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The recombination reaction CCl3 + O2 (+M) f CCl3O2 (+M) was studied in the upper part of the falloff
curve at 260, 300, and 346 K over the pressure range of 2-900 bar. CCl3 radicals were generated by photolysis
of CCl3Br at 248 nm; the temporal decay of the absorption from CCl3 at 223.5 nm was monitored in the
presence of O2; falloff curves of the rate constants were determined in N2 and He as bath gases. The falloff
curves could well be represented by limiting high-pressure rate constantsk∞ ) (5.2 ( 0.2) × 10-12 (T/300
K)-1.4(0.4 cm3 molecule-1 s-1 from the present work, limiting low-pressure rate constantsk0 ) [N2] (1.1 (
0.3) × 10-30 (T/300 K)-6.3(1.0 cm3 molecule-1 s-1 or k0 ) [He] (4.2 ( 0.7) × 10-31 (T/300 K)-6.9(1.0 cm3

molecule-1 s-1 from the literature, and center-broadening factorsFc (N2) ) (0.35( 0.03) (T/300 K)-0.35 or
Fc (He)) (0.30( 0.03) (T/300 K)-0.48derived from unimolecular rate theory. An onset of diffusion-controlled
kinetics at pressures above about 300 bar of N2 was observed, in agreement with predictions from simple
diffusion models. The derived rate constants are analyzed in the framework of unimolecular rate theory.

Introduction

Because of their importance for atmospheric and combustion
chemistry, CX3 radicals (X) H, Cl, F, and combinations) have
received much attention. Once CX3 radicals are formed during
the photodegradation of halo(hydro)carbons in the atmosphere,
their oxidation with abundant O2 leads to CX3O2.1,2 Understand-
ing the characteristics of the temperature and pressure depen-
dence of the CX3 addition reaction with O2, therefore, is
desirable.

Within the series of reactions CX3 + O2 (+ M) f CX3O2

(+ M), with X ) H, F, and Cl, the high-pressure rate constants
appear to increase in the order ofk(CH3) < k(CCl3) < k(CF3),3

with the small positive temperature coefficient ofk(CH3)
suggesting4 a small activation barrier for the reaction CH3 +
O2 (+ M) f CH3O2 (+ M). In contrast to this, the self-
recombinations 2CX3 (+ M) f C2X6 (+ M) seem to have rate
constants in the order5 of k(CCl3) < k(CF3) < k(CH3) without
activation barriers. To verify these different trends, more
extended studies and confirmations of earlier results are required.
The present work provides such investigations for the addition
of CCl3 to O2.

The reaction CCl3 + O2 (+ M) f CCl3O2 (+ M) has been
studied before using the bath gases N2,6,7 He,6,8,9 and Ar10 and
employing pressures in the range of 10-3-1 bar. The rate
constants showed the usual falloff behavior of recombination
reactions, which corresponds to the mechanism

However, because the measurements were limited to pressures
below 1 bar, they only covered the low-pressure part of the
falloff curves. Measurements at elevated temperatures, where

back-dissociation of CCl3O2 sets in, also allowed us to measure
the equilibrium constant of the equilibrium CCl3 + O2 h
CCl3O2, which led to a reaction enthalpy of11 ∆H0

298 ) -19.9
((0.1) kcal mol-1.

Although the measurements of the falloff curve could be
extrapolated relatively well to the low pressure limit, extrapola-
tions to the high-pressure limit remained uncertain because of
the restricted experimentally available pressure range. It is this
open question which is addressed in the present work, in which
we report rate constants of the reaction CCl3 + O2 (+ M) f
CCl3O2 (+ M) over the pressure range of 2-900 bar at the
temperatures 260, 300, and 346 K.

Experimental Section

In our work, a high-pressure flow cell was employed. CCl3

radicals were generated by UV laser photolysis, and UV
absorption was used for monitoring the temporal loss of the
radicals by reaction with O2. Our experimental setup has been
described in detail elsewhere12 and is only briefly characterized
here.

