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The combination reactions CLH CCl; (+ M) — C.Clg (+ M) and CC} + Br (+ M) — CCIsBr (+ M)

(with rate constants dd; andk,, respectively) were studied at temperatures of 250 and 300 K over the pressure
range of 0.0+1000 bar. Helium, argon, xenon,NCGO,, and Sk were used as bath gases. ¢@dicals

were generated via the photolysis of GBH 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 rangel6fdar, to bek; .(T) = (1.0 + 0.2)

x 1071 (T/300 K) %17 cm? molecule? st andk,.(T) = (2.04 0.2) x 1071 (T/300 K)~%13 cm?® molecule™*

s 1. In the helium, N, and argon bath gases, at pressures abel@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 In addition, one should be aware of the density dependence of
ﬁollisional 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.

Interactions between reagents and bath gases or solvents ca
influence chemical reaction dynamics in various ways, ranging
from molecular transport to intermolecular energy transfer and

the formation of radicatbath gas complexes. Originally 3[A Al

postulated in the “chaperon mechanism” of atom recombina- 5

tion}2 radical-bath-gas complexes have found increasing 2 )

interest recently, e.g., in studies of the reactions in supercritical A+ A 1 M) (1m)
solvent§ and in discussions about the role of weakly bound & . .

complexes even in atmospheric chemiét§/Studies of pressure [A..A] - A

and temperature-dependent rate constants of atom and radical

combination reactions can provide a useful access to the ) ¢ d I radical ¢ le O
understanding of such intermolecular interactions in the gas- reactions of atoms and sma radicais (see, for examp’e, Oum
et al.? Hippler and co-worker$/~1° and Stark?), in which

to-liquid transition range. This is the issue of the present article. | dicati ¢ dicat lex (RC hani found:
Traditionally, radical combination reactions are interpreted 'ndications foraradicarcomp ex (RC) mechanism were found;

within the energy-transfer (ET) mechanism with association, hOWG"eF' a separation of t_h? contributions from the various
dissociation, and collisional-energy transfer steps, mechanisms was always difficult. The present study provides

another example of a new experimental strategyseparate

. these mechanisms. We choose systems in which the limiting
AtTA=AS (ka k-a) (1) high-pressure rate constant of the ET mechanism is attained at
A +M—A+M (k) (1b) 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

There have been several experimental studies on combination

resulting in characteristic limiting low- and high-pressure rate

T ET : : :
c?tnstar;ts@ antqlkw ) a}[?]d an ;Stgrrr:sdlatz.falll-off reglglmeF.{én reactions of CGlradicals with themselves and with bromine
aherna ve reachlon_ pa Wﬁ_uh N ehra Ical-comp ei( (t ) lor over a very wide pressure range of 0000 bar at temper-
chaperon mechanism, which may have an important role, _, ¢ ot 550 and 300 K:

depending on the strength of interaction between A and M:
CCl+ CCli(+ M) = CClg (+ M) k) (@)

A+ M=AM (ko koo Keg - (l12) CClL+Br (+ M) ~CCLBr (+M) (k) (2)

A+AM —A,+M (ky) (l1b) ) o ,
Both reactions approach the limiting high-pressure rate constant

AM +AM — A, +2M (k) (Ic) KET below ~1—10 bar, and this high-pressure range is experi-
mentally established over a certain pressure range. With further

* Author to whom correspondence should be addressed. E-mail: Kluther@ increases in pressure (beyornd0 bar) and before the onset of
gwdg.de. diffusion control, a pressure-independent and bath-gas-inde-
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fitting residual

absorption at 223.5 nm

Figure 1. Absorption signal at 223.5 nm, recorded after photolysis of
CClsBr ([CCl3]o = 2.7 x 10" molecule cm?, p(N2) = 698 bar,T =

300 K; signal averaged over 100 laser shots). Legend is as follows:
(= — —) fitted profile of CCE, (- - -) fitted profile for GCls, (— + —)
fitted profile of CCEBr, and () complete absorption signal. Residual
of the fitting procedure is shown at the top of the figure.

