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Kinetics of the Association Reactions of NO with the Series of Chlorofluoromethyl Radicals

The kinetics of the reactions CF,Cl + NO + M — CF,CINO + M and CFCl; + NO + M — CFCI,NO +
M have been investigated using pulsed laser photolysis/time-resolved mass spectrometry in the pressure range
1—12 Torr and at the temperatures of 233, 298, and 333 K, using N; as the buffer gas. The results, along
with those obtained in preceding works for the homologous reactions CF; + NO + M — CF;NO + M and
CCl; + NO + M — CCLNO + M (refs S and 7), were analyzed by a variational RRKM method. This
analysis shows that all kinetic, structural, and thermochemical data of this series of species and of their
corresponding reactions are internally consistent within the framework of the variational RRKM model used.
By fitting the usual Troe’s expression to the RRKM calculated rate constants values, themselves based on the
experimental data, the broadening factor F, & 0.6 was obtained. Setting F. = 0.6 for all reactions, the following
rate expressions have been obtained (units of cm® molecule™ s™! for ko and cm® molecule™ s7! for k.):
ko(CF3) = (2.0 £ 0.4) x 1072(77298)73%; k..(CF3) = (1.9 + 0.4) x 10714(77298)719; ky(CF,Cl) = (1.8 +
0.35) x 1072(T/298)™*4; k.(CF2Cl) = (1.9 + 10 _ 5 5) x 1071(T/298)~1%; ko(CFClp) = (1.0 & 0.25) x 10~2%(T/
298)™43; k(CFCl) = (1.9 ¥ 10 _55) x 10711(T/298)~13; ko(CCls) = (0.85 = 0.2) x 1072°(7/298)33; k.(CCls)
= (0.55 £ 0.12) x 107'(7/298)"16. It appears that in the low-pressure part of the falloff, the RRKM theory
may be used in a predictive way for association reactions forming nitroso compounds: from the experimental
determination of ko, a reliable evaluation of the enthalpy of reaction can be obtained (within +8 kJ mol™1),
using . =~ 0.2 and vice versa. The values of k.. have been found equal within uncertainties for those species
containing fluorine. This is to be compared to the almost equal enthalpies of their corresponding reactions.
In the case of CCl;, both k.. and the reaction enthalpy have lower values than those obtained for the other
species of the series. In contrast, ko decreases regularly in the series, from CF; to CCls, and this trend is well
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accounted for by the calculations.
Introduction

Kinetic studies of three-body recombination reactions of
radicals provide data bases of interest in applications of theories
of unimolecular reactions. Comparison of reactivity changes
from one reaction to the other is generally more accurate than
in the case of the reverse dissociation reactions, whose rate
constants generally exhibit strong temperature dependencies as
a result of large activation energies. On the contrary, association
reactions of radicals generally proceed with no activation energy,
and thus, interpretations of reactivity changes arising from
differences in structural parameters are much easier.

Recently, several series of association reactions involving
homologous radicals, generally of interest in atmospheric
chemistry and in combustion processes, have been investigated
in our laboratory.!™® Kinetic data concerning such series of
reactions are of particular interest for testing theories. In fact,
once the evolution of the kinetic behavior along the series is
established experimentally, the challenge is to connect this trend
to that of thermochemical and structural properties of the
radicals, using a particular kinetic theory. Such an approach
needs, of course, a good knowledge of these properties, but in
some cases a good kinetic data base may reveal erroneous or
unexpected thermochemical data. This has been the case in
the preceding studies of the CCl3—0,* and CCl;—~NO? bond
dissociation energies, and the latter case is discussed again in
the present work. Another advantage of dealing with series of
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homologous radicals is to add more constraints to the applica-
tions of theories, since the whole series must be treated with a
single theoretical model.

This paper deals with the series of association reactions of
chlorofluoromethyl radicals with NO:

CF, + NO + M — CE,NO + M (1)
CF,Cl + NO + M — CF,CINO + M )
CFCl, + NO + M — CFCL,NO + M 3)

CCl, + NO + M — CCLLNO + M (4)

This series of reactions is of particular interest as the nitroso
molecules produced have well-defined spectroscopic and ther-
mochemical properties which are important input parameters
in RRKM calculations. This is particularly true for CFsNO,
CF,CINO, and CFCI;NO. These molecules exhibit structured
electronic absorption spectra which have provided accurate data
on low vibrational frequencies and on C—N bond dissociation
energies. The dissociation energies are almost the same for all
the above fluorinated molecules (167, 164, and 171 kJ mol~1,
respectively)S but significantly smaller for CCI3NO (120 kJ
mol™!).5 Thus, another interesting feature of this study is to
verify the consistency between the kinetic parameters and the
particular thermochemical properties of CCI3NO, compared to
those of other species.
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TABLE 1: Thermochemical Parameters Related to
Reactions 1—4¢

CXs CF; CF.,Cl1 CFCl, CCly

AH®93(CX3) —460 £ 4 —279£8 -—-96+4¢ T1+25°
AH°(CX;+NO) —167+ 1 —164 £5¢ —171+3¢ —120+ 8"
AH’no(CXsNO)  —540+5 —355+13 —181+7 38+10
AH%03(CX3+NO) —171£1° —168+5 —176+£3 —125+ 8

AHs(NO) =913 £0.2¢

@ Units of kilojoules mole™!. ® From ref 12. ¢ From ref 13. ¢ From
ref 14. ¢ From ref 15./From ref 11. ¢ From ref 16.* From ref 5.
i Calculated from AH° using molecular parameters given in ref 8.
J Calculated from AH® using molecular parameters given in Table 4.
* From ref 17.