A high-pressure cell of 9 mm inner diameter and 10 cm length
was used, which allowed us to do experiments at pressures up
to 1000 bar and at temperatures between 150 and 500 K. The
cell was surrounded by a cooling-heating jacket made of copper
tube. Low temperatures were reached by flowing liquid nitrogen
through the cooling copper tube, and higher temperatures were
obtained by heating a wire inside the tube. Two platinum
resistance thermometers were directly attached to the front and
backsides of the cell to measure the temperature.

CCl3 radicals in their ground electronic state were produced
by the laser photolysis of CCl3Br at 248 nm. The laser (Lambda
Physik, model LPX 100) operated at 0.2-1 Hz with an output
energy of about 200 mJ/pulse. Premixed gas mixtures of the
precursor CCl3Br, O2, and the bath gas were compressed in an
oil-free diaphragm compressor with a double head in parallel-
line (Nova Swiss, model 5542321; max operating pressure 1000
bar) and then flowed through the high-pressure cell. Flow rates
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CCl3 + O2 h CCl3O2*

CCl3O2* + M f CCl3O2 + M (1)

5535J. Phys. Chem. A2001,105,5535-5541

10.1021/jp003844d CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/31/2001



were controlled by flow meters (Tylan FM361 and FM362) at
rates such that reagents and products were removed from the
observation volume between laser pulses. Total pressures were
measured with high-pressure meters (Burster, model 8201).

UV absorption signals were recorded over a path length of
10 cm. A high-pressure xenon arc lamp (Ushio model UXM
200H; high brightness 200 W) served as the light source. A
wavelength of 223.5 nm was chosen for the detection, optimiz-
ing the lamp intensity and the absolute and relative values of
the absorption cross sections of the CCl3 radicals and of the
products CCl3O2 which have overlapping but separable continu-
ous spectra in the UV, see below.

The laser beam and the light of the lamp were conducted
collinearly through the high-pressure cell through quartz
windows, via a set of laser mirrors (Laser Optik; high reflectance
at 248 nm, high transmittance at 220 nm, 45°) in a counter-
propagating way. A set of aluminum-coated mirrors directed
the lamp light from the cell toward the entrance slit of a
monochromator (Zeiss, model MM3)-photomultiplier (Hamamat-
su, model R106) arrangement. The transient light signals were
monitored by a digital oscilloscope (LeCroy, model 9400; band
width 125 MHz), averaged over several hundred laser shots,
and stored in a microcomputer for further data processing.

Impurities in the bath gases N2 (Messer-Griesheim, 99.996%)
and He (Messer-Griesheim, 99.996%) were removed by a gas
cleaning adsorber (Oxisorb, Messer-Griesheim) and dust filters.
CCl3Br (Aldrich, 99.9%) was purified in a pump-thaw-
freezing cycle before use. High purity O2 (MG, 99.996%) was
used as received.

Results

CCl3 radicals in the high-pressure cell were formed by laser
photolysis of CCl3Br at 248 nm

After light absorption at 248 nm, CCl3Br undergoes C-Br bond
fission exclusively and leads to equal amounts of CCl3 radicals
and Br atoms.13,14 In the presence of O2, CCl3 radicals are
predominantly removed by the reaction15

Our observations are fully in accord with this simple reaction
mechanism. Figure 1 shows a typical temporal profile of the
absorption signal at 223.5 nm, measured at room temperature
and in 711 bar of N2. The signal corresponds to the decay of
CCl3 radicals because of reaction 1 which is followed by the
production of CCl3O2 via reaction 2. Typical concentrations in
our study were [CCl3]0 ) (1-10) × 1014 molecule cm-3 and
[O2]0 ) (1-10) × 1016 molecule cm-3 such that pseudo-first-
order behavior was reached.

CCl3O2 on our time scale was a stable end product.
Subsequent reactions removing CCl3O2 were too slow to be
observed, see below. Despite the simple pseudo-first-order
appearance of the observed absorption-time profiles, one has
to consider a series of side reactions. In the absence of O2, e.g.,
the reactions

have to be taken into account. We have investigated these
reactions up to pressures of 1000 bar in a separate study, whose
results will be published soon.16 Simulations of the mechanism
including the observed rate constants clearly show that adding
excess O2 completely suppresses reactions 3-6. On the other
hand, addition of Br to O2 forming BrOO might be considered.
However, the reported17 bond energy of about 4 kJ mol-1 is
too low to allow for substantial formation of BrOO and possible
secondary reactions.

