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The combination reactions CCl3 + CCl3 (+ M) f C2Cl6 (+ M) and CCl3 + Br (+ M) f CCl3Br (+ M)
(with rate constants ofk1 andk2, respectively) were studied at temperatures of 250 and 300 K over the pressure
range of 0.01-1000 bar. Helium, argon, xenon, N2, CO2, and SF6 were used as bath gases. CCl3 radicals
were generated via the photolysis of CCl3Br at 248 nm, and their absorption was monitored at 223.5 nm. The
limiting “high-pressure” rate constants within the energy-transfer mechanism were determined, independent
of density and the choice of the bath gas, over the pressure range of 1-10 bar, to bek1,∞(T) ) (1.0 ( 0.2)
× 10-11 (T/300 K)-0.17 cm3 molecule-1 s-1 andk2,∞(T) ) (2.0 ( 0.2)× 10-11 (T/300 K)-0.13 cm3 molecule-1

s-1. In the helium, N2, and argon bath gases, at pressures above∼40 bar, the reactions became increasingly
faster when the pressure was further raised until they finally started to slow at densities where diffusion-
controlled kinetics dominates. This is the first detailed report of such a peculiar density dependence of
combination rate constants for larger radicals with five or eight atoms. Possible origins of these pressure
effects, such as the influence of the radical-complex mechanism and the density dependence of electronic
quenching, are discussed.

Introduction

Interactions between reagents and bath gases or solvents can
influence chemical reaction dynamics in various ways, ranging
from molecular transport to intermolecular energy transfer and
the formation of radical-bath gas complexes. Originally
postulated in the “chaperon mechanism” of atom recombina-
tion,1,2 radical-bath-gas complexes have found increasing
interest recently, e.g., in studies of the reactions in supercritical
solvents3 and in discussions about the role of weakly bound
complexes even in atmospheric chemistry.4-6 Studies of pressure
and temperature-dependent rate constants of atom and radical
combination reactions can provide a useful access to the
understanding of such intermolecular interactions in the gas-
to-liquid transition range. This is the issue of the present article.

Traditionally, radical combination reactions are interpreted
within the energy-transfer (ET) mechanism with association,
dissociation, and collisional-energy transfer steps,

resulting in characteristic limiting low- and high-pressure rate
constants (k0

ET andk∞
ET) and an intermediate fall-off regime. An

alternative reaction path would be the radical-complex (RC) or
chaperon mechanism, which may have an important role,
depending on the strength of interaction between A and M:

In addition, one should be aware of the density dependence of
collisional electronic (CE) quenching, which affects the prob-
abilities of spin interconversion in radical pairs and can have
some role in the kinetics of radical combination.

There have been several experimental studies on combination
reactions of atoms and small radicals (see, for example, Oum
et al.,3 Hippler and co-workers,4,7-10 and Stark11), in which
indications for a radical-complex (RC) mechanism were found;
however, a separation of the contributions from the various
mechanisms was always difficult. The present study provides
another example of a new experimental strategy3 to separate
these mechanisms. We choose systems in which the limiting
high-pressure rate constant of the ET mechanism is attained at
relatively low pressures under conditions where the RC mech-
anism is not yet expected to be important. We then increase
the pressure up to conditions where the RC mechanism may
become visible. We report here a study of the combination
reactions of CCl3 radicals with themselves and with bromine
over a very wide pressure range of 0.01-1000 bar at temper-
atures of 250 and 300 K:

Both reactions approach the limiting high-pressure rate constant
k∞

ET below ∼1-10 bar, and this high-pressure range is experi-
mentally established over a certain pressure range. With further
increases in pressure (beyond∼40 bar) and before the onset of
diffusion control, a pressure-independent and bath-gas-inde-
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A + A a A2* (ka, k-a) (Ia)

A2
* + M f A2 + M (kb) (Ib)

A + M a AM (kc, k-c, Keq) (IIa)

A + AM f A2 + M (kd) (IIb)

AM + AM f A2 + 2M (ke) (IIc)

CCl3 + CCl3 (+ M) f C2Cl6 (+ M) (k1) (1)

CCl3 + Br (+ M) f CCl3Br (+ M) (k2) (2)
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pendent high-pressure limit is no longer observed. Instead, an
increase of the rate constants appears. These observations are
direct experimental indications for dynamical phenomena such
as the RC mechanism or pressure-dependent efficiencies of CE
quenching which may be superimposed on the simple fall-off
curve of the usual ET mechanism.

Experimental Section

Our high-pressure flow cell has been described in detail
elsewhere,11-13 and only the main features are given here.
Briefly, CCl3 radicals in the high-pressure cell were formed by
the laser photolysis of CCl3Br at 248 nm:

The UV absorption at 223.5 nm over a path length of 10 cm
was used to monitor the temporal loss of the radicals by
reactions. Mixtures of the gaseous precursor CCl3Br and the
bath gas were compressed in an oil-free diaphragm compressor
(Nova Swiss, model 5542321), and then flowed through the
high-pressure cell. The gas flow was controlled by flow meters
(Tylan models FM361 and FM362) at rates such that the
observation volume was filled with a fresh reagent-bath gas
mixture after each laser pulse. Total pressures were measured
with high-pressure manometers (Burster, model 8201). Low
temperatures were generated by flowing liquid nitrogen through
a cooling copper tube covering the outside of the cell. Two
platinum resistance thermometers were directly attached to the
front and back of the cell and controlled the temperature. For
experiments<1 bar, a glass flow cell was used in a separate
setup (path length of 52 cm and optical diameter of 3 cm).
CCl3Br (Aldrich, 99.9%) was purified in a pump-thaw-
freezing cycle before use. All other bath gases were of a purity
better than 99.998% (Messer-Griesheim), and residual impuri-
ties in the bath gases were further removed using commercial
gas cleaning adsorbers (Oxisorb, Messer-Griesheim) and dust
filters.