In preceding papers, we have reported kinetic studies of
reaction 1 (CF3)” and 4 (CCls)° complemented with nonvaria-
tional RRKM calculations. Concerning reaction 1, data were
obtained in the range 1—12 Torr and 253—373 K, and the largest
part of the falloff curve could be described at 298 K by joining
our data to those of Vakhtin et al.,> who measured the rate
constants from 20 to 455 Torr. In this case, vibrational
frequencies and the C—N bond dissociation energy were
available from IR and Raman spectroscopy® and from visible
spectra of jet-cooled CF3NO (Do(C—N) = 13980 + 60 cm™!
=167 £ 1 kJ mol L1011

Reaction 4 (CClz) was studied in the ranges 0.5—760 Torr
and 263—373 K, using two complementary techniques.®> In this
case, the nine highest vibrational frequencies of CCI3NO were
available from IR spectroscopy,” but due to the unstructured
spectrum of the jet-cooled CCI;NO, neither the lowest vibra-
tional frequencies nor the C—N bond dissociation was available.
The latter was then measured by studying the equilibrium 4,-4:
Dy(CC1;—NO) = 120 =+ 8 kJ mol~*5 and the lowest vibrational
frequencies were calculated using the semiempirical MNDO-
UHF method. In both cases RRKM calculations could account
correctly for the experimental results. All thermodynamical
parameters related to reactions 1—4 are collected in Table 1.

In this paper, we report measurements of the kinetics of
reactions 2 and 3. Rate constants were measured between 1
and 12 Torr and from 233 to 333 K, using pulsed laser
photolysis coupled to time-resolved mass spectrometry and by
monitoring the rate of formation of CF,CINO and CFCI,NO.
Measurements at higher pressures, as performed in the study
of the CCl; reaction,® were not possible in the present study of
reactions 2 and 3. The results obtained for the whole series of
reactions 1—4 have been analyzed using variational RRKM
calculations, according to the procedure developed by Forst.!#
Rate expressions have been derived by fitting Troe’s expression
to the calculated RRKM falloff curves.

Experimental Section

The apparatus has already been described in detail,'® and
hence only a brief summary is presented here. The CFCIl, and
CF,(Cl radicals were produced by pulsed laser photolysis at 193
nm of CFCl; and CF,Cl,, respectively, using an excimer laser
(Lambda Physics, EMG 101). The photolysis of CF,Cl> at 193
nm has recently been shown to result exclusively in CF,Cl +
Cl, in which CF,Cl does not undergo further decomposition.?°
The study of the photodissociation of CFCl; at 193 nm?! has
shown that the single C—Cl bond rupture is the predominant
dissociation process. No evidence was found for molecular
chlorine elimination (CFCl; — CFCl + Cl,) nor the three-body
elimination (CFCl; — CFCI + Cl + Cl), which are estimated
to occur with a quantum yield lower than 5%. The CFCl,
radicals formed are too cold to undergo unimolecular decom-
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position. Secondary dissociation of CFCl, might be possible
through the absorption of a second photon at 193 nm. However,
this can only occur at much higher laser fluence than that used
in this work, and in addition, it is shown in ref 22 that the CFCl
radicals that might be formed in this process cannot interfere
with our kinetic measurements.

The initial radical concentrations of CFCl; and CF,Cl were
around 10'! molecule cm™3, They were evaluated by introduc-
ing butane into the reaction mixture at low concentrations (~10
molecule cm™3) and by measuring its consumption after 10 laser
pulses, due to reaction with chlorine atoms formed by the
photolysis of the precursor. For a better sensitivity, the
concentration of the precursor was about 10 times higher than
that normally used in experiments. The gas mixture was
continuously flowing through the reactor and was renewed every
two/three laser pulses. The concentration of each component
was determined by measuring both its flow rate and the total
pressure in the reactor. The time-resolved buildup of CF,CINO
and CFC],NO was monitored by mass spectrometry (quadrupole
Balzers QMGS511), using molecular beam sampling. Signals
were detected at m/e = 80 and 96, corresponding to the
fragments CF,NO™ and CFCINO®, respectively. No signal
could be detected at the parent ion masses, in contrast to that
observed in the case of CFsNO.” The time-resolved concentra-
tion profiles of the CF,CINO and CFCI;NO formation were
stored in a multiscaler (TRACOR) and transferred to a
microcomputer for data processing. Generally, 1500 to 3000
shots were accumulated for an acceptable signal to noise ratio.
The buffer gas was nitrogen in all cases. At the lowest pressure
(*1 Torr), care was taken to maintain a large excess of nitrogen
by using very small concentrations of precursors (<10 mTorr).

N2 (99.995%) and NO (99.9%) were provided by I'Air
Liquide and used without further purification. CF,Cl, (PCUK)
and CFCl; (Fluka, purity 99.5%) were carefully degassed at
low temperature.

Experimental Results

The experimental results reported in this work concern
reactions 2 and 3 of CF,Cl and CFCl,, respectively. Nitric oxide
was always present in large excess over the CX;3 (X = F or Cl)
radical concentrations, resulting in pseudo-first-order kinetics.
The values of rate constants were obtained by recording the
time-resolved buildup of the CX3NO species. The time profile
of signals and their analysis procedure were the same as those
already presented for CF; and CCl; radicals.>” The particular
experimental conditions used in this work for the study of
reactions 2 and 3 are the following: total gas concentration
(0.3—-4.5) x 10" molecule em™3 (1—12 Torr); N, buffer gas;
temperature 233, 298, and 333 K; CF,Cl,, CFCl; concentrations
(2—10) x 10!* molecule cm™3 (5—30 mTorr); radical concen-
trations (CFCl, or CF,Cl) < 10'2 molecule cm™3; NO concen-
trations (0.8—80) x 10'* molecule cm™3, corresponding to
pseudo-first-order rate constants varying from 500 to 2000 s~1;
flow rate varied from 3 to 100 cm? s~1; laser pulse frequency
0.2—1 Hz.