The observed absorption signals approached a steady level
after about 50µs and did not change significantly over about
the next 200µs. A decay of the attained absorption level was
observed only on a much longer time being of the order of
several milliseconds. In the present work, we did not look into
the details of the self-reaction of CCl3O2 or the reactions of
CCl3O2 with Br, because the absorption profiles shown in Figure
1 did not provide any evidence for processes of this type to
occur on the short times evaluated in our work.

For pseudo-first-order conditions, the signals of Figure 1 lead
directly to the pseudo-first-order rate constant of reaction 1. A
simulation on the basis of literature values of the absorption
cross sections for CCl3 (σ ) (8-9) × 10-18 cm2 molecule-1

from refs 18 and 19) and CCl3O2 (σ ) 1.6 × 10-18 cm2

molecule-1 from refs 11 and 20) allowed for the determination
of the quantity of CCl3 radicals produced and for a check of
the extent of the conversion of CCl3 into CCl3O2. The absorption
coefficients of C2Cl6 (σ ≈ 7 × 10-19 cm2 molecule-1) and CCl3-
Br (σ ≈ 6 × 10-19 cm2 molecule-1) were measured in our study.
No indications of processes other than reactions 1 and 2 were
found by this simulation. Including or excluding reactions 3-6
made no difference. The evaluation of Figure 1, therefore,
directly led to the rate constantk1. Figure 1 includes the
corresponding CCl3 and CCl3O2 absorption profiles.

Besides measurements near room temperature in Figure 1,
Figure 2 shows examples of absorption-time profiles for other
O2 concentrations and other temperatures. Here the concentration
effect dominates over a smaller opposite temperature effect, see
below. The CCl3 and CCl3O2 contributions are included in the
figures, confirming the internal consistency of the evaluation.
Tables 1 and 2 summarize the pseudo-second-order rate
constantsk1 from our work. Each point corresponds to the
average of several hundred measurements, statistical error limits
corresponding to 2σ standard deviations.

CCl3Br + hν (248 nm)f CCl3 + Br (2)

CCl3 + O2 (+ M) f CCl3O2 (+ M) (1)

CCl3 + Br (+ M) f CCl3Br (+ M) (3)

Br + Br (+ M) f Br2 (+ M) (4)

CCl3 + CCl3 (+ M) f CCl3CCl3 (+ M) (5)

CCl3 + Br2 f CCl3Br + Br (6)

Figure 1. Absorption signal at 223.5 nm recorded after photolysis of
CCl3Br in the presence of O2 ([CCl3]0 ) 4.3 × 1014 molecule cm-3,
[O2]0 ) 3.5× 1016 molecule cm-3, p(N2) ) 711 bar,T ) 300 K; signal
averaged over 100 laser shots). Dashed curve, fitted profile of CCl3;
dotted curve, fitted profile for CCl3O2; full line, complete fitted
absorption signal with residual of the fitting procedure shown on top.

5536 J. Phys. Chem. A, Vol. 105, No. 23, 2001 Luther et al.



Figure 3 illustrates the pressure dependence ofk1 at temper-
atures near 300 K and for the bath gases He and N2. To represent
the full falloff curve, our data at high pressures are combined
with the previous low-pressure measurements from refs 6-9.
The typical falloff behavior of a recombination reaction is
observed with a smooth transition from the limiting low-pressure
rate constantk1,0 to the limiting high-pressure rate constantk1,∞.

Figure 4, for the bath gas He, compares our rate constants at
300 K with the results for 260 and 346 K. There is a clear
indication of a negative temperature coefficient near to the high-
pressure limit which cannot be attributed to the common shift
of the center of the falloff curves toward high pressures when
the temperature is increased. No indications for an onset of
diffusion control are observed in helium even at the highest

pressures. In contrast to this, diffusional effects are becoming
visible at the highest pressures in the bath gas N2, see Figure 3
and enlarged in Figure 5. These effects, however, can clearly
be separated such that they do not influence our falloff
extrapolations.