Results

Figure 1 shows a typical absorption signal at 223.5 nm
recorded after 248-nm laser photolysis of the mixture of

precursor (CCl3Br) and bath gas (698 bar N2, in this case) at
300 K. The signal corresponds to the decreasing concentration
of CCl3 radicals due to reactions 1 and 2. Reactions 4 and 5
also have a role:

Signal analysis was performed with the absorption cross sections
for CCl3 (σ ) 8.8 × 10-18 cm2 molecule-1),14,15 C2Cl6 (σ ≈ 7
× 10-19 cm2 molecule-1), and CCl3Br (σ ≈ 6 × 10-19 cm2

molecule-1). Reactions of the primary products bromine and
CCl3 with the precursor molecules need not be included: Br+
CCl3Br f Br2 + CCl3 (reaction-5) with k-5 ≈ 7 × 10-16

cm3 molecule-1 s-1 at 420-455 K16,17is too slow, and CCl3 +
CCl3Br f C2Cl6 + Br is most probably slower than CH3 +
CCl3Br f CH3Br + CCl3 (k ≈ 5 × 10-15 cm3 molecule-1 s-1

at 363 K),18 but it would not even interfere if this assumption
is not strictly fulfilled. The rate constants of reaction 4 have
been previously measured in our group, up to 7000 bar in
helium, argon, N2, and CO2.19 The bimolecular rate constant of
reaction 5 was calculated in a manner similar to that determined
in the work by Hudgens et al.20 With careful systematic
modeling,21 it was possible to evaluate the individual rate
constants of reactions 1 and 2 because of the discriminating
influence of reaction 4 under our conditions. Typical concentra-
tions in our study were [CCl3]0 ) (1-10)× 1015 molecule cm-3.

Our results on the pressure dependence ofk1 obtained at
temperatures near 300 K for the bath gases helium, argon, xenon,
N2, CO2, and SF6 are given in Table 1 and Figure 2. The limiting
“high-pressure” rate constant of the ET mechanism was
determined to bek1,∞

ET ) (1.0 ( 0.2) × 10-11 cm3 molecule-1

s-1, independent of the bath gas and considering all data points
between 10 and 40 bar. Indications of a further increase ofk1

near 40-100 bar in N2 and argon, before diffusion control is
established, are less visible than that fork2, such as that shown
in Figure 3, but are revealed at closer analysis (see below). The
observed monotonic decrease of the rate constants starting at
pressures of N2 and argon near 100 bar corresponds to a smooth
transition into the regime of diffusion-controlled kinetics such
as that expected for these densities.

Results on the pressure dependence ofk2 for the bath gases
helium, argon, xenon, N2, CO2, and SF6 are given in Figure 3
and Table 1. Observations ofk2 in the flat portion near 10-40

Figure 1. Absorption signal at 223.5 nm, recorded after photolysis of
CCl3Br ([CCl3]0 ) 2.7 × 1015 molecule cm-3, p(N2) ) 698 bar,T )
300 K; signal averaged over 100 laser shots). Legend is as follows:
(- - -) fitted profile of CCl3, (‚ ‚ ‚) fitted profile for C2Cl6, (- ‚ -)
fitted profile of CCl3Br, and (s) complete absorption signal. Residual
of the fitting procedure is shown at the top of the figure.

CCl3Br + hν (248 nm)f CCl3 + Br (3)

Figure 2. Combination rate constants of CCl3 + CCl3 (+ M) f C2-
Cl6 (+ M) (reaction 1) at 300 K; measurements in this work were made
in the bath gases helium, argon, xenon, N2, CO2, and SF6.

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

CCl3 + Br2 f CCl3Br + Br (5)
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TABLE 1: Pseudo-Second-Order Rate Constants for the Combination Reaction CCl3 + CCl3 (+ M) f C2Cl6 (+ M) (k1) and
CCl3 + Br (+M) f CCl3Br (+M) (k2) at 300 and 250 K

N2 Data at 300 K

p(N2)a [N2]b k1
c k2

c p(N2)a [N2]b k1
c k2

c p(N2)a [N2]b k1
c k2

c

1.32 3.19× 1019 1.07( 0.05 1.86( 0.11 20.00 4.83× 1020 1.01( 0.04 2.56( 0.10 311.00 6.51× 1021 0.42( 0.01 4.48( 0.10
3.01 7.27× 1019 1.01( 0.05 1.72( 0.10 30.00 7.24× 1020 1.00( 0.03 2.29( 0.09 406.00 7.81× 1021 0.38( 0.01 4.33( 0.09
4.01 9.68× 1019 1.04( 0.04 1.95( 0.08 40.00 9.66× 1020 1.00( 0.02 2.50( 0.09 500.00 8.86× 1021 0.28( 0.01 4.41( 0.09
4.91 1.19× 1020 1.05( 0.03 1.89( 0.07 60.00 1.45× 1021 1.00( 0.01 2.52( 0.10 602.00 9.80× 1021 0.24( 0.05 4.01( 0.11
7.51 1.81× 1020 0.96( 0.20 1.80( 0.34 80.00 1.93× 1021 0.91( 0.01 3.44( 0.10 702.00 1.06× 1022 0.19( 0.05 3.79( 0.10

10.03 2.42× 1020 0.96( 0.11 2.17( 0.20 100.00 2.40× 1021 0.90( 0.01 3.26( 0.11 862.50 1.16× 1022 0.18( 0.04 3.51( 0.08
13.49 3.26× 1020 0.86( 0.07 2.54( 0.17 154.00 3.62× 1021 0.71( 0.01 4.57( 0.10 862.50 1.16× 1022 0.16( 0.03 3.10( 0.07
14.96 3.61× 1020 0.92( 0.09 1.90( 0.24 218.50 4.93× 1021 0.55( 0.01 4.58( 0.09 908.50 1.18× 1022 0.15( 0.20 2.48( 0.34
19.99 4.83× 1020 0.87( 0.06 2.37( 0.10

N2 Data at 250 K

p(N2)a [N2]b k1
c k2

c p(N2)a [N2]b k1
c k2

c p(N2)a [N2]b k1
c k2

c

3.98 1.11× 1020 1.28( 0.11 2.31( 0.20 30.00 8.46× 1020 1.49( 0.08 1.74( 0.11 200.50 5.49× 1021 0.74( 0.05 5.31( 0.05
5.98 1.67× 1020 1.45( 0.10 2.06( 0.18 40.00 1.14× 1021 1.39( 0.06 1.88( 0.10 305.50 7.54× 1021 0.68( 0.03 4.61( 0.04
7.98 2.24× 1020 1.46( 0.08 2.20( 0.13 50.00 1.43× 1021 1.33( 0.05 1.98( 0.03 408.00 9.02× 1021 0.50( 0.03 4.29( 0.04
9.98 2.79× 1020 1.33( 0.09 2.48( 0.17 58.00 1.65× 1021 1.31( 0.03 2.97( 0.05 600.50 1.09× 1022 0.38( 0.02 4.00( 0.03