Due to the low radical concentrations, radical—radical
recombination reactions could be neglected. However, at the
lowest temperature, the recombination of chlorine atoms with
CF,Cl or CFCl, radicals became faster and could perturb
measurements, as observed in previous studies.> In those cases,
small quantities of propane (~20 mTorr) were introduced into
the gas mixture to scavenge chlorine atoms and convert them
into less reactive propyl radicals. At the lowest temperatures,
the addition of propane resulted in an approximately 10%
decrease in the rate constant. No effect could be detected at
higher temperature.
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Figure 1. Pseudo-first-order rate constants for the CF,Cl reaction with
NO, plotted as a function of NO concentration: total gas density 3.25
x 10! molecule cm™?; buffer gas Ny; () 233 K; (A) 298 K; (O) 333
K.
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Figure 2. Pseudo-first-order rate constants for the CFCl, reaction with
NO, plotted as a function of NO concentration: total gas density 7.0
x 106 molecule cm™3; buffer gas Ny; (O) 233 K; (a) 298 K; (O) 333
K.

As explained in ref 5 and 7, the rates of CX; radical losses
to the walls were estimated from the intercepts of plots of the
pseudo-first-order rates of CX3NO production vs [NO] and
averaged at a given temperature. The average value of intercepts
was always around 100 s~1,

The pseudo-first-order rate constants of CX3NO formation,
corrected for wall losses of CX3 radicals, are plotted against
NO concentration in Figures 1 and 2 for the radicals CF,Cl
(total gas density 3.25 x 10!7 molecule cm~3) and CFCl, (total
gas density 7 x 106 molecule cm™3), respectively. Linear plots
passing through the origin were obtained, suggesting that the
experimental conditions of experiments were appropriate. Bi-
molecular rate constants for reactions 2 and 3 were obtained
from the slopes of the lines using a least-squares treatment of
the data. The values obtained at different pressures for the three
experimental temperatures are listed in Tables 2 and 3 (the
number of runs corresponding to each value also being
indicated), and the corresponding falloff curves are plotted in
Figures 3 and 4. It is clear that the rate constants measured
between 1 and 12 Torr are close to the third-order limit and far
from the high-pressure limit. The solid lines in the figures are
the results of RRKM calculations described below.

RRKM Calculations

In our previous work,>’ the experimental results concerning
CCl; and CF; were analyzed using a nonvariational RRKM
procedure (program “FALLOFF"23), The representation of the
experimental results, which included low- and high-pressure data
obtained from different techniques, was satisfying and only
necessitated short extrapolations to the limits. In the cases of
CF,Cl and CFCl,, investigated in the present work, rate
constants could only be measured at low pressures, and thus a
long and uncertain extrapolation to the high-pressure limit was
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TABLE 2: Experimental Bimolecular Rate Constant k,, for
the Reaction CF,Cl + NO + M — CF,CINO + M

temperature, total gas density, number k1072 cm?®
K 10" molecule cm™  ofruns  molecule™! ™!
233 42 3 1.5+£0.2
8.3 5 3.0+02
16.6 6 52+£05
249 6 57+£03
333 6 6.8 £0.2
41.6 7 75+05
49.9 5 8015
298 33 4 0.40 = 0.04
6.5 5 0.90 £ 0.16
9.8 8 1.20 + 0.04
13.0 8 190+0.1
19.5 6 1.80£0.1
26.0 7 260+0.2
325 7 2.80+0.2
39.0 8 320+ 04
333 29 4 0.30 £ 0.03
5.8 6 0.50 + 0.03
8.7 5 0.80 + 0.06
11.6 5 1.0+ 0.1
174 8 1.3+0.1
232 6 1.7+0.1
29.1 7 1.9+£02
34.8 5 22+£02

TABLE 3: Experimental Bimolecular Rate Constant k3, for
the Reaction CFCl, + NO + M — CFC;NO + M

temperature, total gas density, number k, 10712 ¢cm?
K 10" moleculecm™  ofruns  molecule™! s™!
233 42 6 09x+0.1
71 7 1.7£02
11.2 6 27403
18 7 34£05
27 6 49+0.6
54 6 6.7+04
298 2.6 1 0.26
2.8 2 0.27
32 1 0.3
35 6 0.30 + 0.06
7 7 05+0.1
14.1 7 12+0.1
21.1 11 1.7£0.1
28.3 9 19+0.1
35.2 8 24+02
424 6 26£0.1
333 43 7 0.20 4 0.05
7 6 0.30 £ 0.02
12.6 10 0.50 + 0.03
18.9 8 09+0.1
37.8 7 14+0.1

necessary. The curvature of the calculated falloff curves is
obviously critical in performing such extrapolations, and we
have thus taken great care in the procedure used to extrapolate
our data. In this particular study, additional information which
may help in such extrapolations can be gained from the fact
that we are dealing with a series of homologous radicals in
which results for the two species of interest, CF,Cl and CFCly,
are flanked by two others, CF; and CCls, for which experimental
data exist at high pressure. Consequently, the results of
extrapolations must present a certain internal consistency and
continuity along the present series of homologous species.