Our measurements alone are well-suited for extrapolations
to the limiting high-pressure rate constantsk1,∞, whereas their
extrapolation to the limiting low-pressure rate constantsk1,0

leaves a much larger uncertainty. We, therefore, combine our
data with the earlier low-pressure measurements from refs 6-9
which improves our high-pressure extrapolation. On the other
hand, combining the measurements from refs 6-9 with the
present results allows for a better specification of low-pressure
falloff corrections to the data from refs 6-9. For the combined

TABLE 1: Pseudo-Second-Order Rate Constantsk1 for the Recombination Reaction CCl3 + O2 (+M) f CCl3O2 (+M)
at 300 K

M ) N2 M ) He

p(N2)/bar [N2]/molecule cm-3 k1/10-12 cm3 molecule-1 s-1 p(He)/bar [He]/molecule cm-3 k1/10-12 cm3 molecule-1 s-1

2 4.89× 1019 2.29( 0.21 3 7.28× 1019 1.68( 0.26
3 7.34× 1019 2.44( 0.37 4 9.70× 1019 2.09( 0.46
4 9.79× 1019 2.51( 0.31 6 1.45× 1020 2.33( 0.58
5 1.22× 1020 2.89( 0.43 8 1.94× 1020 2.57( 0.45
6 1.47× 1020 3.01( 0.86 10 2.42× 1020 2.60( 1.51
8 1.96× 1020 3.18( 1.15 12 2.90× 1020 2.59( 0.77

10 2.45× 1020 3.56( 2.35 15 3.62× 1020 2.63( 0.89
20 4.86× 1020 3.66( 0.74 17 4.10× 1020 2.62( 0.65
30 7.33× 1020 3.87( 2.64 19 4.70× 1020 2.59( 0.67
40 9.80× 1020 4.03( 1.44 20 4.81× 1020 2.78( 1.09
60 1.46× 1021 3.91( 1.60 20 4.81× 1020 3.00( 0.34
80 1.95× 1021 4.09( 2.10 30 7.19× 1020 3.30( 0.95
99 2.41× 1021 4.20( 2.47 40 9.54× 1020 3.49( 0.95

204 4.70× 1021 3.98( 0.69 50 1.19× 1021 3.53( 1.05
298 6.52× 1021 4.19( 2.35 60 1.42× 1021 3.63( 1.21
302 6.61× 1021 3.71( 2.19 70 1.65× 1021 3.67( 1.26
304 6.61× 1021 4.34( 1.21 77 1.81× 1021 3.70( 1.38
400 7.80× 1021 3.66( 0.65 99 2.30× 1021 3.77( 1.57
404 7.86× 1021 3.73( 0.73 123 2.83× 1021 3.94( 1.64
503 8.96× 1021 3.38( 1.25 151 3.43× 1021 4.05( 1.90
586 9.70× 1021 3.22( 1.17 209 4.62× 1021 4.14( 1.20
603 9.87× 1021 3.16( 1.17 304 6.48× 1021 4.06( 0.93
706 1.06× 1022 2.79( 1.16 406 8.30× 1021 4.19( 1.77
711 1.07× 1022 3.19( 0.76 506 9.97× 1021 4.27( 2.31
804 1.13× 1022 2.91( 0.70 610 1.16× 1022 4.25( 1.98
892 1.18× 1022 3.04( 1.90 709 1.30× 1022 4.01( 1.36

798 1.43× 1022 4.07( 1.36

TABLE 2: Pseudo-Second-Order Rate Constantsk1 for the Recombination Reaction CCl3 + O2 (+He) f CCl3O2 (+He)
at 260 and 346 K

at 260 K at 346 K

p(He)/bar [He]/molecule cm-3 k1/10-12 cm3 molecule-1 s-1 p(He)/bar [He]/molecule cm-3 k1/10-12 cm3 molecule-1 s-1