12.00 3.36× 1020 1.31( 0.05 1.94( 0.15 78.00 2.24× 1021 1.16( 0.05 3.48( 0.08 696.50 1.16× 1022 0.30( 0.02 4.09( 0.03
14.99 4.19× 1020 1.29( 0.06 3.16( 0.20 98.50 2.85× 1021 0.96( 0.03 4.05( 0.05 795.00 1.22× 1022 0.30( 0.02 3.79( 0.03

Helium Data at 300 K

p(He)a [He]b k1
c k2

c p(He)a [He]b k1
c k2

c p(He)a [He]b k1
c k2

c

2.01 4.85× 1019 1.00( 0.10 1.94( 0.19 8.22 1.99× 1020 0.94( 0.03 1.86( 0.06 104.50 2.41× 1021 0.94( 0.04 2.55( 0.09
3.00 7.24× 1019 0.98( 0.06 1.89( 0.12 12.00 2.90× 1020 0.98( 0.03 1.98( 0.06 149.00 3.37× 1021 0.90( 0.03 2.75( 0.08
4.00 9.66× 1019 0.91( 0.04 1.65( 0.08 15.00 3.62× 1020 0.96( 0.03 1.99( 0.05 203.00 4.49× 1021 1.03( 0.03 2.45( 0.08
5.00 1.21× 1020 0.93( 0.04 1.71( 0.08 20.00 4.83× 1020 0.91( 0.03 2.07( 0.05 304.00 6.45× 1021 0.72( 0.02 2.94( 0.08
5.00 1.21× 1020 0.95( 0.03 1.73( 0.07 30.00 7.24× 1020 0.93( 0.02 2.14( 0.04 406.00 8.27× 1021 0.70( 0.02 3.61( 0.10
6.00 1.45× 1020 0.93( 0.04 1.62( 0.07 52.00 1.26× 1021 0.98( 0.06 2.14( 0.13 502.00 9.87× 1021 0.56( 0.02 3.86( 0.13
7.00 1.69× 1020 0.96( 0.03 1.77( 0.07 81.50 1.97× 1021 1.00( 0.05 2.68( 0.11 601.50 1.14× 1022 0.60( 0.02 3.61( 0.14
7.98 1.93× 1020 0.94( 0.03 1.75( 0.06

Argon Data at 300 K

p(Ar)a [Ar] b k1
c k2

c p(Ar)a [Ar] b k1
c k2

c p(Ar)a [Ar] b k1
c k2

c

0.05 1.21× 1018 0.84( 0.39 1.48( 0.76 2.30 5.55× 1019 1.07( 0.08 1.95( 0.15 60.00 1.45× 1021 1.07( 0.19 5.11( 0.34
0.08 1.81× 1018 0.94( 0.28 1.56( 0.56 2.50 6.04× 1019 1.05( 0.09 2.12( 0.17 80.00 1.93× 1021 1.11( 0.13 4.95( 0.27
0.10 2.41× 1018 1.04( 0.17 1.79( 0.35 3.00 7.24× 1019 0.94( 0.07 2.47( 0.14 100.00 2.53× 1021 1.10( 0.10 4.62( 0.21
0.15 3.62× 1018 0.94( 0.10 1.85( 0.19 3.80 9.17× 1019 1.00( 0.05 2.02( 0.11 125.00 3.17× 1021 1.12( 0.13 5.12( 0.27
0.20 4.83× 1018 0.94( 0.07 1.65( 0.02 5.00 1.21× 1020 1.07( 0.04 2.13( 0.08 207.50 5.25× 1021 0.72( 0.05 5.08( 0.12
0.30 7.24× 1018 0.97( 0.05 1.72( 0.08 5.00 1.21× 1020 1.00( 0.10 2.02( 0.21 315.50 7.57× 1021 0.53( 0.02 4.93( 0.10
0.40 9.66× 1018 0.91( 0.03 1.70( 0.07 8.00 1.93× 1020 1.12( 0.08 2.25( 0.12 409.00 9.18× 1021 0.38( 0.01 4.73( 0.09
0.50 1.21× 1019 0.89( 0.03 1.78( 0.06 10.00 2.41× 1020 0.98( 0.04 2.01( 0.08 512.50 1.06× 1022 0.35( 0.01 4.85( 0.10
0.60 1.45× 1019 0.95( 0.03 1.85( 0.06 15.00 3.62× 1020 1.05( 0.03 2.51( 0.06 609.00 1.17× 1022 0.29( 0.10 4.08( 0.09
0.80 1.93× 1019 0.95( 0.02 1.77( 0.05 20.00 4.83× 1020 0.95( 0.03 2.28( 0.06 702.00 1.25× 1022 0.32( 0.01 3.84( 0.08
0.90 2.17× 1019 0.81( 0.02 1.45( 0.04 30.00 7.24× 1020 1.20( 0.02 2.22( 0.04 797.00 1.32× 1022 0.28( 0.01 3.71( 0.08
1.80 4.35× 1019 1.04( 0.09 2.11( 0.18 45.00 1.09× 1021 1.01( 0.02 2.64( 0.06

Xenon Data at 300 K

p(Xe)a [Xe]b k1
c k2

c p(Xe)a [Xe]b k1
c k2

c p(Xe)a [Xe]b k1
c k2

c

0.05 1.21× 1018 0.99( 0.29 1.56( 0.58 0.15 3.62× 1018 0.96( 0.07 1.83( 0.15 0.35 8.45× 1018 0.93( 0.03 1.50( 0.06
0.08 1.81× 1018 0.89( 0.16 1.54( 0.31 0.20 4.83× 1018 0.92( 0.05 1.66( 0.09 0.40 9.66× 1018 1.07( 0.04 1.62( 0.08
0.10 2.41× 1018 0.91( 0.10 1.72( 0.20 0.30 7.24× 1018 0.96( 0.04 1.64( 0.08

SF6 data at 300 K

p(SF6)a [SF6]b k1
c k2

c p(SF6)a [SF6]b k1
c k2

c p(SF6)a [SF6]b k1
c k2

c

0.04 1.04× 1018 0.98( 0.07 2.04( 0.14 0.10 2.56× 1018 1.15( 0.17 2.26( 0.34 0.20 5.17× 1018 1.01( 0.11 2.12( 0.21
0.06 1.60× 1018 1.00( 0.11 1.96( 0.21 0.14 3.65× 1018 1.11( 0.10 2.07( 0.20 0.30 7.76× 1018 1.01( 0.07 1.98( 0.14
0.08 2.04× 1018 1.06( 0.10 2.07( 0.20