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

guenching 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
elsewheré!=13 and only the main features are given here.
Briefly, CCl; radicals in the high-pressure cell were formed by
the laser photolysis of CeBr at 248 nm:

CCLBr + hv (248 nm)— CCl,; + Br 3)

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 precursors8€hnd the
bath gas were compressed in an oil-free diaphragm compresso
(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
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Figure 2. Combination rate constants of GCt CCl; (+ M) — C»-
Cls (+ M) (reaction 1) at 300 K; measurements in this work were made
in the bath gases helium, argon, xenon, 80,, and Sk.

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

Br + Br (+ M) — Br, (+ M)
CCl; + Br,— CCl,Br + Br

(4)
(®)

Signal analysis was performed with the absorption cross sections

for CClz (0 = 8.8 x 10718 cn? molecule’?),415C,Clg (0 ~ 7

x 1071 cn? molecule®), and CC4Br (o0 ~ 6 x 10719 cn¥?
molecule’!). Reactions of the primary products bromine and
CClz with the precursor molecules need not be included:+Br
CClBr — Br, + CCl (reaction—5) with ks ~ 7 x 10716

cm® molecule® s71 at 420-455 K6.17js too slow, and CGl+
CClzBr — C,Clg + Br is most probably slower than GHt-
CClBr — CH3Br + CCl3 (k &~ 5 x 10715 cm?® molecule® s71

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, N, and CQ.1° The bimolecular rate constant of
feaction 5 was calculated in a manner similar to that determined
in the work by Hudgens et &P. With careful systematic
modeling?! it was possible to evaluate the individual rate
constants of reactions 1 and 2 because of the discriminating

observation volume was filled with a fresh reagent-bath gas jnfjuence of reaction 4 under our conditions. Typical concentra-
mixture after each laser pulse. Total pressures were measuregions in our study were [CGlo = (1—10) x 10 molecule cm?.

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

Our results on the pressure dependenceé;obbtained at
temperatures near 300 K for the bath gases helium, argon, xenon,
Ny, CO,, and Sk are given in Table 1 and Figure 2. The limiting

platinum resistance thermometers were directly attached to the«high-pressure” rate constant of the ET mechanism was

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).
CClIsBr (Aldrich, 99.9%) was purified in a pumpthaw—
freezing cycle before use. All other bath gases were of a purity
better than 99.998% (MesseGriesheim), and residual impuri-
ties in the bath gases were further removed using commercial
gas cleaning adsorbers (Oxisorb, Mess8riesheim) 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

determined to b, = (1.0 £ 0.2) x 101 cn® molecule®
s71, independent of the bath gas and considering all data points
between 10 and 40 bar. Indications of a further increadq of
near 46-100 bar in N and argon, before diffusion control is
established, are less visible than thatkgrsuch 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 Nand 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 dependenck,dbr the bath gases
helium, argon, xenon, N CO,, and Sk are given in Figure 3
and Table 1. Observations kf in the flat portion near 1640
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TABLE 1: Pseudo-Second-Order Rate Constants for the Combination Reaction CG@H CCl; (+ M) — C,Clg (+ M) (ki) and
CClz + Br (+M) — CClsBr (+M) (k) at 300 and 250 K