3 8.39× 1019 3.41( 1.04 3 6.27× 1019 1.08( 0.15
4 1.13× 1020 3.64( 0.81 4 8.35× 1019 1.13( 0.20
6 1.69× 1020 3.53( 1.92 5 1.04× 1020 1.20( 0.18
9 2.49× 1020 3.89( 1.39 6 1.25× 1020 1.21( 0.20

20 5.51× 1020 4.45( 2.49 8 1.67× 1020 1.39( 0.27
30 8.23× 1020 4.53( 3.18 10 2.08× 1020 1.36( 0.53
40 1.09× 1021 5.42( 1.73 12 2.50× 1020 1.79( 0.96
60 1.62× 1021 5.09( 2.04 20 4.16× 1020 2.09( 0.37
70 1.88× 1021 5.39( 1.49 30 6.19× 1020 2.02( 0.60
80 2.14× 1021 5.13( 1.02 40 8.23× 1020 2.11( 0.71

113 2.97× 1021 5.67( 2.43 57 1.17× 1021 2.50( 1.03
305 7.31× 1021 5.78( 1.08 79 1.60× 1021 2.62( 1.33
407 9.33× 1021 4.99( 1.23 99 2.00× 1021 2.80( 1.71
509 1.12× 1022 5.09( 1.03 206 3.99× 1021 2.75( 0.86
605 1.28× 1022 5.04( 1.83 299 5.59× 1021 2.97( 1.05
699 1.43× 1022 4.69( 1.69 405 7.28× 1021 2.98( 1.25
799 1.57× 1022 5.44( 2.58 501 8.70× 1021 3.15( 0.86

599 1.01× 1022 3.13( 1.54
701 1.15× 1022 3.20( 1.69
815 1.29× 1022 3.11( 2.02
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representation of all data, we use the standard form of falloff
curves from refs 21-23:

with X ) k1,0/k1,∞. The limiting pseudo-second-order low-
pressure rate constantk1,0 is proportional to the bath gas
concentration [M]. Fc denotes the center-broadening factor of
the falloff curve; a value ofFc ) 1 would correspond to the
Lindemann-Hinshelwood model of unimolecular rate theory.
A Levenberg-Marquardt least-squares fit of all data to eq 7
leads to the following values ofk1,∞, k1,0, andFc:

The given error limits are based on the scatter of data and on
the estimate of possible systematic errors. The fitting results

Figure 2. Same as Figure 1 for the bath gas He at 346 K (top), 300
K (middle), and 260 K (bottom) andp(He) ≈ 700 bar (experimental
conditions: (a) [O2]0 ) 6.2 × 1016 molecule cm-3, [CCl3]0 ) 4.6 ×
1014 molecule cm-3, p(He) ) 701 bar; (b) [O2]0 ) 3.4× 1016 molecule
cm-3, [CCl3]0 ) 9.1 × 1014 molecule cm-3, p(He) ) 709 bar; (c)
[O2]0 ) 1.3 × 1016 molecule cm-3, [CCl3]0 ) 2.6 × 1014 molecule
cm-3, p(He) ) 699 bar).

Figure 3. Falloff curves for the recombination reaction CCl3 + O2

(+ M) f CCl3O2 (+ M) at 300 K, with measurements in the bath
gases N2 (filled symbols) and He (open symbols). Circles: this work.
Triangles: experiments by Fenter et al. (ref 6). Filled squares:
experiments by Danis et al. in N2 (ref 7). Open squares: experiments
by Ryan and Plumb in He (ref 9). Dashed-dotted line: data from
Nottingham et al. in He (ref 8). Dashed and full lines: falloff
representations of this work, see text.

k1

k1,∞
≈ { X

1 + X}Fc
{1+[log(X)/(0.75-1.27log(Fc))]2}-1

(7)

Figure 4. Falloff curves for the bath gas He atT ) 260 (9), 300 (O),
and 346 K (2) from this work. The low-pressure data at 300 K were
obtained by Fenter et al. (4; ref 6) and by Ryan and Plumb (0; ref 9).
Dashed-dotted line: data from Nottingham et al. (ref 8) at room
temperature. The lines correspond to the falloff representation from
this work, see text.