CO2 data at 300 K

p(CO2)a [CO2]b k1
c k2

c p(CO2)a [CO2]b k1
c k2

c p(CO2)a [CO2]b k1
c k2

c

0.10 9.05× 1017 0.94( 0.12 1.74( 0.25 0.50 1.10× 1019 1.02( 0.07 2.01( 0.14 2.50 6.29× 1019 1.05( 0.08 1.96( 0.16
0.14 1.62× 1018 0.96( 0.13 1.85( 0.26 0.60 1.37× 1019 1.05( 0.06 2.03( 0.12 3.00 7.52× 1019 1.05( 0.07 1.98( 0.14
0.19 2.86× 1018 1.06( 0.10 1.94( 0.20 0.80 1.92× 1019 1.05( 0.04 1.88( 0.09 4.00 9.97× 1019 1.09( 0.06 2.10( 0.12
0.20 3.02× 1018 1.02( 0.21 1.84( 0.42 0.90 2.19× 1019 1.03( 0.04 1.95( 0.07 5.00 1.24× 1020 0.99( 0.05 2.04( 0.11
0.29 5.34× 1018 1.05( 0.07 1.95( 0.15 1.50 3.77× 1019 1.00( 0.11 1.85( 0.22 6.00 1.49× 1020 0.96( 0.05 2.17( 0.11
0.30 5.54× 1018 0.98( 0.13 1.96( 0.25 2.00 5.04× 1019 0.97( 0.09 1.96( 0.18 6.90 1.71× 1020 0.98( 0.04 1.99( 0.10
0.40 8.22× 1018 1.01( 0.08 1.86( 0.17

a Partial pressure of the species, given in bar.b Concentration of the species, given in molecules cm-3. c Rate constant, given in units of 10-11

cm3 molecule-1 s-1.
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bar, regardless of the bath gas, allowed us to directly determine
the limiting “high-pressure” rate constant to bek2,∞

ET ) (2.0 (
0.2) × 10-11 cm3 molecule-1 s-1. Compared tok1, a more
distinct increase ofk2 at pressures of>10 bar was observed in
the bath gases N2 and argon, and even in helium, a small
increase of the rate constants was clearly observed at pressures
of >100 bar. In N2 and argon, the onset of diffusion control is
again well seen, but it occurs at higher pressures than that
observed in reaction 1.

The derived values fork1,∞
ET andk2,∞

ET , such as those observed
over more than 2 orders of magnitude in pressure and at two
temperatures (250 and 300 K; compare, e.g., Figure 4), are
summarized as

The given error limits in eqs 6 and 7 not only refer to the scatter
of data but also include estimated systematic errors.

Pressure effects such as those illustrated in Figure 3 have
rarely been reported before. They present the most important
result of our work and call for a detailed analysis. We have
strong evidence that these results are not due to the pressure
dependence of the absorption at our observation wavelength.
First propositions about the origin of the observed effects are
given below. Because the characterization of the RC mechanism
involves several elements of the ET mechanism, the latter also
must be analyzed in detail. This will be done in the following
section.

Discussion

A. Experimental “High-Pressure” Rate Constant, k∞
ET.

Reaction 1 has been studied previously22-26 as a part of complex
reaction mechanisms, which led to fitted values ofk1 between
1.7× 10-13 and 1.2× 10-11 cm3 molecule-1 s-1. A more direct
access tok1 was provided by Danis et al.14 and by Ellermann,15

whose results can be compared with our present data. Both
groups monitored the recombination of CCl3 radicals by transient
UV spectroscopy. Their limiting “high-pressure” values are
somewhat smaller than our results, which needs an explanation.
Figure 4 compares the different data.

In their study, Danis et al.14 generated CCl3 radicals via the
flash photolysis of Cl2, which was followed by the reaction Cl
+ CHCl3 f HCl + CCl3. On the basis of a Rice-Ramsperger-
Kassel-Marcus (RRKM) modeling, the authors concluded that,
under N2 pressures of∼1 bar, reaction 1 was near the high-
pressure limit. With their assumption, they derived the relation
k1,∞ ) (3.3( 0.8)× 10-12 (T/298 K)-1.0 ( 0.2 cm3 molecule-1

s-1. This result is considerably lower than ourk1,∞ value and
also shows a much stronger temperature dependence.

A second direct measurement of reaction 1 was reported by
Ellermann,15 who generated CCl3 radicals via the secondary
reaction of F+ CHCl3 f HF + CCl3, following pulse radiolysis
of SF6. He reported a rate constant ofk1 ) (5.9( 1.3)× 10-12

cm3 molecule-1 s-1 in 1 bar of SF6 at 298 K. This value is a
factor of∼1.7 higher than the value from Danis et al.,14 but it
is still lower than our result. Our production of CCl3 radicals
via the laser photolysis of CCl3Br probably presented the most
direct approach such that the least complications are expected.
There is the additional advantage that the absorption bands of
the CCl3 radical and the precursor overlap much less when CCl3-
Br instead of CHCl3 is chosen. For this reason, we consider
our results fork1,∞

ET to be the most reliable.
The reasons for the differences between our results fork1,∞

ET

and those of Danis et al. in N214 and Ellermann et al. in SF6
15

cannot all be found; however, some appear rather clear. With
efficient colliders, such as SF6 used in ref 15,k1,∞

ET is definitely
reached in measurements at 1 bar. However, in 1 bar of N2 at
300 K, such as the conditions used in ref 14, one approaches
the high-pressure limit closely but not completely. On this basis,
the apparent negative temperature dependence of ref 14 in part
can be attributed to fall-off effects and most of the differences
to our results can be understood. As the fall-off curves are
shifted with temperature, the measurements ofk1 in 1 bar of
N2 fall further belowk1,∞

ET at higher temperatures.
A study on the combination reaction of CCl3 radicals with

bromine was reported by Fenter et al.,25 using CCl3Br as a
precursor, similar to that done in the present work. Pressures
in the range of 0.03-1 bar of the N2 bath gas and temperatures
of 298 and 333 K were used. Using a fall-off extrapolation with
a center broadening factorFc ) 0.6, these authors determined
the limiting low- and high-pressure rate constants ask2,0(300
K) ) [N2](5.2 ( 3.0) × 10-28 cm6 molecule-2 s-1 and k2,∞-

Figure 3. Combination rate constants of CCl3 + Br (+ M) f CCl3Br
(+ M) (reaction 2) at 300 K; measurements in this work were made in
the bath gases helium, argon, xenon, N2, CO2, and SF6.