N, Data at 300 K

p(N2)2 [N2]® kg© kot p(N2)2 [Ng]° ki© ko® p(N2)? [NZ]P ki© ko®
1.32 3.19x 10° 1.074+0.05 1.86+0.11 20.00 4.83 10?° 1.01+0.04 2.56+0.10 311.00 6.5k 10?2 0.424+0.01 4.48+0.10
3.01 7.27x 10" 1.01+0.05 1.72+0.10 30.00 7.24¢ 10?° 1.00+ 0.03 2.29+0.09 406.00 7.8k 10 0.384+0.01 4.33+0.09
4,01 9.68x 10° 1.04+0.04 1.95+0.08 40.00 9.66¢ 10?° 1.00+ 0.02 2.50+ 0.09 500.00 8.86¢ 10?1 0.284+ 0.01 4.41+ 0.09
491 1.19x 10?° 1.05+0.03 1.89+0.07 60.00 1.45¢ 10?1 1.00+0.01 2.52+0.10 602.00 9.8& 10?2 0.24+0.05 4.01+0.11
7.51 1.81x 10%° 0.96+0.20 1.804+0.34 80.00 1.93¢ 10?* 0.91+0.01 3.44+0.10 702.00 1.06¢ 10?22 0.194+0.05 3.79+0.10
10.03 2.42x 10?° 0.96+ 0.11 2.174+0.20 100.00 2.46< 10%* 0.90+0.01 3.26+0.11 862.50 1.16< 10?2 0.18+ 0.04 3.514+0.08
13.49 3.26x 10?° 0.86+ 0.07 2.544+0.17 154.00 3.6% 10%* 0.71+0.01 4.57+0.10 862.50 1.16< 10?2 0.16+ 0.03 3.104+ 0.07
14.96 3.61x 10?° 0.924+0.09 1.90+ 0.24 218.50 4.9% 10?1 0.55+0.01 4.58+ 0.09 908.50 1.1& 10?2 0.154+ 0.20 2.48+0.34
19.99 4.83x 10?° 0.874+0.06 2.37+0.10
N, Data at 250 K
p(N2)2 [N]® ki® ka® p(N2)? [N2]° kq® ka® p(N2)? [N]® kq® ka®
3.98 1.11x 10%°° 1.28+0.11 2.31+0.20 30.00 8.46¢ 10?°° 1.49+0.08 1.74+0.11 200.50 5.4% 10?' 0.74+0.05 5.314+0.05
598 1.67x 10?°° 1.45+0.10 2.06+ 0.18 40.00 1.14< 10?2 1.39+0.06 1.88+0.10 305.50 7.54 10! 0.68+0.03 4.61+ 0.04
7.98 2.24x 10%°° 1.46+0.08 2.20+0.13 50.00 1.43< 10** 1.33+0.05 1.98+0.03 408.00 9.0X% 10! 0.504+0.03 4.2+ 0.04
9.98 2.79x 10%°° 1.33+0.09 2.48+0.17 58.00 1.65¢ 10?* 1.31+0.03 2.97+ 0.05 600.50 1.0% 10?2 0.384+ 0.02 4.00+ 0.03
12.00 3.36x 10?° 1.31+0.05 1.94+0.15 78.00 2.24< 10%* 1.16+0.05 3.48+0.08 696.50 1.16¢ 10?2 0.30+ 0.02 4.09+ 0.03
1499 4.19x 10?°° 1.2940.06 3.16+0.20 98.50 2.85¢ 10%* 0.96+ 0.03 4.05+ 0.05 795.00 1.2 10?2 0.304+0.02 3.79+0.03
Helium Data at 300 K
p(Hep  [He] ki ke p(Hep  [He] ki ke p(Hep  [He] ke ke
2.01 4.85x 10*° 1.00+0.10 1.944+0.19 8.22 1.99% 10?9 0.94+ 0.03 1.86+ 0.06 104.50 2.4k 10%* 0.94+0.04 2.55+0.09
3.00 7.24x 10*° 0.98+0.06 1.894+0.12 12.00 2.96< 10?° 0.98+ 0.03 1.98+ 0.06 149.00 3.3% 10?* 0.90+0.03 2.75+0.08
4.00 9.66x 10° 0.91+0.04 1.65+0.08 15.00 3.6X% 10?° 0.96+ 0.03 1.99+ 0.05 203.00 4.4% 10?* 1.03+0.03 2.45+ 0.08
5.00 1.21x 10®° 0.93+0.04 1.714+0.08 20.00 4.83 10° 0.914+0.03 2.07+0.05 304.00 6.45% 10?1 0.724+0.02 2.94+ 0.08
5.00 1.21x 10®® 0.954+0.03 1.73+0.07 30.00 7.24<10° 0.93+0.02 2.14+0.04 406.00 8.2% 10%* 0.704+0.02 3.61+0.10
6.00 1.45x 10?°° 0.93+0.04 1.624+-0.07 52.00 1.26< 101 0.98+0.06 2.14+0.13 502.00 9.8% 10! 0.56+0.02 3.86+ 0.13
7.00 1.69x 10?° 0.96+0.03 1.77+ 0.07 81.50 1.9% 10! 1.00+ 0.05 2.68+0.11 601.50 1.14 10?2 0.60+ 0.02 3.61+0.14
7.98 1.93x 10?° 0.944+0.03 1.75+0.06
Argon Data at 300 K
p(Ar)2 [Ar]P k;© ko® p(Ar)a [Ar]P ke© ko® p(Ar)2 [Ar]P kq© ko®