Figure 5. Falloff curve in the bath gas N2 at 300 K showing the onset
of the diffusion control. The decline of the rate constants at pressures
over 300 bar is emphasized by the encircled area. Rate constants for
fully diffusion-controlled recombination, such as those calculated in
the text, are shown as a solid line at the top. The dashed line corresponds
to the falloff representation without considering diffusional effects, see
text.

k1,∞ ) (5.2( 0.2)× 10-12

(T/300 K)-1.4(0.4 cm3 molecule-1 s-1 (8)

k1,0 ) [N2] (1.1 ( 0.3)× 10-30

(T/300 K)-6.3(1.0 cm3 molecule-1 s-1 (9)

k1,0 ) [He] (4.2( 0.7)× 10-31

(T/300 K)-6.9(1.0 cm3 molecule-1 s-1 (10)

Fc(N2, 300 K)) (0.36( 0.03) (11)

Fc(He,T) ) (0.31( 0.03) (T/300 K)-0.5 (12)
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are shown as lines in Figures 3 and 4. Our present results in
Table 3 are compared with earlier data. One should note that
falloff extrapolations towardk1,0 and k1,∞ may depend on the
used values ofFc such that only values derived with similar
values ofFc can be compared.

Discussion

Limiting High-Pressure Rate Constantsk1,∞. Our present
measurements near to the high-pressure limit allow for a
meaningful extrapolation to the high-pressure limit. This
extrapolation was much less certain on the basis of measure-
ments below 1 bar, although similar values ofk1,∞ were obtained
from the extrapolations of refs 6 and 7 when similar values of
Fc were assumed such as derived from unimolecular rate theory
(see Table 3 and ref 24). Assuming a “standard value” ofFc )
0.6 underestimatesk1,∞ clearly.25 The present work derivedFc

from a fit of the full falloff curves in good agreement with that
of the theory, see below.

We have compared our measured values ofk1,∞ from eq 8
with theoretical values from the classical trajectory/statistical
adiabatic channel calculations for a standard valence potential
from ref 26. Without going into the details of these calculations,
we report our results ofk1,∞ ) 3.8× 10-12 (T/300 K)+0.41 cm3

molecule-1 s-1 such as calculated in the available approximation
of the potential for a linear+ linear fragmentf nonlinear
adduct reaction with an adduct angle which corresponds to real
CCl3O2. Neither the calculated small positive temperature
coefficient nor the absolute value ofk1,∞ agree too well with
the measurements. We, therefore, have to conclude that the
standard valence potential from ref 26 is too simple to account
for finer details of the measurements, although the calculated
absolute value ofk1,∞ is not too far from the measurements.
Manipulating the apparent ratioR/â of the potential would not
simultaneously bring the absolute value and the temperature
coefficient ofk1,∞ into agreement with those of the experiments.
For more details of the treatment, see ref 26. A better theoretical
modeling ofk1,∞, therefore, has to wait for information about
the true potential-energy surface of the reactions.

Limiting Low-Pressure Rate Constantsk1,0. Our theoretical
analysis ofk1,0 was based on the treatment of refs 21, 27, and
28 with molecular parameters such as those also used in refs 7,
11, and 29. On the basis of the experimental values from eqs 9
and 10, this analysis leads to apparent weak collision efficiencies
âc(N2) ) 0.10 (T/300 K)-1.5(1.0 and âc(He) ) 0.03 (T/300
K)-2.3(1.0, or apparent average energies transferred per collision,
-〈∆E〉 ) 40 (T/300 K)-0.7(1.0 cm-1 for M ) N2 and-〈∆E〉 )
11 (T/300 K)-1.4(1.0 cm-1 for M ) He. These absolute values
of 〈∆E〉 appear rather low. However, they are probably not
unreasonable in view of the low bond energy of CCl3O2. The
standard assumption of nearly temperature independent〈∆E〉
within the experimental uncertainty is approximately confirmed,
although both observed negative temperature coefficients appear

to be on the high side. We do not go into more details here but
we note that, within the uncertainty of the evaluation, the
experimental values ofk1,0 appear consistent with those of our
theoretical analysis.

