 697, 812, 906, 970, 990, 1014, 1132, 1154, 1356, 1389, 1398, 1432, 1454,
1464, 2822, 2861, 2915, 2938, 2953, 2962, 3035

CH;C(OO)HCHCH 252,297, 335, 470, 518, 663, 819, 889, 956, 973, 1008, 1061, 1090, 1135, 1170, 1267, 1301, 1317,

1378, 1416, 1441, 1447, 1654, 2845, 2891, 2912, 2921, 2945, 2964, 3023

transCH;CHCHCHOO 169, 265, 354, 473, 539, 778, 875, 922, 974, 996, 1040, 1057, 1131, 1136, 1253, 1285, 1306, 1369,
1396, 1446, 1454, 1457, 1698, 2847, 2891, 2897, 2919, 2950, 2956, 2979

Cis-CH:CHCHCH,0O0 230, 270, 416, 515, 560, 716, 863, 919, 952, 1006, 1013, 1057, 1126, 1132, 1243, 1270, 1337, 1392,
1412, 1448, 1454, 1462, 1692, 2851, 2892, 2901, 2933, 2962, 2974, 2991

CH,CHCH,** 426, 514, 544, 738, 801, 912, 983, 1071, 1182, 1247, 1390, 1464, 1487, 3019, 3021, 3054, 3107, 3107

CH,CHCH,00* 309, 408, 494, 619, 856, 935, 939, 999, 1002, 1109, 1167, 1253, 1285, 1333, 1425, 1453, 1650, 2897,
2951, 3006, 3045, 3103

Rotational Constants (crt), Symmetry Numbersoi Number of Minima in Parentheses if Different), and Rotational Barriers (kJ¥nol
Overall Rotations

trans CH;CHCHCH, B=0.2749, o=1
CissCH;CHCHCH, B=0.2478, o=1
CH;C(OO)HCHCH B=0.10379, o=1

transCH;CHCHCHOO B =0.09865, c=1
cis-CH;CHCHCH,0OO B=0.10270, o=1

CH,CHCH,?® B=0.5658, 0=2
CH,CHCH,O0?" B=0.16736, o0=1

Internal Rotations
transs CH;CHCHCH, a(CH;—CHCHCH,) = 6.869, 0=3, V,=5.04
Cis-CH;CHCHCH, a(CHs—CHCHCH,) =5.836, 0=3, V=0
CH3;C(OO)HCHCH a(CH;—C(OO)HCHCH) =5.482, 0=3, Vo=16.55

a(CH;C(OO)H-CHCH,) = 1.508, 0=1(3), Vo= 9.89 (average of 11.12,11.10, and 7.45)
a3(CHsC(—OO)HCHCH) = 1.443, 0=1(3), Vo= 7.43 (average of 8.35, 10.08, and 3.81;
alternativeVp = 9.22)
transCHsCHCHCH0OO  &;(CH;—CHCHCHO0O0)=5.737, 0=3, V,=28.39
a(CH;CHCH-CH,00)=1.397, 0=1(3), Vo=8.84 (average of 10.65, 7.94, and 7.94)
a(CHsCHCHCH,—-00)=1.313, 6=1(3), Vo=6.91 (average of 10.81, 4.96, and 4.96)
cis-CH;CHCHCH,OO a;(CH;—CHCHCH,00)=5.644, ¢=3, V,=3.82
a(CH;CHCH-CH,00)=10.638, o=1, Vo= 15.47 (alternativeV, = 9.57, average of 15.47 and 3.66)
a(CH;CHCHCH—-00)=1.347, o=1, Vo= 11.81 (alternativeV, = 6.43, average of 11.81, 4.73, and 2.76)
CH,CHCH, no internal rotors
CH,CHCH,O*" a(CH,CH—CH,00)=1.785, 0 =1(3), Vo= 13.57 (average of 17.7, 9.6, and 13.4)
a(CH.CHCH,—00)=1.636, 0=1(2), Vo= 8.15 (average of 5.4 and 10.9; alternatiXee= 10.9)

Entropies Calculated Using the above Models

S 0(trans CH;CHCHCH,) = 304.50 J moit K1 S 208(Cis-CH;CHCHCH,) = 305.45 J mol* K1

S e trans CH;CHCHCH,00) = 378.87 J molt K1 S°204(Cis- CH;CHCHCH,00) = 374.03 J mot! K1
20 CHsCH(OO)CHCH,) = 371.10 J mott K~