0.05 1.21x 10 0.844+0.39 1.48+0.76 2.30 5.55¢ 10 1.07+0.08 1.95+0.15 60.00 1.45 10?* 1.07+0.19 5.114+0.34
0.08 1.81x 108 0.944+0.28 1.56+0.56 2.50 6.04< 10*° 1.05+0.09 2.12+0.17 80.00 1.93 10?' 1.114+0.13 4.95+0.27
0.10 2.41x 108 1.044+0.17 1.79+0.35 3.00 7.24¢<10*° 0.94+0.07 2.47+0.14 100.00 2.5% 10?* 1.10+0.10 4.62+0.21
0.15 3.62x 108 0.944+0.10 1.85+0.19 3.80 9.1% 10*° 1.00+0.05 2.02+0.11 125.00 3.1% 10 1.12+0.13 5.12+0.27
0.20 4.83x 108 0.944+0.07 1.65+0.02 5.00 1.21x 10%°° 1.07+0.04 2.13+0.08 207.50 5.25% 10! 0.72+0.05 5.08+0.12
0.30 7.24x 108 0.97+0.05 1.72+0.08 5.00 1.21x 10?°° 1.00+0.10 2.02+0.21 315,50 7.5% 10?1 0.53+0.02 4.93+0.10
0.40 9.66x 108 0.914+0.03 1.704+0.07 8.00 1.93 10%° 1.12+0.08 2.25+0.12 409.00 9.1& 10 0.384+0.01 4.73+0.09
0.50 1.21x 10 0.894+0.03 1.78+0.06 10.00 2.4% 10%°° 0.98+0.04 2.01+0.08 512.50 1.06¢< 10?2 0.354+0.01 4.85+0.10
0.60 1.45x 10° 0.954+0.03 1.85+0.06 15.00 3.6 10%°° 1.05+0.03 2.51+0.06 609.00 1.1% 102 0.294+0.10 4.08+0.09
0.80 1.93x 10 0.954+0.02 1.774+0.05 20.00 4.83< 10%° 0.95+0.03 2.28+0.06 702.00 1.25% 102 0.324+0.01 3.844+0.08
0.90 2.17x 10° 0.81+0.02 1.45+0.04 30.00 7.24< 10°° 1.20+0.02 2.224+0.04 797.00 1.3% 102 0.284+0.01 3.71+0.08
1.80 4.35x 10° 1.04+0.09 2.114+0.18 45,00 1.0% 10?* 1.01+0.02 2.64+0.06
Xenon Data at 300 K
p(Xe)? [Xe]P ki© ko® p(Xe)? [Xe]P ki© ko® p(Xe)? [Xe]P ki© ko®
0.05 1.21x 10*® 0.99+0.29 1.56+0.58 0.15 3.6 10® 0.96+0.07 1.83+0.15 0.35 8.45¢ 10 0.93+0.03 1.504+0.06
0.08 1.81x 10*® 0.89+0.16 1.54+0.31 0.20 4.83< 10 0.92+0.05 1.66+0.09 0.40 9.66< 108 1.07+0.04 1.624-0.08
0.10 2.41x 10*® 0.91+0.10 1.72+0.20 0.30 7.24< 10*® 0.96+ 0.04 1.64+ 0.08
Sk data at 300 K
p(SF)®  [SFy® ke ke® p(SF)?  [SFe]® ki® ka® p(SF)®  [SK® ki® ko®
0.04 1.04x 101 0.98+0.07 2.04:0.14  0.10 2.56¢ 108 115+0.17 2.26£0.34 020 51% 10" 1.01+0.11 2.12+0.21
0.06 1.60x 10! 1.00+0.11 1.96+021  0.14 36510 1.11+0.10 2.07+0.20 030 7.76< 10'¢ 1.01+0.07 1.98+0.14
0.08 2.04x 10'® 1.06+0.10 2.07+0.20
CO, data at 300 K
p(CO)*  [COJ° ka® ko® p(CO)2  [COyJ° ke ko® p(CO)*  [COyJ° ka® ko
0.10 9.05x 107 0.94+0.12 1.74+0.25 0.50 1.10«< 10*° 1.024+0.07 2.01+0.14 250 6.29% 10" 1.05+0.08 1.96+ 0.16
0.14 1.62x 10'® 0.96+0.13 1.85+0.26 0.60 1.3% 10Y 1.054+0.06 2.03+0.12 3.00 7.52 10 1.05+0.07 1.98+0.14
0.19 2.86x 10'® 1.06+0.10 1.94+ 0.20 0.80 1.9 10' 1.054+0.04 1.88+0.09 400 9.9% 10" 1.094+0.06 2.10+0.12
0.20 3.02x 10'® 1.024+0.21 1.84+0.42 0.90 2.19% 10Y 1.03+0.04 1.95+0.07 5.00 1.24¢< 100 0.994+ 0.05 2.04+0.11
0.29 5.34x 108 1.05+ 0.07 1.95+ 0.15 150 3.7 10 1.00+0.11 1.85+0.22 6.00 1.49% 10?0 0.96+ 0.05 2.17+0.11
0.30 5.54x 108 0.98+ 0.13 1.96+ 0.25 2.00 5.04¢< 10° 0.97+0.09 1.96+0.18 6.90 1.71x 10?° 0.984+ 0.04 1.99+0.10
0.40 8.22x 10'® 1.01+0.08 1.86+0.17