Figure 4. Temperature dependence of the limiting “high-pressure” rate
constant,k1,∞

ET (T). Experimental data were taken from (b) this work,
(0) ref 14, and (+) ref 15; theoretical predictions were (s) from this
work and (- - -) from ref 34.

k1,∞
ET (T) ) (1.0( 0.2)× 10-11( T

300 K)-0.83

cm3 molecule-1 s-1 (6)

k2,∞
ET (T) ) (2.0( 0.2)× 10-11( T

300 K)-0.49

cm3 molecule-1 s-1 (7)
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(300 K) ) (7.6( 0.6)× 10-11 cm3 molecule-1 s-1. This value
for k2,∞ is more than 3 times higher than our value. The
parameterk2,∞ was optimized using the kinetic model based on
reactions 1-5. In contrast to the results from the present work,
however, reaction 1 was assumed to be given by the small value
k1,∞(300 K) ) (3.3 ( 0.8) × 10-12 cm3 molecule-1 s-1 from
ref 14 and, thus, was assumed to be insignificant. In this case,
the CCl3 radicals would be removed predominantly via reaction
2, which results in the larger values ofk2. Using the present
value of k1,∞, a reinterpretation of the experiments of ref 25
would have led to near agreement with the present results.

B. Theoretical Analysis of the Derived “High-Pressure”
Rate Constant,k∞

ET. To rationalize contributions from a RC
mechanism tok1 andk2, see below, it seems necessary to analyze
the experimental “high-pressure” rate constantsk1,∞

ET and k2,∞
ET .

This can be done on the basis of statistical adiabatic channel/
classical trajectory (SACM/CT) calculations such as those
described in the work of Maergoiz et al.27,28 In this treatment,
k∞

ET is represented by an upper limit given by phase space
theory (PST) and a rigidity factor (frigid) that results from the
anisotropy of the potential. It should be mentioned thatk∞

ET is
reported here as the capture rate constant multiplied by an
electronic weight factorRspin (1/4 for reaction 1 and of1/8 for
reaction 2; see below). The parameterk∞

ET,PSTis determined by
the interaction potential between the radicals, neglecting the
anisotropy. First, we investigated whether this potential for
reaction 1 can be represented by a dipole-dipole potential. A
calculation of the dipole moment of CCl3 radicals on the
UB3LYP level with 6-31G (d,p) basis set29 led to a value of
0.22 D. However, more-appropriate RCCSD(T) calculations30

with an aug-cc-pVTZ basis set on a CEPA-1 geometry31 led to
a smaller value, 0.091 D. This value indicates that the long-
range dipole-dipole potential is irrelevant for the present
conditions. Instead, we characterized the interaction between
two CCl3 radicals by a Morse potential;27,28 the parametersre

) 2.61 Å, â ) 1.88 Å-1, and D0 ) 2.46 × 104 cm-1 were
estimated for reaction 1, whereas for reaction 2, we usedre )
2.48 Å, â ) 0.94 Å-1, andD0 ) 1.96× 104 cm-1. This leads
to27,28k1,∞

ET,PST) 6.0× 10-11 cm3 molecule-1 s-1 andk2,∞
ET,PST)

1.5 × 10-10 cm3 molecule-1 s-1 at 300 K. In comparison to
the experimental results, experimental rigidity factors off rigid,1

expt

≈ 0.17 andf rigid,2
expt ≈ 0.14 arise. Note that the dipole-dipole

potential would have led tofrigid ) 0.385.32 For a purely
theoretical estimate offrigid, we use standard valence potentials
such as those proposed by Cobos and Troe33 (i.e., parameters
R/â ≈ 0.5) and evaluated by SACM/CT in refs 27 and 28.
Calculating the anisotropy parametersC ) (εe

2/2B∞D0) with
estimated valuesεe ) 167 cm-1, B∞ ) 0.15 cm-1, andD0 )
2.46× 104 cm-1 for reaction 1 (andεe ) 187 cm-1, B∞ ) 0.17
cm-1, andD0 ) 1.96× 104 cm-1 for reaction 2) (here,B∞ is
the total rotational constants of the CCl3 radical, including its
relative motion with the reaction partner) leads toC1 ) 3.74
and C2 ) 5.33, and from this,27,28 frigid,1 ≈ 0.16 andfrigid,2 ≈
0.08. These values are not too far from the experimentalf rigid

expt

value (currently, only estimates of the described type are
possible, as long as ab initio potentials are not available). A
consequence of the assumption of a standard valence potential
with R/â ≈ 0.5 is the prediction27,28 of almost-temperature-
independentk∞

ET such as that observed also in our work. This is
in contrast to the marked negative temperature dependence
suggested by canonical variational transition-state theory in the
treatment from Pesa et al.34 (see Figure 4). However, there are
known problems with canonical transition-state theory, in

addition to the uncertainty of the potential such that the present
prediction seems more probable.

It will be shown below that the analysis ofk∞
ET, in terms of

k∞
ET,PST and the rigidity factorfrigid, is of major importance for

an analysis of recombination rate constants in the RC mecha-
nism. This explains why we have given a detailed interpretation
of the measuredk1,∞

ET andk2,∞
ET values.

C. Transition to Diffusion-Controlled Kinetics. To identify
possible contributions from the RC mechanism at the low-
pressure side, the values ofk∞

ET have been determined. At the
high-pressure side, the values of the recombination rate constants
under diffusion-controlled conditions need to be specified, which
then allows the additional contributions such as those appearing
in Figures 2 and 3 to be identified. The combination rate
constants in the gas-to-liquid transition range traditionally have
been approximated by the relationship

(See, e.g., ref 19.) In eq 8,krec is the hypothetical value of the
combination rate constants in the absence of diffusion control
(i.e., in the present case, the joint contribution from the ET
mechanism and the RC mechanism (see below)) andkdiff is the
value of the rate constant for assumed complete diffusion control
for the combination process. Toward low densities, diffusion
becomes faster;kdiff increases sharply and governs the denomi-
nator in eq 8, which leads to

For high densities, diffusion slows and finally controls the
combination reaction.