S50 CH,CHCH) = 258.39 J molt K1 S0 CH,CHCH,00) = 339.54 J molt K1

function of 1T with the intercept at I = 0 equal to trans and cis configurations):
ASddn/R and slope of the function equal to

—[AH®20g /R AS’ g5 (trans)= —130.8+ 5.6 Jmol K *
[AS [AH°

IN(Kp) — In 2+ f(T) = FZ;’BQ'”‘ ~ RZT%Q’”‘ V) AS ygq oftrans)= —138.6+ 2.3 Imol ' K

Here, angle brackets around thermodynamic functions signify AS,4q (CiS)= —136.57+ 10.8 J mort K1

the arithmetic mean of the values for terminal and nonterminal
addition of Q to CH;CHCHCH; (e.9.,[AS 20ddnt = Y2[AS 208 1

o) — 1,1
+ AS208n]). The equality is valid with an accuracy efIn2, AS’pgg pfCis) = —139.50+ 2.3 I mol ™ K
asineq lll. The values of the “correction” functidi]), (<1%
of In(Ky)) were calculated using the models of EHHCHCH,, Uncertainties were estimated from the uncertainties in the

CH3CH(OO)CHCH, and CHCHCHCH,O, radicals described parameters of the internal hindered rotors (variations in entropy
above (Table 3). The above analysis of thermochemical anddue to different sinusoidal approximations of the torsional
equilibrium data was repeated twice: for trans and cis configu- potential energy profile and from a 20% uncertainty in the
rations of CHCHCHCH, and CHCHCHCHO, which were torsional barrier values, see section IV.2) and low-frequency
assumed to be preserved in the addition processes. The resultantibrations (estimated by varying the lowest frequency by a factor
values off(T) are listed in Table 2. of 1.5). The values ofAH®,gg(trans) andAH®,gg(ciS) were
The values 0fAS’,95 Of reaction (1a;-1a) were calculated  obtained from the slopes of the lines drawn through the
using the above models of the involved species (separately forexperimental values of (Ii(;) + f(T)) and the calculated
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TABLE 4: Conditions, Original Results, and Results of the Reinterpretation of the Experiment§ on the Relaxation to
EqUIIIbrlum in CH >CHCH, + O, == CH,CHCH 0,

TIK [02)/105%bar kst Aifst Adst  FP keOs)/s™t kogdst ki/st In(Kpbarb)(newf In(Kebari)(old)d Kp(new)Kp(dd) fe x 10°

413 78.22 11.2 1320 18.2 1.20 717.07 585.95 23.98 7.355 7.273 1.086 17.724
411 69.61 11.1 921 11.1 1.05 466.05 443.85 11.10 7.319 7.266 1.054 17.608
401 33.44 10.8 706 139 1.27 390.31 302.47 16.32 8.258 8.133 1.133 16.043
391 12.26 11.7 390 10.3 0.805 167.94 21211 8.55 8.773 8.695 1.082 14.294
382 11.15 10.5 327 834 1.27 176.12 142.10 6.62 9.317 9.227 1.094 11.501
373 5.34 11.0 195 9.04 112 96.28 89.50 7.25 9.911 9.757 1.166 9.293
372 10.34 111 283 7.80 2.12 183.69 89.79 6.22 9.893 9.757 1.146 9.087
363 8.48 12.0 247 8.11 3.50 181.91 5422 6.97 10.586 10.345 1.272 7.622
362 5.52 12.0 185 8.29 231 119.61 55.04 6.63 10.580 10.354 1.254 7.408
354 5.24 14.1 174 6.46 4.39 128.82 32.93 4.62 11.221 10.958 1.300 5.675
353 2.59 141 110 6.31 2.40 65.40 34.13 2.68 11.210 11.060 1.162 5.502
352 3.22 11.9 114 7.73 2.85 74.50 29.15 6.18 11.281 10.897 1.469 5.340

aRate constants of the heterogeneous wall decay of0EICH, measured in ref 52 Values ofF = I4/I, (see section 1I1.3, formula ) reported
in ref 5. ¢ Values ofKp/bar ! as reported by the authors of the original stu8lyalues ofKs/bar-* obtained in the reinterpretation of the experimental
results.® Values of the “correction” function (see text).