a partial pressure of the species, given in Batoncentration of the species, given in moleculestrmRate constant, given in units of 10
cm® molecule s71.
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Figure 3. Combination rate constants of GGt Br (+ M) — CCl;Br
(+ M) (reaction 2) at 300 K; measurements in this work were made in
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<
I

ET 3 R
k, ./ cm” molecule” s
+ 4
/
/
/

<
S
1
i
]
!

T T
600 800

T/K
Figure 4. Temperature dependence of the limiting “high-pressure” rate
constantk; (). Experimental data were taken fro®)(this work,
(O) ref 14, and {) ref 15; theoretical predictions were-J from this
work and ¢ — —) from ref 34.

T T
200 400 1000

J. Phys. Chem. A, Vol. 108, No. 14, 2002693

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&'
Reaction 1 has been studied previo#4isf as a part of complex
reaction mechanisms, which led to fitted valuekpbetween
1.7 x 1078 and 1.2x 10~ cm? molecule’! s~1. A more direct
access tdg was provided by Danis et &t.and by Ellermani®
whose results can be compared with our present data. Both
groups monitored the recombination of G&ldicals 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 dt* generated CGlradicals via the
flash photolysis of G| which was followed by the reaction ClI
+ CHCIlz; — HCI + CCls. On the basis of a RieeRamsperger
Kasset-Marcus (RRKM) modeling, the authors concluded that,
under N pressures of-1 bar, reaction 1 was near the high-
pressure limit. With their assumption, they derived the relation
Kieo = (3.34 0.8) x 10712(T/298 K) 124 0.2 cn¥ molecule™?

s L. This result is considerably lower than ok, value and
also shows a much stronger temperature dependence.