The rate constant at diffusion control (kdiff) is given by

whereD is the diffusion coefficient of the recombining radicals
in the bath medium andR is the effective capture distance. The
(density-dependent) electronic weight factorRspin(Μ) must be
included, as is done forkrec. In solution kinetics, the limiting
spin-statistical value ofRspin (e.g.,1/4 or 1/8 in reactions 1 or 2,
respectively) is often simply assumed without convincing
evidence. However, this is only valid as long as spin-changing
transition rates are much slower than diffusion rates that separate
non-spin-matching radical reactants, even under the influence
of very frequent collisions of the bath gas and the minor energy
differences (∆E) involved. Obviously, the continuous decrease
of kdiff with density always must lead to a relaxation of this
condition and a transition ofRspin(M) f 1. Unfortunately, there
are no real quantitative calculations currently available, predict-
ing where to expect this in a given system. For some further
discussion, see Section E of the Discussion.

The correct choice ofR has been the subject of controversial
discussions. On the basis of the analysis of Section B of the
Discussion, it seems most reasonable to identifyR with the
thermally averaged capture cross section〈σ〉 of CCl3 radicals
at the limiting “high-pressure” rate constant:28

kobserved)
kreckdiff

krec + kdiff
(8)

kobservedf krec (9)

kobservedf kdiff (10)

kdiff ) 4πRspin(M)RD (11)

R ) x〈σ〉
π

) [( 1
πf)( k∞

ET

Rspin(M))xπµ
8kT]1/2

(12)
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where f ) 1/2 for identical reactants andf ) 1 for different
reactants;µ is the reduced mass of two radicals. From this,
values ofR ) 2.8 Å for reaction 1 andR ) 3.8 Å for reaction
2 were derived. To reconvertk∞

ET to the “unrestricted” capture
rate constant at this stage, we must use anRspin value of1/4 for
reaction 1 and1/8 for reaction 2, as previously mentioned.

Tracer diffusion coefficients of radicals in the medium-density
region of supercritical fluids are mostly unknown. Diffusion
coefficients in the medium-density range cannot be well-
extrapolated35 from low-pressure gas phase using the Chapman-
Enskog kinetic theory36 or from the liquid phase using the
Stokes-Einstein relationship;37 both methods overestimateD.
Instead, we used the successful semiempirical method to
estimate the diffusion coefficient of an infinitely diluted solute
in a solvent, as suggested in the work of Ruckenstein and
Liu.38,39In these calculations,39 the density-dependent diffusion
coefficient can be estimated on the basis of the rough hard-
sphere theory,40-43 treating the intermolecular interaction be-
tween solute and solvent as a Lennard-Jones (LJ)-type fluid.
The basic equation39 can be written for the tracer diffusion
coefficient of a solute in a real fluid following the LJ expression

whereAD is the rotational-translation coupling factor which
attributes a reduction in diffusion to the nonsphericity of the
molecules. The equation for a LJ fluid is related to that for a
common hard-sphere fluid, but with the introduction of the
attractive contribution and the effective hard-sphere diameter,44

such as that shown in eq 40 of ref 39. The parametersF* and
T* are the reduced density (F* ) [M]( σM

eff)3) and the reduced
temperature (T* ) kT/εM

eff).
The aforementioned method is not intended for radicals;

therefore, further improvement of the calculation would be
necessary to exactly reproduce our experimental data quanti-
tatively. For example, in the calculation of diffusion coefficients
(such as that in eq 12), besides rotational-translation coupling,
all other effects are neglected, such as anisotropic interactions,
the increased dielectric friction in the higher-density region
(because of the enhanced attractive intermolecular interaction
between radicals and solvent molecules45), as well as the effect
of overcoming the spin-limited reaction probability of radical
pairs46 in the excited electronic states at higher densities.
Presently, we cannot provide a detailed theoretical analysis of
these effects for the remaining differences (up to 1 order of
magnitude) between the calculated values ofk1 and experimental
data at the highest pressures (at>100 bar). Because the
difference between calculated and observed values ofk1 in the
diffusion limit concerns the absolute value but not the shape of
the density dependence, we use a simple scaling approach as a
sufficient approximation for our purpose, with an almost-
constant scaling factorø to correct for the neglected effects in
kdiff . For simplicity, we only mention the values of the
combinationø′ ) Rspinø whenD (from eq 13) is used in eq 11,
because we currently cannot decide separately on the actual
value of Rspin in the diffusion-limited density regime of our
systems (see previous comments and Section E in the Discus-
sion). To match the calculatedkdiff values with the asymptotic
experimental data, one findsø1′ ≈ 0.08 for reaction 1 andø2′
≈ 0.24 for reaction 2. The relative ratio ofø1/ø2 (or, similarly,
ø1′/ø2′) should characterize the extent of favorable geometric
structures of CCl3...M complexes that occur in both reactions:
CCl3 radicals are more anisotropic, which affects the diffusion
kinetics more than the isotropic Br atoms do, such that a smaller

value forø1 seems reasonable. Figure 5 compares the results of
the calculation of the diffusion rate constant and the diffusion
limited k1 with our experimental data in an argon bath gas near
300 K (here, without considering the contribution of the RC
mechanism; see below). The diffusion rate constant at higher
pressures is clearly limiting the kinetics at the highest pressures.
The shaded area in Figure 5 reflects the uncertainty within the
calculation.39

D. Rate Constants at Elevated Pressures before the Onset
of Diffusion Control. Figure 5 clearly shows that our experi-
mental data fork1 at pressures of 40-300 bar differ from an
assumed smooth transition between energy-transfer- and diffu-
sion-controlled kinetics. Such deviations are even more pro-
nounced for the rate constantsk2 in the same pressure range,
such as those observed in Figure 3. Because both rate constants
were at the high-pressure limit of the conventional ET mech-
anism, the additional increase of the rate constants must be
explained by other dynamic features, such as the RC mechanism
of combination reactions or some density-dependent influence
of excited electronic states. In the following, we first consider
the RC mechanism.

For reaction 1, we choose the simple formulation for ET and
RC mechanisms from reactions I and II, respectively (also see
the examples in the reports from Troe and co-workers4,9,10,47).
We assume thatkc andk-c are always fast enough to maintain
an equilibrium concentration of [AM]eq, with

where

Here, [A] denotes the total concentration, i.e., [A]eq + [AM] eq.
Keq is evaluated by the Bunker-Davidson expression,48 which
was shown to require some modifications.49,50In the expression
of ref 48, dimers that are in metastable states (i.e., at energies

DAM ) ADDAM
LJ (F*,T*;σAM

eff ,εAM
eff )ø (13)

Figure 5. Combination rate constantk1 in the argon bath gas at 300
K, showing the transition to the onset of diffusion control. Legend is
as follows: (- - -) limiting diffusion-controlled rate constants, (‚ ‚ ‚)
kET from the energy-transfer mechanism, and (s) rate constants without
contribution from the radical-complex (RC) mechanism. Shaded area
illustrates the error estimation of the calculation.39

Keq )
[AM] eq

[A] eq[M]
)

[AM] eq

([A] - [AM] eq)[M]
(14a)

[AM] eq )
Keq[A][M]

1 + Keq[M]
(14b)

[A] eq )
[A]

1 + Keq[M]
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higher than the binding energy but below the centrifugal barrier)
are not considered.50 Schwarzer and Teubner derived a modified
expression50 for Keq by decomposing the gas-phase radial
distribution function into contributions that result from bound
states and from scattering collisions (see Appendix B of ref 49).
The calculated equilibrium constants are mostly in the range of
10-22-10-23 cm3 under our conditions.