Extrapolations to high-pressure limits, from the low-pressure
data obtained in the present work for CF,Cl and CFCl,, were
performed with the help of RRKM calculations. We have first
tested RRKM models with the objective of obtaining shapes of
falloff curves which correspond to the best representation of
the experimental results obtained over large pressure ranges for
the CF; and CClI; reactions.
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Figure 3. Pressure dependence of the bimolecular rate constant of
the CF.Cl reaction with NO, at three temperatures: (¢) 233 K; (O)
298 K; (O) 333 K; buffer gas N;. Solid lines are the results of

variational RRKM calculations fitted to experimental data.
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Figure 4. Pressure dependence of the bimolecular rate constant of
the CFCl, reaction with NO, at three temperatures: (¢) 233 K; (Q)
298 K; (O) 333 K; buffer gas N,. Solid lines are the results of
variational RRKM calculations fitted to experimental data.

We have at our disposal two RRKM-type routines: the
nonvariational?® and variational'®?* procedures developed by
Forst. The latter was already tested with a variety of sys-
tems.?>? When applied to the same reaction, it is observed
that these two routines yield different shapes for the fall off
curves, resulting in significantly different extrapolations to the
high-pressure limit from the fit to low-pressure experimental
data, as shown for example in Figure 5a for the CF,Cl reaction.
The extrapolation performed using the nonvariational routine
yields k.. values about 50% higher than those obtained with the
variational method. In the case of the CCl; + NO reaction,
the best fit to low-pressure experimental data (obtained with
the same experimental method as that used in the present work),
which can be obtained by the nonvariational routine, does not
pass through the high-pressure data (obtained independently by
flash photolysis), as shown in Figure 5b. In contrast, the
variational routine reproduces much better all the data. Similar
behavior seems to be observed for the CF; reaction, but not as
clearly as for the case of CCl3, due to a larger dispersion in the
experimental points at low pressure.

Apparently, the same trend is observed in the cases of CF;-
Cl and CFCl;, reactions, when the results of extrapolations are
compared to the more reliable high-pressure-limit rate constants,
derived from the high-pressure measurements available for the
CF; and the CCl; reactions (see Table 4). Obviously, the
nonvariational routine yields a value of k.. that is too high for
the CF,Cl and CFCl, reactions (around 3 x 107! cm3
molecule™! s~1), whereas intermediate values of (1—2) x 107!
cm? molecule™! s™! would have been expected by comparison
with the k.. values obtained for CF; and CCl;. In contrast, the
variational routine yields values in better agreement with the
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Figure 5. Comparison of calculated falloff curves obtained from
nonvariational (dashed line) and variational routines (solid line) at 298
K: (a) for the CF,Cl reaction; (b) for the CCls reaction. Experimental
data are from ref 5: the low pressure data (open symbols) were obtained
using the same technique as in the present work, and the high pressure
data (solid symbols) were obtained by flash photolysis.

TABLE 4: Values of k.. Obtained by the Different
Extrapolation Procedures (Units of 10~1! ¢cm3 Molecule~! s~1)

CF; CF.Cl CFCl, CCl;
a 3013 30+08 3.0£08 1.0+04
b 20£10 1.8+0.6 18+06 07403
¢ 1.8+03 0.65x0.1

¢ Extrapolated from low-pressure data only, using the nonvariational
RRKM procedure. ? Extrapolated from low-pressure data only, using
the variational RRKM procedure. ¢ Extrapolated from both low- and
high-pressure data, using either the nonvariational or the variational
RRKM procedures.

above expectation, as also presented in Table 4. It is worth
noting that irrespective of the extrapolation method used, similar
values of k.. are obtained for the three fluorine-containing
radicals, whereas the value obtained for CCl; is a factor of 2—3
lower. The distinct value which seems to characterize the CCl;
reaction will be discussed further below.

In conclusion, we believe that the variational routine offers
the best representation of available experimental data for the
particular series of CF,Cls;—, + NO reactions considered in this
work, and thus, the variational RRKM calculation was preferred
for the representation of kinetic data of the entire series. The
calculational procedure has been described previously.!® It is
only recalled here that the variational transition state is
determined by using a switching function characterized by an
adjustable parameter “c”, allowing an interpolation between the
partition function of products and those of reactants. As the
calculations are carried out in the strong collision hypothesis,
the collisional efficiency factor 3. is introduced to shift the
calculated falloff curve along the pressure axis for best agree-
ment with the low experimental results. S. is the second
adjustable parameter of the analysis, “reasonable” values of this
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TABLE 5: Molecular Parameters for Reactants and Products of the Recombination Reactions 2 and 3

CF,CINO* CF,Cl CFCLLNO* CFCl,
frequencies/cm™! 1600 1208¢ 1614 1143¢
1244 1148 1139 919¢
1149 761¢ 943 747¢
925 599¢ 823 4074
768 4774 756 3784
644 366¢ 646 2654
439 527
439 399
353 362
283 306
225 232
70.7° 71e
rotational constant/cm™! 0.1217¢ 0.1094 0.0806¢ 0.2354
0.085¢ 0.1534 0.0749¢ 0.107¢
0.0694 0.386¢ 0.0524¢ 0.074¢
symmetry number 1 1 1 1
AH°y/kJ mol™! 164 & 4* 171 £ 3¢

Lennard-Jones parameters

o(CF,CINO) = 4.49 A
€/k(CF,CINO) = 392 K

a(CFCL,NO) = 4.96 A
e/k(CFCLLNO) = 402 K
o(N;) =3.63 A
ek(N2) =91.5K

< From ref 9. ¢ From ref 28. ¢ From ref 25. ¢ Calculated using MNDO semiempirical method. ¢ From ref 16.

parameter being 0.1 < §. < 0.4, with nitrogen as bath gas. These
calculations are carried out using the program INTERVAR,
which has been described recently.!82* The critical energy for
dissociation, E, is taken to be equal to the negative of enthalpy
change of reaction at 0 K, AH% as given in Table 1, the
assumption being that there is.no potential barrier to adduct
formation for such association reactions.