A second direct measurement of reaction 1 was reported by
Ellermannt® who generated Cglradicals via the secondary
reaction of H CHCIl; — HF + CCls, following pulse radiolysis
of SFs. He reported a rate constantlaf= (5.9+ 1.3) x 10712
cm® molecule’? s71in 1 bar of Sk at 298 K. This value is a
factor of ~1.7 higher than the value from Danis et #lhut it
is still lower than our result. Our production of GChdicals
via the laser photolysis of CeBr probably presented the most
direct approach such that the least complications are expected.

bar, regardless of the bath gas, allowed us to directly determineThere is the additional advantage that the absorption bands of

the limiting “high-pressure” rate constant to biew 2.0+
0.2) x 107! cm® molecule s~1. Compared tok;, a more
distinct increase ok; at pressures of 10 bar was observed in
the bath gases Nand argon, and even in helium, a small

the CCh radical and the precursor overlap much less whery-CCl
Br instead of CHQ is chosen. For this reason, we consider
our results fork;,, to be the most reliable.

The reasons for the differences between our resultkEfbr

increase of the rate constants was clearly observed at pressuregnd those of Danis et al. inJAf and Ellermann et al. in S{F

of >100 bar. In N and argon, the onset of diffusion control is

cannot all be found; however, some appear rather clear. With

again well seen, but it occurs at higher pressures than thatefficient colliders, such as Sfised in ref 15k;, is definitely

observed in reaction 1.
The derived values fokE" KET

5. SUCh as those observed

. and

reached in measurements at 1 bar. However, in 1 bar@ftN
300 K, such as the conditions used in ref 14, one approaches

over more than 2 orders of magnitude in pressure and at twothe high-pressure limit closely but not completely. On this basis,
temperatures (250 and 300 K; compare, e.g., Figure 4), arethe apparent negative temperature dependence of ref 14 in part

summarized as

T

KET(T) = (1.0+£0.2) x 107 11(300

K) 0.83

cm®moleculets™

ET j 1y T
KET(T) = (2.0£0.2) x 10 1(—300 K)

cm®molecule*s ™t (7)

(6)

—0.49

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 measurement,oin 1 bar of

N, fall further belowk;, at higher temperatures.

A study on the comblnatlon reaction of GGhdicals with
bromine was reported by Fenter et @lysing CC§Br as a
precursor, similar to that done in the present work. Pressures
in the range of 0.031 bar of the N bath gas and temperatures
of 298 and 333 K were used. Using a fall-off extrapolation with
a center broadening factét. = 0.6, these authors determined

The given error limits in egs 6 and 7 not only refer to the scatter the limiting low- and high-pressure rate constantkag300

of data but also include estimated systematic errors.

K) = [N2](5.2 + 3.0) x 1028 cnmf molecule? s and kp-
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(300 K)= (7.6 £ 0.6) x 1071 cm?® molecule’! s~1. This value addition to the uncertainty of the potential such that the present
for ke is more than 3 times higher than our value. The prediction seems more probable.
parametek, .. was optimized using the kinetic model based on It will be shown below that the analysis &f', in terms of
reactions 5. In contrast to the results from the present work, KE™PSTand the rigidity factorfigq, is of major importance for
however, reaction 1 was assumed to be given by the small valuean analysis of recombination rate constants in the RC mecha-
k1(300 K) = (3.3 £ 0.8) x 1072 cm® molecule s™* from nism. This explains why we have given a detailed interpretation
ref 14 and, thus, was assumed to be insignificant. In this case,of the measurediﬂ and kEL values.
the CC} radicals would be removed predominantly via reaction  C. Transition to Diffusion-Controlled Kinetics. To identify
2, which results in the larger values kf. Using the present  possible contributions from the RC mechanism at the low-
value ofk; ., a reinterpretation of the experiments of ref 25 pressure side, the values kif' have been determined. At the
would have led to near agreement with the present results.  high-pressure side, the values of the recombination rate constants
B. Theoretical Analysis of the Derived “High-Pressure” under diffusion-controlled conditions need to be specified, which