The total rate constant from both mechanisms is then given
by

kRC has the limiting low- and high-pressure values:

For reaction 2, the analogous mechanisms that involve two
nonidentical radicals must be considered and with

the overall combination rate constants are expressed as

At the densities considered, the concentration of the weakly
bound bath-gas-radical complexes is at its equilibrium value
at any time. From the equilibrium constant, the degree of
complexation ([AM]/([AM] + [A]) is calculated as a function
of bath gas, M, and temperature (see Figures 6a and b). The
pronounced growth of the concentrations of complexed radicals
at higher densities and lower temperatures is evident. Kinetic
contributions of AMn can also be similarly evaluated. However,
under the experimental conditions, the relatively low concentra-
tions and overlapping contributions of all possible combination
channels will not result in pronounced individually identifiable
contributions of the various sizes of AMn. We thus assume that
contributions of all complexes can formally be represented by
expression 18 within our experimental limits.

Although AM concentrations influence (linearly or quadrati-
cally) kRC, the competing ET dynamics is not restricted to the
remaining and decreasing concentration of uncomplexed [A]eq

) [A] - [AM] eq. Radical complexes can also participate in an
ET-type dynamics, e.g. AM+ A + M f A2M + M (or A2 +
2M). Interesting differences may influence the shape of the
pressure-dependent transition fromk0

RC to k∞
RC in eq 16. If the

AM radical complexes are very weak, with correspondingly
short lifetimes of AM, the reactions really follow reaction II,
according to the original “chaperon” model. In these cases, the

reaction always occurs under dynamical “high-pressure condi-
tions”, i.e., “stabilization” of A2 (by A2M f A2 + M or A2M2

f A2 + 2M) is faster than the alternative “redissociation” (A2M
f A + AM or A2M2 f AM + AM). In all such cases, the
transition of eq 16 corresponds to the same curve of transition
k0 f k∞, which is simply the density-dependent increase and
saturation of the AM concentration (neglecting here higher
complexes). If, however, AM complexes are bound sufficiently
strongly, fast stabilization of the A2 or A2M product from AM
+ AM by dissociation of an M is no longer automatically
guaranteed. In such cases, even at the saturation level of AM
concentration, the combination reaction may show further
pressure dependence of the ET type, when the AM “complexes”
then mainly behave like somewhat-larger ordinary molecules
(AM + AM + M), stabilized by additional bath gas collisions.

Figure 7 shows a fit to the experimental data for reaction 1
in the argon bath gas at 300 K. The solid line considers the
contribution from the usual ET mechanism and a possible
contribution from the RC mechanism. As compared with the
fit in Figure 5, the additional contribution from the RC
mechanism results in a much better representation of the
experimental data in the medium-density region. The same
optimization was applied to the N2 and helium data, and the
fitting parameters derived are summarized in Table 2. The
corresponding analysis of the CCl3 + Br data (i.e., reaction 2)
is illustrated for M) Ar in Figure 8, for M) N2 in Figure 9,
and for M) He in Figure 10. Again, in all three cases in which
the increase ofk2 at higher densities was very pronounced, the
experimental data were fully reproduced with the proposed
mechanism and a minimum of fitting parameters, such as those
summarized in Table 3. This consistent explanation of the
observed unusual pressure dependences, in terms of a contribu-
tion from the RC mechanism, is the central result of this paper.

k1,rec) k1
ET + k1

RC

)
k1,∞

ET k1,0
ET[M]

k1,∞
ET + k1,0

ET[M]
Fcenter+

Keqkd[M] + Keq
2 ke[M] 2

(1 + Keq[M]) 2
(15)

k0
RC ) Keqkd[M] (for [M] f 0) (16a)

k∞
RC ) ke (for [M] f ∞) (16b)

A + M a AM (Keq,A) (17a)

B + M a BM (Keq,B) (17b)

AM + B f AB + M (kC) (17c)

A + BM f AB + M (kD) (17d)

AM + BM f AB + 2M (kE) (17e)

k2,rec)
k2,∞

ETk2,0
ET[M]

k2,∞
ET + k2,0

ET[M]
Fcenter+

(Keq,AkC + Keq,BkD)[M] + Keq,AKeq,BkE[M] 2

(1 + Keq,A[M])(1 + Keq,B[M])
(18)

Figure 6. Degree of complexation for (a) the bath-gas dependence at
300 K for CCl3 radicals and (b) the temperature dependence for CCl3

radicals in argon at 100, 10, and 1 bar from the top.
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We have also observed this effect in an even more pronounced
way for the larger benzyl radicals.3

The interpretation of our observations, in terms of a contribu-
tion from the RC mechanism, can only be correct if the rate
constants for the reaction AM+ AM are larger than the
corresponding values for A+ A (similarly, the reaction AM+
BM should be faster than A+ B). This hypothesis needs an
explanation. The experimental fit, for example, suggested that
kAM+AM for A ) CCl3 and M) Ar was∼3.8 times larger (and
kAM+A ∼2.3 times larger) thankA+A (kA+A ) k1,∞

ET ). Simple
phase space theory does not predict such differences between
kAM+AM, kAM+A, andkA+A, because the effects of the different
cross sections and reduced masses partially compensate. Thus,
the differences betweenkAM+AM, kAM+A, andkA+A can only be

found in different rigidity factors (frigid). One may imagine that
the presence of a van der Waals complex partner M shields
and reduces the anisotropy of the valence potential between A
and A. In the extreme, the value offrigid may approach unity.
Having calculatedKeq in the described way, the fit of our
experimental results in Figures 7 and 8 leads to the rate constants
kd and ke, or kC, kD, and kE. Using the calculated values of
k1,∞