Table 5 lists the molecular parameters of reactants and
products used as input data in calculations related to reactions
2 and 3, along with the enthalpy changes of the reactions. The
parameters used for reactions 1 and 4 are the same as those
used in previous work.>7 Studies of the vacuum ultraviolet
photolysis of CHF,Cl and CHFC1,%" have led to the infrared
determination of the value of the four highest vibrational
frequencies for CF,Cl and of the three highest for CFCl;. The
lowest frequencies and the principal moment of inertia were
obtained from semiempirical MNDO calculations. As these
radicals are not planar,?®% their symmetry numbers (o) are equal
to 1. Ernsting and Pfab® determined the 11 highest of the 12
fundamental vibrational frequencies of CF,CINO and CFCl,-
NO by infrared spectroscopy. The lowest torsional frequencies
were obtained for CF,CINO*® and CFCI,NO'6 from the study
of the fluorescence excitation spectrum in the visible region
for jet-cooled molecules, which also allowed the determination
of the C—N bond dissociation energies (Dy = —AH®p),

D,(CF,C1-NO) = (13700 £ 350) cm™' =
(164 + 4) kJ mol ™

Dy(CFCL,—NO) = (14300 + 300) cm™' =

(171 £ 3) kJ mol™
The principal moments of inertia were obtained from semiem-
pirical MNDO calculations.

The Lennard-Jones parameters were determined with the
method of Stiel and Thodos,?! which uses the critical constants,
obtained from the experimental boiling point*2 and from tables
of Lydersen’s critical property increments.* The corresponding
values are listed in Table 5.

Results of Calculations

Since in our previous works, dealing with the reactions of
CF3’ and CCls, nonvariational RRKM calculations were used,
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Figure 6. Pressure dependence of the bimolecular rate constant of
the CF; reaction with NO: (0) 253 K; (O) 298 K; (O) 373 K. Open
symbols are from ref 7, buffer gas N». Closed symbols are from ref 8,
buffer gas He. [M] is scaled by the factor 0.6, corresponding to the
ratio [ko*(He)B.(He)l/[ko*(N2)B:(N2)].

the corresponding experimental results were reanalyzed together
with those obtained in the present work for CF,Cl and CFCl,,
in order to set a homogeneous representation of all the kinetic
data of the series.

The parameters ¢ (important at high pressure) and S,
(important at low pressure) were adjusted to obtain the best fit
of the calculated curves to the experimental data obtained at
298 K. Calculations were then performed at other temperatures
with the same value of ¢ and fitted to experimental results by
only adjusting B.. The resulting curves are the solid lines shown
in Figure 3, 4, 6, and 7, and the corresponding kinetic parameters
are reported in Table 6. The experimental results shown in
Figures 6 and 7 for the reactions of CF; and CCl; are reproduced
from our previous studies.>” It can be seen that the calculated
falloff curves are good representations of all the experimental
data, except for the data obtained for CCl; at 263 K between 4
and 12 Torr, where there were probably experimental complica-
tions, as already discussed in ref 5. For a better comparison of
the reactions of the series, all falloff curves obtained at 298 K
are presented together in Figure 8.

RRKM calculations return the third-order strong collision rate
constants and their temperature dependences (in the form ko7,
= ko*(298)(77/298)"), which only depend on structural and
thermochemical parameters of reactants and products. The
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TABLE 6: Kinetic Parameters Resulting from the Variational RRKM Calculations

CF,Cl;-, k<(298)¢ no® k(298)¢ No® B:(298)° p°
CF; (M = He)* 25401 0.06 £ 0.003
M=N,) 1.8 £0.1 -29 1.8+04 —-0.8 0.14 +0.01 0
CF,Cl1 1.0+£0.3 —-34 1.8%10_ 45 -11 0.19 £ 0.05 -0.9
CFClL, 1.0+ 0.2 -3.8 1.8%10 45 —-14 0.13+0.03 -1.0
CCl; 047024, —4.8 0.65 £ 0.12 —-1.2 0.37015,454 —0.7

a Calculations performed with oy ;(He) = 3.608 A, (e/k)ri(He) = 10.22 K. ? Units of 10~ cm® molecule=2 s™1. Error bars are only those resulting
from the uncertainties on the values of E; = —AH?; (see text). ¢ Temperature dependencies of rate constants are expressed in the form kr =
k(298)(77298)". 4 Units of 10~!! cm® molecule™! s71, ¢ Temperature dependence of 5. = 5.(298)(T/298). Error bars are only those resulting from

the uncertainties on the values of Ey = —AH®; (see text).
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Figure 7. Pressure dependence of the bimolecular rate constant of
the CCls reaction with NO: experimental data are from ref 5; buffer
gas Np; (0) 263 K; (O) 298 K; (O) 373 K; A 465; (®) extrapolated
from experimental data obtained at higher temperatures and 1 atm of
pressure, using the rate expression reported in ref 5. Solid lines are
the results of variational RRKM calculations, fitted to experimental
data.
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Figure 8. Pressure dependence of the bimolecular rate constant for
the four reactions of the CF,Cls-, radicals at 298 K: buffer gas Nj;
(O) CCls + NO (ref 5); (o) CFCl, + NO (this work); (O) CFCl +
NO (this work); (¢) CF; + NO (ref 7). For this last reaction, the
symbols (#) represent the data from ref 8, buffer gas He. [M] is scaled
by the factor 0.6, corresponding to the ratio [ko*(He)B(He))/[ko*(N2)B.-
(N2)].

fitting to experimental data was obtained by adjusting 3. at each
temperature and thus resulted in a temperature dependence for
Be Becy = B(298)(T/298)). For each reaction, a slight negative
temperature dependence was observed for 5. (p ~ —1). It
should be emphasized that the uncertainties quoted in Table 6
for ko*® and §3 are those resulting only from the uncertainties in
AH®, as discussed further in the next section.