interceptslAS’29d /R + In2 (Figure 3): These studies yielded temperature dependencieKgpfthe
equilibrium constants of reaction (6a,-6a), which were used to
[AH® 0dJ(trans)= —82.0+ 3.8 kJ mol*  (VI) obtain the enthalpy of the addition of allyl radical ta.OThe
experimental method applied by Slagle effdhser photolysis/
[AH®,qd (Cis) = —83.24+ 4.7 kJ mol* (VI photoionization mass spectroscopy (LP/PIMS), was analogous
to the one used in the current work. As has been discussed
Error limits include contributions resulting from (1) the uncer- elsewheré? earlier experiments on relaxation to equilibrium
tainties in the entropies of reactions, (2) from then2 in R + O, reactions performed by the LP/PIMS method did
uncertainty in equations Il and V, and (3) frona 2f statistical not account for the possibility of further reaction of the RO
fit of experimental data to eq V. Here, trans and cis notations (due to wall decay or isomerization/decomposition, also see
do not mean enthalpies of reaction (taa) for corresponding  section 111.3) and, therefore, need reinterpretation. Such
trans and cis conformations of the GEHCHCH, radical but reinterpretation (described by us eadA®ris based on the
rather values of reaction enthalpy obtained from experimental published parameters of the double-exponential decay of radicals
data assuming either trans or cis conformations for all radicals. gbserved in the presence of @nd results in corrected values
Since values given by expressions VI and VI differ very little, of the equilibrium constants. The conditions of the original
one can recommend the average value for trans and cis routeg:xperiments on reaction (6a6a) by Slagle et aP the initially

of reaction (1a;1a): reported parameters, and the results of the reinterpretation are
. 1 listed in Table 4.
[AH® g = —82.6+ 5.3 kJ mol (v As can be seen from the data in Tablek4,increases as a
. . . result of the reinterpretation with changes ranging from 5% to
A Second Law analysis can be used to obtain At 9gl )t 47%. These recalculatéd; values were used to determine the
and [AS"zodin: for reaction (1a;1a) from the (InKp) + (1)) enthalpy of reaction (6a6a) in the Third and Second Law
vs 17T dependence: analyses. The entropies of allyl and the HICH,O, adduct

were obtained from spectroscopic and ab initio data on these
two radicals (Table 3). In the Third Law analysis, the calculated
entropy of reaction (6&;6a),

[AH®,odn(trans, Second Law —81.0+ 7.0 kJ mol™*

[AS yoddy(trans, Second Laws
—132.1+19.2J mol ' K™ AS ,od6a—6a)= —124.0+ 4.5 Imol* K%,

o H _ 1
[AH"0dn(Cis, Second Lawy= —81.1 7.0 kJ moT (uncertainty estimated via the method described in section 1V.3)

. . 1,-1 was used together with the experimental (recalculakefi))
[AS 20 dh{Cis, Second Lawy= —132.4+ 19.2 I mol™K data in a procedure described bef8r obtain the reaction

(here, error limits are@from statistical deviations of fitonly). ~ €nthalpy

However, considering the narrow temperature intervals of the

experiments to determink,(T), the scattering of data due to AH®of6a~6a)= — 76.8+ 2.6 kJ mol *
experimental uncertainties, and effects of the In2 uncertainty

in egs Il and V (potential errors that can have different signs  Error limits include contributions resulting from (1) the
for different data points) we prefer to use the Third Law analysis, uncertainty in the reaction entropy, (2) from the 25% repdrted

based on the ab initio calculated values of entropy. experimental uncertainty iKg, and (3) from 2 of statistical

_ _ _ _ fit of experimental data. The same data used in a Second Law
V. Thermochemistry of Reaction of Allyl Radicals with analysis yield values of both enthalpy and entropy of reaction
0, (6a,—6a)

Relaxation to equilibrium in the reaction

AH°,of6a,—6a)= —77.94 3.2 kI mol*
CH,CHCH, + O, = CH,CHCH,0, (6a-6a)

was observed by Ruiz et @Morgan et al4 and Slagle et &l. ASof6a,~6a)= —126.8+ 8.6 Jmol 'K ™*
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Figure 4. Modified van't Hoff plot of (In(Ky) + (T)) vs 1000 K/T
for reaction (6a-6a). Line represents the result of the Third Law fit
(see text). Squares: data of Morgan et @liangles: data of Ruiz et
al3 Filled circles: data of Slagle et alReinterpreted in the current
work (section V).