Center-Broadening FactorsFc. The center-broadening fac-
tors Fc play an important role in the evaluation of the
experimental falloff curves. If one aims at a description of the
full range of pressure dependence it appears not satisfactory to
assume a standard value ofFc ) 0.6, which may be sufficient
to reproduce a limited part of the falloff curve but unavoidably
leads to erroneous extrapolated limiting rate constants when the
true Fc differs from 0.6 and only limited parts of the falloff
curve are experimentally accessible. To estimateFc from theory,
we have followed the approach described in refs 21-23. In this
treatment, the internal energyU‡

vib of the activated complex
(excluding external rotations) was identified with the sum of
the thermal rovibrational energies of CCl3 and O2, which leads
to strong collision broadening factorsFc

SC) 0.49 (T/300 K)-0.14.
From the weak collision efficienciesâc derived in the previous
subsection, one obtains23 Fc

WC ) 0.73 (T/300 K)-0.22 for M )
N2 and Fc

WC ) 0.62 (T/300 K)-0.34 for M ) He. Combining
Fc

SC andFc
WC leads to theoretical estimates of

which is in remarkably good agreement with the experimentally
fitted values given in eqs 11 and 12. Our evaluation of the
experimental falloff curve, therefore, appears fully consistent
with that of the unimolecular rate theory.

High-Pressure Transition to Diffusion-Controlled Kinetics.
Our rate measurements in N2 at 300-900 bar provide evidence
for a transition to diffusion-controlled kinetics. As seen in
Figures 3 and 5 (emphasized by the encircled area), the
recombination rate constantsk1 for N2 were found to decrease
with increasing pressure above 300 bar. In contrast to this,
experiments in He did not show a decrease to any significant
degree. The observation of decreasing rate constants at increas-
ing pressures can be explained by the onset of diffusion control.

In the following, we try to quantify the transition to diffusion-
controlled kinetics. As usual we employ the simplified relation

for the transition of the rate constantk1 from its hypothetical
gas-phase valuek1,gasin the absence of diffusive slowdown of
the radical association step to the valuek1,diff for fully diffusion-
controlled association.k1,gasis represented by the falloff curve
of the recombination reaction without diffusion and its extrapo-

TABLE 3: Summary of Rate Constants k1
a

reference M p/bar k1,0/cm3 molecule-1 s-1 k1,∞/cm3 molecule-1 s-1 Fc

6 N2 10-3-1 (6.9( 0.2)×10-31 (T/300 K)-6.4(0.3 [M] [(2.4 ( 0.2)× 10-12 (T/300 K)-2.1] 0.6
(9.5( 0.3)× 10-31 (T/300 K)-6.3(0.3 [M] [(5.8 ( 0.4)× 10-12 (T/300 K)-0.6] 0.3

7 N2 (1-16)× 10-3

and 1
(1.6( 0.3)× 10-30 (T/298 K)-6.3(0.5 [M] [(3.2 ( 0.7)× 10-12 (T/298 K)-1.2] 0.3

8 He (0.5-2) × 10-3 (2.7( 0.2)× 10-31 (T/300 K)-8.7(1.0 [M]
9 He (1-11)× 10-3 (5.8( 0.6)× 10-31 [M]
10 Ar 0.97 [5.1× 10-12]
this work N2 2-900 [(1.1( 0.3)× 10-30 (T/300 K)-6.3(1.0 [M]] (5.2 ( 0.2)× 10-12 (T/300 K)-1.4(0.4 (0.35( 0.03) (T/300 K)-0.35

He 2-900 [(4.2( 0.7)× 10-31 (T/300 K)-6.9(1.0 [M]] (5.2 ( 0.2)× 10-12 (T/300 K)-1.4(0.4 (0.30( 0.03) (T/300 K)-0.48

a Data in brackets: estimates from falloff extrapolations based on the indicated center-broadening factorsFc, see text.