Since only measurements at total pressures lower than 12
Torr are available for reactions 2 (CF;Cl) and 3 (CFCly), the
uncertainties in the determination of k..(298 K) are larger than
in the case of reactions 1 (CF;) and 4 (CCls), where measure-
ments are available up to 760 Torr. As the interpolation
parameter ¢, adjusted at 298 K, is conserved at all temperatures,
the negative temperature dependence of k.. reported in Table 5

TABLE 7: Kinetic Parameters Resulting from the Fitting
of Troe’s Expression®? to RRKM Falloff Curves

CX3 k0293 X 1029 ¢ ne k”298 X 1011 d mf
CCl, 0.85 £ 0.02 55+£0.1 0.55 £ 0.02 1602
CFCl, 1.0£0.2 48+£02 19+0.1 1.5+02
CE.Cl 1.8£0.2 44+£02 1.9£0.1 1.5+03
CF; 20+0.2 32+£02 1.9+0.1 1.0£02

2 The uncertainties given are the standard deviations resulting from
the fitting of Troe’s expression to the RRKM falloff curves (see text).
® The expression used is from ref 34 (F. = 0.6). ¢ Units of cm®
molecule™ s~t. 4 Units of cm? molecule™ s~!. ¢ The temperature
dependence for ko is ko(T) = ko**8(7/298)7". / The temperature depen-
dence for k.. is k.(T) = k..29%(7/298)™"™.

(in the form k. = k.(298)(7/298)") is the one returned by
calculations. It is satisfying to observe that the calculated
temperature dependence is in good agreement with the one
observed experimentally in the case of the CCl; reaction, where
measurements were performed near the high-pressure limit.
Unfortunately, such a comparison is not possible for other
reactions. It is observed that the variational calculations return
negative temperature dependencies for k.., with n.. =~ —1 for
all reactions, a value generally observed for association reactions
of this type.>

For the purpose of rate constant compilations it is advanta-
geous to express the rate constants using an analytic function
of temperature and pressure, such as that derived from the
method developed by Troe.3* Therefore, we have fitted the
parameters of Troe’s expression to the calculated falloff curves
obtained from a variational RRKM calculation (which were
themselves ajusted for the best representation of experimental
results). This has resulted in the following values of the
broadening factor F: 0.57, 0.60, 0.65, and 0.48 for the CF;,
CF,Cl, CFCl,, and CCl; reactions, respectively. All these values
do not differ significantly from 0.6, even when their temperature
dependences are taken into account, and thus, we have chosen
to set F. = 0.6 for presenting all our results using Troe’s
expression, in the same way as in the NASA compilation.?® The
resulting optimized parameters are given in Table 7. Note that
the uncertainties quoted in Table 7 are standard deviations which
only characterize the precision of the representation of the
RRKM falloff curves by Troe’s expression. The small errors
confirm the accuracy of this representation. The real uncertain-
ties are given in the abstract.

Troe’s method may also be used to fit experimental data and
to extrapolate to the pressure limits. In this case, the F, factor
has to be calculated from structural and thermochemical
parameters and from weak collision factors. However, this
method is useless in our case, since it is a simplifcation of the
RRKM procedure that we have used above for our extrapola-
tions. Nevertheless, as a test, we have calculated the F.
parameters, according to Troe’s method** and found values of
0.4 = 0.02 for all reactions. Extrapolation of low-pressure
experimental data, using Troe’s expression3* along with the
above values of F., yields values of k.. varying from 3 x 101!
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to 5 x 107! ¢m? molecule™! s~! for CF3;, CF,Cl, and CFCl,
and around 1.0 x 107! cm? molecule™! s~! for CCl;. These
values are obviously too high when compared to the high-
pressure experimental data available for CF; and CCl; and also
appear too high for CF,Cl and CFC, if it is considered that we
should keep a certain internal consistency in the results for the
series. This shows that k.. values determined by extrapolation
of low-pressure experimental data have no real physical
significance. They are only parameters used in a given fitting
procedure that gives the best representation of a set of
experimental data. This is certainly the case of our values
derived for k.(CF,Cl) and k.(CFCly), even though we have
chosen the extrapolation method that gives the best representa-
tion of the low- and high-pressure experimental data available
for the other species of the series. Nevertheless, the error bars
on k.. given in Table 6 and in the abstract for the CF,Cl and
CFCl, reactions seem to us reasonable in estimating the real
value of k.. for these reactions, considering the consistency of
the results in the present series of reactions.

Discussion

Accuracy of Results. The experimental results presented
above for reactions 2 (CF;Cl) and 3 (CFCly) are obtained in
the low-pressure part of the falloff curve. The standard
deviation of individual determinations of k; and k; is typically
10%, and it is estimated that the extrapolation to the low-
pressure limit, performed using the variational RRKM method,
should result in an error in kg of <20%.