(here, error limits are @from statistical deviations of fit only)

which are in good agreement with those obtained in the Third

Law analysis.
Recalculated values &g shown in the modified van’t Hoff
plot (InKg/bart vs 1T, Figure 4) together with the data of Ruiz
et al® and Morgan et at.indicate excellent agreement between
the results of these three studies.

of thermochemistry, the resultant values are

Third Law: AHC,e6a—6a)= —77.0+ 2.7 kJ mol* )
IX

Second Law: AHC,4{6a—6a)= —75.8+ 2.8 kJ mol*
AS ,of6a—6a)= —121.1+ 7.0 Imol ' K™

(reported error limits have the same meaning as above).
The results of the current Third Law and Second Law

analyses of the equilibrium in reaction (6&a) are in agreement

with those of Morgan et &l. Such agreement is expected due

If the data of Ruiz et al. and
Morgan et al. are included in the Third and Second Law analyses

J. Phys. Chem. A, Vol. 102, No. 45, 1998939

(compared to alkyl peroxy radicaf®8 R—O, bond means that,
as in the case of allyl radical, the R == RO, equilibrium is
shifted to the left under combustion conditions.

Very little kinetic information on reaction 1 is available in
the literature. Stothard and WalKenentioned high yields of
butadiene formation among the initial products of 2-butene
oxidation at 753 K (with a reference to an unpublished work
by the same authors) which they attributed to the importance
of the reaction

CH,CHCHCH, + O, =~ CH,=CHCH=CH, + HO, (1b)
Earlier, Lodhi and Walkérmentioned the value of the reaction
1b rate constant at 753 K being approximately equét#r53

K) = 3 x 1071 cm® molecule? st without giving any
reference (presumably, referring to the results of the same
unpublished work).

The kinetics and thermochemistry of a prototype reaction,
that of the allyl radical with @ (6), has received significantly
more attention. In addition to the studies of equilibrium in the
R + O, addition discussed above (section %, the high-
temperature kinetics of reaction 6 was studied by Walker and
co-workers®792% These authors used gas chromatographic final
product analysis of the decomposition of 4,4-dimethylpentene-2
in the presence of £%29and of the oxidation of propenhé¢o
assess kinetic parameters of different channels of reaction 6.
The reported rate constant valtiésr reaction channels

CH,CHCH, + O, — CH,=C=CH, + HO,  (6b)

and

CH,CHCH, + O, — CO + other products (6¢c)
arekgy(753 K)= 4.2 x 1071° cm® molecule s™! andks=7.59
x 10712 exp(—9457 KIT) cm® moleculel s™1. The overall rate
of reaction 6 at high temperatures where equilibrium in the
addition channel (6&;6a) is shifted to the left is, thus, several
orders of magnitude lower than typical values for analogous
alkyl + O, reactions.

Walker and co-workers interpreted reaction channels 6b and
6¢ as resulting from isomerization of the gFHCH,OO adduct:

CH,CHCH, + O, = CH,CHCH,0, —
isomerization— final products
Although reaction 1 is similar to reaction 6, there is a possibility

of faster isomerization resulting in higher rate constants of the
igh-temperature reaction. Terminal addition of CHICHCH,

to the correspondence between the reinterpreted experiment 0 O, results in the formation of the GEHCHCH,00 adduct

data of Slagle et &.and those of Ruiz et al. and Morgan et al.
(Figure 4).

VI. Discussion

This study provides the first experimental investigation of
the thermochemistry of the reaction of 1-methylallyl radical with
molecular oxygen. The RO, bond energy (negative of R
= RO, reaction enthalpy) for methylallyl obtained in the

which can, possibly, isomerize via the abstraction of hydrogen
in the allylic position, thus resulting in the formation of a
stabilized (due to an electron delocalization) radical by a route
similar to that suggested by Baldwin et®dbr larger pentenyl
radicals:

CH;CHCHCH, + O, == CH;CH=CHCH,00—
CH,CHCHCH,OO0H — further products

experiments on relaxation to equilibrium represents the average

of C—0O bond energies for terminal and nonterminal addition
which are not expected to differ by more than 7 kJ midkee
section IV.1). The value of this bond energy, 82:65.3 kJ
mol™1, is very close to that obtained for the allyl radical, 77.0
+ 2.7 kJ mofl. Although the value for methylallyl radical is
5.6 kJ mof? higher, the difference is not meaningful since the

The activation energy for such an isomerization is expected
to be reduced through the formation of the delocalized-CH
CHCHCHOOH radical. However, the upper-limit values for
the high-temperature rate constants of reaction 1 obtained in
the current work (Ix 10716 cm?® molecule* s at 600 K and
2 x 10718 cm® molecule! st at 700 K, in approximate

uncertainties of the two determinations overlap. Such a weak agreement witrk;,(753 K) = 3 x 10716 cm?® molecule’® s1
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mentioned by Lodhi and Walker) indicate that the above route

of reaction 1 is still significantly slower than high-temperature
reactions of alkyl radicals with £(e.g., ref 30).
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