Rate Constant,kE'. To rationalize contributions from a RC  then allows the additional contributions such as those appearing
mechanism tdy andks, see below, it seems necessary to analyze in Figures 2 and 3 to be identified. The combination rate
the experimen[a| “high_pressure” rate Constakf@ and kg:o constants in the gaS'tO'liqUid traﬂsitiop range traditiona”y have
This can be done on the basis of statistical adiabatic channel/b€en approximated by the relationship

classical trajectory (SACM/CT) calculations such as those

described in the work of Maergoiz et #l28In this treatment, _ Kokt

ET . - . kobserved_ (8)

k, is represented by an upper limit given by phase space Krec T Kait
theory (PST) and a rigidity factoff,iq) that results from the ) )

anisotropy of the potential. It should be mentioned tgtis (See, e.g., ref 19.) In eq 8. is the hypothetical value of the
reported here as the capture rate constant multiplied by ancombination rate constants in the absence of diffusion control
electronic weight factotspin (Y4 for reaction 1 and o#/g for (i.e., in the present case, the joint contribution from the ET
reaction 2; see below). The paramegFSTis determined by ~ Mechanism and the RC mechanism (see below)kands the
the interaction potential between the radicals, neglecting the value of the rate constant for assumed complete ‘?"_ffus'of‘ cor_ltrol
anisotropy. First, we investigated whether this potential for for the comblnatlon process. Toward low densities, dlfoSIOh
reaction 1 can be represented by a dipal@ole potential. A becomes fastekdif_f increases sharply and governs the denomi-
calculation of the dipole moment of CLladicals on the nator in eq 8, which leads to

UB3LYP level with 6-31G (d,p) basis $étled to a value of K, —k, 9)
0.22 D. However, more-appropriate RCCSD(T) calculafi®ns bserved — Trec
with an aug-cc-pvVTZ basis set on a CEPA-1 geontiéted to For high densities, diffusion slows and finally controls the
a smaller value, 0.091 D. This value indicates that the long- combination reaction.

range dipole-dipole potential is irrelevant for the present

conditions. Instead, we characterized the interaction between Kobserved ™ Kt (10)
two CCk radicals by a Morse potential;?8the parameterse

=261 A, =188A" andDo = 2.46 x 10 cm™* were The rate constant at diffusion contrdd;) is given by

estimated for reaction 1, whereas for reaction 2, we usesl

248 A B =0.94 A1 andDo = 1.96 x 10* cm™L. This leads Kyt = 4ot {(M)RD (12)
10?728k ."5T= 6.0 x 1011 cm® molecule s 1 andk; "=

1.5 x 10719 ¢cm® molecule® s71 at 300 K. In comparison to  whereD is the diffusion coefficient of the recombining radicals

the experimental results, experimental rigidity factorsgf; , in the bath medium anRis the effective capture distance. The
~ 0.17 andf P, ~ 0.14 arise. Note that the dipelelipole (density-dependent) electronic weight factagi(M) must be
potential would have led tdiga = 0.385%2 For a purely included, as is done fdkec In solution kinetics, the limiting

theoretical estimate dfgq, we use standard valence potentials SPin-statistical value ofispin (€.9.,"4 or Y/g in reactions 1 or 2,
such as those proposed by Cobos and Fr(iee., parameters respectively) is often simply assumed without convincing

o/ ~ 0.5) and evaluated by SACM/CT in refs 27 and 28. e€vidence. However, this is only valid as long as spin-changing
Calculating the anisotropy parameteEs= (¢2/2B..Dg) with transition rates are much slower than diffusion rates that separate