The third-order strong collision rate constants ko are derived
from RRKM calculations using as input parameters the enthalpy
change of the reaction AH% (= —E;) and the structural
properties of the species. The resulting values of k¢*° are
strongly dependent on the values of AH®, and the uncertainties
on ko*® mainly result from the uncertainties on this parameter.
RRKM calculations performed using the uncertainty limiting
values of AH®, give the uncertainty limits of ko indicated in
Table 6. It can be observed that an error of about 2% in Ey =
—AH?®; results in an error of about 20% in k¢*°. This is the
maximum uncertainty resulting from AH® that can be evaluated
for reactions 1—3 (CF;, CF,Cl, and CFCl), but it is larger in
the case of reaction 4 (CCls): 8% on AH°, resulting in an
uncertainty factor of 2 for ky*. These uncertainities are
transferred to the values of the collision efficiency factors f,,
which are the ratio ko/k¢*°. Thus, the overall uncertainties in 3.
are a combination of the above uncertainties and those in kg
resulting from errors in the experimental data.

As already stated, the values of k.. for reactions 2 and 3 are
derived from a long extrapolation from low-pressure determina-
tions, and consequently, the uncertainties are large (up to a factor
of 2). However, in the cases of reactions 1 and 4, measurements
at high pressures are available, resulting in a better accuracy
(errors < 20%). We have demonstrated above the interest of
working with a series of homologous radicals such as that
described here, for which the analysis method must yield
consistent results for the whole set of experimental data.
Obviously, once it has been proved that the analysis method
yields consistent results for the entire series, the accurate data
that have been obtained for a particular reaction of the series
can help to improve the data for another reaction, where the
results are missing or have poor accuracy.

It is clear that, in spite of the fairly large uncertainty, the
extrapolation of the data obtained at low pressure in the cases
of CF;Cl and CFCl; (reactions 2 and 3) yields values of k..
close to that of reaction 1 (CF3), i.e. about a factor of 3 larger
than the value of k.. obtained for reaction 4 (CCls), as shown
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in Figure 8. It is worth noting that this effect is still true when
other methods are used for extrapolating the low-pressure results
(nonvariational RRKM routine or Troe’s method). We have
therefore assigned to reactions 2 and 3 the same value of k.. as
the more accurate value obtained for the reaction of CF;.

Having obtained a complete set of kinetic data for the whole
series of reactions 1—4, it is of interest to examine how the
evolution of the kinetic behavior in the series can be related to
the structural and thermodynamical parameters of reacting
species, via a theoretical model.

It can be observed that the value of ky regularly decreases
from CF; to CCls. This trend is predicted within the limits of
uncertainties, by the RRKM calculations, as the values of S,
can be considered to be the same for all reactions (Table 6).
The higher value of 3 obtained in the case of CCl; (0.3 instead
of 0.15—0.20 for other radicals) is not significant since the larger
uncertainty on AH® obtained in this particular case results in
an uncertainty of about a factor of 2 on [, as discussed above.
Thus, all kinetic, structural, and thermodynamic data are self-
consistent in the framework of the RRKM theoretical model.
In particular, in the case of the reaction of CCls, it would have
been expected from the low vibrational frequencies observed
in CCI3NO and hence higher density of states that the value of
ko would have been the largest of the series. In fact, the low
value of AH°y = —E; (about 40 kJ mol™~! less than the values
observed for other reactions) results in a significant decrease
in the density of states, compared to the other reactions, which
accounts for the low value of &, observed experimentally.

The experimental data concerning the reaction CH; + NO3
have been analyzed using the same procedure as above.
Calculations have resulted in a value of . of about 0.1 in argon,
which is consistent with the values found in this work for
halogenated radicals in nitrogen. It therefore appears that the
kinetics of association reactions forming nitroso compounds are
well described near the low-pressure limit by statistical theories
such as RRKM and that such theories may be used in a
predictive way. This means that the determination of kg from
experimental results may be used for a fairly reliable evaluation
of the enthalpy of reaction, using 8.(N,) = 0.2 £ 0.1 and vice
versa. It should be recalled that an error of a factor of 2 on .
only results in an error of about 10% in Ey = —AH°,.

In contrast, there is no regular evolution of the rate constant
at the high-pressure limit, as mentioned above, the value of k..
for CCl; being a factor of about 3 lower than other values in
the series. Consequently, there is no obvious relation between
the steric hindrance in the transition state and the value of k...
This particular behavior of the kinetics of the CCl; reaction is
to be compared to the particular enthalpy of the reaction, which
is also much smaller than the enthalpy of other reactions (Table
1). Therefore, it is very likely that a relationship exists between
the reaction enthalpies and the kinetics at the high-pressure limit.
No quantitative details can be given about such a relationship,
since this would require an accurate description of the potential
energy surfaces. The only simple comment that can be made
is that, in the present series of reactions, the reactant with the
smallest potential well depth (i.e. AH) has the smallest high-
pressure rate constant. This connection between the kinetics
at high pressure and the enthalpies of reactions was already
observed for the reactions of CF; and CCl; with O»* (for CCl;
+ Oy, AH% = —82 kJ mol™! and k. = 3.0 x 10712 cm?®
molecule~! s~!; for CF; + O,, AH%, &~ —140 kJ mol~! and k..
= 9.0 x 10712 cm® molecule™! s71). However, the above
observations are too qualitative for presenting any predictive
character.
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Conclusion

The combination of experimental measurements and RRKM
calculations has led to a comprehensive description of the
kinetics of the series of reactions studied in this work, from the
low- to the high-pressure limits. The variational RRKM model
used seems to be adequate for describing the shape of the falloff
for combination reactions of radicals with NO. This allows
fairly reliable extrapolations of data to conditions where
experimental measurements could not be performed. The
present work demonstrates the interest of dealing with an entire
series of homologous radicals: both the experimental data and
the theoretical model used must yield an internally consistent
set of kinetic parameters for the whole series, and in addition,
the kinetic parameters themselves have to be consistent with
structural and thermochemical parameters. Thus, compared to
a single reaction, dealing with the series introduces additional
constraints which result in a better reliability of the final results.