ET,PSTandk2,∞
ET,PSTfrom Section B in the Discussion, this leads

to experimentalfrigid values forkd andke (or kC, kD, andkE) that
differ in the different bath gases. For instance,f rigid

expt for
reaction 1 andkAM+AM increases in the order He (∼0.38)< N2

(∼0.54)< Ar (∼0.65). The observed value, e.g., for argon, is
a factor of∼4 larger than that forkA+A (0.17) and still is below
unity. Therefore, this interpretation seems to provide an
internally consistent picture. Note that thef rigid

expt values in
kAM+A, which increase in the order He (∼0.25)< N2 (∼0.31)
< Ar (∼0.39), lie between thef rigid

expt values in kA+A and
kAM+AM, which again is consistent with our postulate of a
shielding effect. Presently, we cannot say whether this explana-
tion is correct. Ab initio calculations of the AM+ AM potential
and CT calculations of capture on such potentials would be
required to arrive at definite conclusions. Currently, we do not
have such calculations. The apparent increase of thef rigid

expt

factors forkAM+BM in CCl3 + Br, rising from He (∼0.46)< N2

(∼0.60)< Ar (∼0.66), leaves the value off rigid,2
expt below unity.

The rigidity factors, rising from He (∼0.27) < N2 (∼0.30) <
Ar (∼0.39) for kAM+B and He (∼0.30) < N2 (∼0.42) < Ar
(∼0.39) for kA+BM are also consistent with this interpreta-
tion.

Figure 7. Combination rate constantk1 in the argon bath gas at 300
K, showing the transition to the onset of diffusion control. Legend is
as follows: (‚ ‚ ‚) kET from the energy-transfer mechanism, (- - -)
limiting diffusion-controlled rate constants, (- ‚ -) andkRC from the
radical-complex mechanism. The thin solid line represents the resulting
rate constants withoutkRC, and the thick solid line represents the
resulting rate constants includingkRC. Fitting parameters used in this
calculation are summarized in Table 2.

Figure 8. Same as Figure 7, for CCl3 + Br at 300 K in argon.

TABLE 2: Kinetic Parameters for the CCl 3 + CCl3 (+ M)
f C2Cl6 (+ M) Reaction at 300 K

ET kdiff RC

M
k∞

ET

(cm3 s-1) ø1′
kAM+A

(cm3 s-1)
kAM+AM

(cm3 s-1)
k0,RC

(cm6 s-1)
Keq(AM)

(cm3)

Ar 1.0 × 10-11 0.09 2.3× 10-11 3.8× 10-11 6.5× 10-33 2.9× 10-22

N2 1.0× 10-11 0.08 1.8× 10-11 3.1× 10-11 4.9× 10-33 2.7× 10-22

He 1.0× 10-11 0.08 1.4× 10-11 2.2× 10-11 4.3× 10-34 3.0× 10-23

Figure 9. Same as Figure 7, for CCl3 + Br at 300 K in N2.

Figure 10. Same as Figure 7, for CCl3 + Br at 300 K in helium.
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E. Density-Dependent Electronic Quenching,rspin(M). The
approach of two CCl3 radicals in their doublet electronic ground
states may lead to the electronic ground-state singlet C2Cl6 or
to the excited triplet C2Cl6. The pure spin statistics (Rspin(M))
tells us that only one-fourth of the CCl3 + CCl3 encounters
succeed to form ground-state C2Cl6, whereas three-fourths of
the encounters are unsuccessful because they separate before
they can attain the “correct” spin configuration. Such a situation
is most probable in low-pressure environments and not-too-high
densities. Similarly,Rspin(M) studies indicate that one-eighth of
the CCl3 + Br encounters have been included.51,52 For an
enhancement of the recombination probability at high densities
(i.e., an increase ofRspin(M) f 1), at least two reasons must be
considered. The underlying condition is that the rate constant
of the electronic transition (here, triplet to singlet),kISC, of the
reagents approaching each other not in the singlet ground state
must become fast, compared to relevant translational motion,
e.g., the diffusion process. With the asymptotically isoenergetic
electronic states of our systems at very large distances, there is
a range of moderate separations of the radicals where the
energetic splitting between ground and excited states is really
small and favorable for transitions. In many cases, collisions,
especially with heavier atoms, increase spin-orbit coupling in
the combined system (known as “external heavy atom effect”)
and thus accelerate electronic quenching. The number of bath-
gas collisions, even within the time interval of very small
diffusional displacements, becomes very high at high densities,
which leads to the increasing probability to enter the ground-
state surface in connection with multiple encounters. Increased
spin-orbit coupling should also be considered, with respect to
eventual “internal heavy atom effects” in RC units AMn.

Even without collision-induced electronic quenching, how-
ever, the increase of density alone must lead to a breakdown of
the condition of a “spin-statistic”Rspin (1/4 or 1/8). The strong
decrease of the diffusion rate with density alone is sufficient to
arrive at a point where it is not bigger thankISC. Unfortunately,
a quantitative understanding of this important problem in atom
and radical combinations is still lacking,53,54 and thus usable
predictions or calculations for which to compare are not
available. From our experimental evidence, we currently cannot
confirm the simple, extreme assumption that all changes in
Rspin(M) in our systems occur only at much higher densities
than applied here. Contributions of changingRspin(M) to our
observation cannot be ruled out; however, there is also no direct
experimental evidence for them. Further experimental studies
are planned to clarify the situation on the basis of, for example,
heavy-mass bath-gas influences in selected systems.

Conclusions

The combination reactions CCl3 + CCl3 (+ M) f C2Cl6 (+
M) and CCl3 + Br (+ M) f CCl3Br (+ M) (with rate constants
of k1 andk2, respectively) were studied at 250 and 300 K over
the pressure range of 0.01-1000 bar in the bath gases helium,
argon, xenon, N2, CO2, and SF6. The rate constants of reactions
1 and 2 reached a pressure-independent range at∼1-10 bar,

such that the limiting “high-pressure” rate constants of the
energy-transfer (ET) mechanismk1,∞

ET and k2,∞
ET could be deter-

mined over a sufficiently wide pressure range. Our results can
be represented by

and

These values were analyzed in terms of statistical adiabatic
channel/classical trajectory (SACM/CT) theory. An interpreta-
tion of the observed increase in the rate constants between∼40
bar and the onset of diffusion-limited dynamics was given in
terms of a radical-complex mechanism. Our analysis provides
a consistent description. However, more-quantitative conclusions
must wait until more theoretical information on the potentials
and dynamics of the radical complexes involved is available.
A better understanding of the collision-induced electronic
quenching is also required.
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