Fc(N2) ) (0.35( 0.03) (T/300 K)-0.35 (13)

Fc(He) ) (0.30( 0.03) (T/300 K)-0.48 (14)

1
k1

) 1
k1,gas

+ 1
k1,diff

(15)
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lation to the (hypothetical) high-pressure limit.k1,diff is given
by Smoluchowski’s equation;

Here,D is the diffusion coefficient for relative diffusion of the
reacting species, CCl3 and O2, taken as the sum of the individual
diffusion coefficients,D ) D(CCl3-N2) + D(O2-N2) in the
bath gas N2. The effective capture distance is estimated as the
mean of the Lennard-Jones (LJ) diameters,σLJ(CCl3) and
σLJ(O2).30,31 R is the spin statistical factor. We putR equal to
2/6, assuming that all doublet states arising from2CCl3 and3O2

in the considered high-density range end up as2CCl3O2 in its
electronic ground state, whereas all quartet states do not lead
to recombination. On the other hand, one should note that we
have formulatedk1,gas under the assumption that only the
electronic ground state out of the doublet manifold contributes
to the gas-phase recombination reaction. Undoubtedly this aspect
of the transition between dilute gas and dense fluid recombina-
tion requires future refinement.

The specification of the appropriate diffusion coefficientD
in eq 16 is not straightforward. For the present situation
(σLJ(CCl3)/σLJ(N2) ≈ 1.3, σLJ(O2)/σLJ(N2) ) 0.96, [N2] )
1021-1022 molecule cm-3), the binary diffusion coefficientDAM

(A corresponds to the radical and M to N2) can be derived from
an extension of the Stokes-Einstein relation to low pressures.
Using refs 32 and 33,DAM is approximated by

where 3πσLJ(CCl3) corresponds to the high-density Stokes-
Einstein limit of the ratiokT/ηN2DAM. ηN2 denotes the pressure-
dependent viscosity of N2.33 The low-pressure gas-phase limiting
value ofDAM is obtained from kinetic gas theory via the Enskog
result for diffusion of hard spheres in the gas phase:32

Here, σ is the LJ diameter,ε is the LJ well-depth,Ω is the
relevant reduced collision integral, andµ is the reduced mass
of solvent M and solute A.

The diffusion coefficients, such as calculated above, do not
account for strong interactions between the solvent and solutes.
A contribution of van der Waals complexes, e.g., in high-
pressure gases, may influence the diffusion rates. For example,
Terazima and co-workers34,35have reported that many radicals
diffuse about 2-3 times slower than their parent molecules
(depending on the molecular size34). The unpaired electron of
the radical might cause a larger polarizability because of its
extended and diffuse electron cloud which results in a larger
friction of the radicals in the solvent because of an attractive
intermolecular interaction.36 The radical-solvent interaction and
the resulting local density enhancement around the solute are
not reflected in our calculation of the diffusion coefficient; this
may imply that our diffusion coefficients for CCl3 radicals and
O2 in N2 bath gas may have been overestimated. For more
detailed treatments of the diffusional contribution to the
recombination rate, see our subsequent articles.16

Figure 5 for M ) N2 comparesk1,diff and k1,gas with the
experiments (O). The decline of the recombination rate constants

at pressures above 300 bar of N2 seems to be in line with a
transition to diffusion-controlled kinetics, but a possible con-
tribution by the intermolecular solute-solvent interaction is not
accounted for. However, this does not affect our main results
about the falloff curve, because we did not include the data
above 300 bar N2 in evaluating the limiting high-pressure gas-
phase rate constant.

Conclusions

Our experiments provided a considerable extension of the
falloff curve of the title reaction by directly measuring the
transition to the high-pressure limit. Extrapolations in earlier
work from pressures below 1 bar were less reliable in their
extrapolation tok1,∞. With the here-derived limiting high-
pressure rate constant

the low-pressure limiting rate constants from an earlier work

and theoretically estimated center-broadening factors

which are consistent with the measurements, a full set of falloff
curves can be constructed between 260 and 346 K.
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