Acknowledgment. The authors wish to thank M. T. Rayez
for calculating vibrational frequencies and W. Forst for helpful
discussions.

References and Notes

(1) Roussel, P. B.; Lightfoot, P. D.; Caralp, F.; Catoire, V.; Lesclaux,
R.; Forst, W. J. Chem. Soc., Faraday Trans. (1991), 87, 2367.

(2) Fenter, F. F.; Lightfoot, P. D.; Caralp, F.; Lesclaux, R.; Niitranen,
1. J.; Gutman, D. J. Phys. Chem. (1993), 97, 4695.

(3) Forst, W.; Caralp, F. J. Phys. Chem. (1992), 96, 6291,

(4) Danis, F.; Caralp F.; Rayez, M. T.; Lesclaux, R. J. Phys. Chem.
(1991), 95, 7300.

(5) Masanet, J.; Caralp, F.; Jemi-Alade, A. A.; Lightfoot, P. D.;
Lesclaux, R.; Rayez, M. T. J. Phys. Chem. (1993), 97, 3237.

(6) McCoustra, M. R. S.; Pfab, J. P. Spectrochim. Acta (1990), 46A,
937.

(7) Masanet, J.; Caralp, F.; Ley, L.; Lesclaux, R. Chem. Phys. (1992),
160, 383.

(8) Vakhtin, A. B.; Petrov, A. K. Chem. Phys. (1991), 149, 427.

(9) Ernrsting, N. P.; Pfab, P. J. Spectrochim. Acta (1980), 364, 75.

(10) Dekoven, B. M,; Fung, K. H.; Levy, D. H.; Hoffland, L. D.; Spears,

K. G. J. Chem. Phys. (1981), 74, 4755.

Ley et al.

(11) Dyet, J. A.;; McCoustra, M. R. S; Pfab, P. I. J. Chem. Soc., Faraday
Trans. (1988) 84, 463,

(12) Tsang, W. T. J. Phys. Chem. (1986) 90, 414.

(13) Miyokawa, K.; Tshuikow-Roux, E. J. Phys. Chem. (1992), 96, 7328.

(14) Mc Millen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. (1982),
83, 493.

(15) Hudgens, J. W.; Johnson, R. D., III; Timonen, R. S.; Seetula, J.
A.; Gutman, D. J. Phys. Chem. (1991), 95, 4400.

(16) Dyet, J. A; McCoustra, M. R. S.; Pfab, I. J. Chem. Soc., Faraday
Trans. (1990), 86, 2049.

(17) Lias, S. G.; Bartness, J. E.; Lierman, F.; Holmes, J. L.; Lievin, R.
D.; Mallard, W. G. J. Phys. Chem. Ref. Data (1988), 17, Suppl. 1.

(18) Forst, W. J. Phys. Chem. (1991), 95, 3612.

(19) Lesclaux, R.; Caralp. F. Int. J. Chem. Kinet (1984), 16, 1117.

(20) Baum, G.; Huber, R. Chem. Phys. Lett. (1993), 203, 261.

(21) Felder, P.; Demuth, C. Chem. Phys. Lett. (1993), 208, 21.

(22) Caralp, F.; Lesclaux, R. Chem. Phys. Lett. (1983), 102, 54.

(23) Forst, W. Program “FALLOFF’, QCMP, 119, QCPE (1993), 13,
6.

(24) Forst, W. Program “INTERVAR”, QCMP, 121, QCPE (1993), 13,
21,

(25) Forst, W.; Caralp, F. J. Chem. Soc., Faraday Trans. (1991), &7,
2307.

(26) Forst, W.; Caralp, F. J. Phys. Chem. (1992), 96, 6291.

(27) Milligan, D. E.; Jacox, M. E.; McAuley, J. H. J. Mol. Spectrosc.
(1973), 45, 3717.

(28) Luke, B. T.; Loew, G. H.; Lean, A. D. J. Am. Chem. Soc. (1987)
109, 1307.

(29) Tsai, B. P.; Johnson, R. D.; Hudgens, J. W. J. Phys. Chem. (1989),
13, 5334,

(30) McCoustra, M. R. S.; Dyet, J. A.; Pfab, J. Laser Chem. (1988), 9,
289.

(31) Stiel, L. L; Thodos, G. J. Chem. Eng. Data (1962), 7, 234.

(32) Fazekas, G. B.; Takacs, G. A. J. Photochem. (1981), 16, 249.

(33) Reid, R. C.; Sherwood, T. K. The Properties of gases and liquid,
2nd ed.; Mc-Graw Hill: New York, 1984.

(34) Gardiner, W. C., Jr., Ed. Combustion Chemistry; Springer-Verlag:
New York, 1984.

(35) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Molina, M. J.;
Hampson, R. F.; Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R. Chemical
Kinetics and Photochemical Data for Use in Stratospheric Modeling; JPL
Publication 90-1; 1992.

(36) Davies, J. W.; Green J. B. N.; Pilling, M. J. J. Chem. Soc., Faraday
Trans. (1991), 87, 3217.

JP941877L