estimated values, = 167 cnT?, B, = 0.15 cnT?, andDg = non-spin-matching radical reactants, even under the influence
2.46x 10* cmt f;r reaction 1 (’and — 187 et B. = 0.17 of very frequent collisions of the bath gas and the minor energy
cm L, andDp = 1.96 x 10¢ cmt fo? reaction 2),(hereB is differences AE) involved. Obviously, the continuous decrease
the total rotational constants of the G@4dical, including its of kair with density always must lead to a relaxation of this

relative motion with the reaction partner) leadsGp= 3.74 condition ?nd attr_z;mt_snmn ?isFl’"‘iM) —L Untflortunz_altetlﬁ/, ther(ej_ ¢
and C; = 5.33, and from thig728 figa1 ~ 0.16 andfigaz ~ are no real quantitative calculations currently available, predict-

0.08. These values are not too far from the experime‘rﬁgﬁl I(’?g where to expSect this in ? %lven system. For some further
value (currently, only estimates of the described type are ISeUSSIon, see gctlon E of the D'SCUSS.'OH' .

: ’ L . . The correct choice dR has been the subject of controversial
possible, as long as ab initio potentials are not available). Aag

consequence of the assumption of a standard valence potenti ISCUSSIONS. _On the basis of the analysis Qf Sectlc_m B of the

. ~ . Ctiof28 of almost-temperature- iscussion, it seems most reasonable to iderfifyith the
Wlth alp O'TS is the predicti or & ) P ~ . thermally averaged capture cross sectiohlof CCl; radicals
independenkE" such as that observed also in our work. This is at the limiting “high-pressure” rate consta#it:

in contrast to the marked negative temperature dependence

suggested by canonical variational transition-state theory in the o0 1 kET 1/2
treatment from Pesa et #l(see Figure 4). However, there are R=,./—= (_) = | /T (12)
known problems with canonical transition-state theory, in T 7if OLspin(M) 8K
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wheref = Y/, for identical reactants anfi= 1 for different e ol e pirtond
reactantsy is the reduced mass of two radicals. From this, T Yk
values ofR = 2.8 A for reaction 1 andR = 3.8 A for reaction T \
2 were derived. To reconvekf' to the “unrestricted” capture ] \
rate constant at this stage, we must use.gm value of'/, for '
reaction 1 and/g 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-
extrapolate#P from low-pressure gas phase using the Chapman
Enskog kinetic theoR? or from the liquid phase using the
Stokes-Einstein relationshig? both methods overestimaf
Instead, we used the successful semiempirical method to
estimate the diffusion coefficient of an infinitely diluted solute P | L
in a solvent, as suggested in the work of Ruckenstein and 0.01 01 T w0 0 1000
Liu.383%n these calculation® the density-dependent diffusion p (Ar) / bar
coefficient can Ef estlmated on the basis of_the roqgh hard- Figure 5. Combination rate constakt in the argon bath gas at 300
sphere theory?™*® treating the intermolecular interaction be'_ K, showing the transition to the onset of diffusion control. Legend is
tween solute and solvent as a Lennard-Jones (LJ)-type fluid. as follows: ¢ — —) limiting diffusion-controlled rate constants,(-)
The basic equaticth can be written for the tracer diffusion  kET from the energy-transfer mechanism, ang fate constants without

coefficient of a solute in a real fluid following the LJ expression contribution from the radicalcomplex (RC) mechanism. Shaded area
illustrates the error estimation of the calculatién.

|
S

=]
=

3
k. | cmmolecule

1

Dam = AoD i (0%, T o €am) (13) value fory; seems reasonable. Figure 5 compares the results of
the calculation of the diffusion rate constant and the diffusion
where Ap is the rotationattranslation coupling factor which  limited k; with our experimental data in an argon bath gas near
attributes a reduction in diffusion to the nonsphericity of the 300 K (here, without considering the contribution of the RC
molecules. The equation for a LJ fluid is related to that for a mechanism; see below). The diffusion rate constant at higher
common hard-sphere fluid, but with the introduction of the pressures is clearly limiting the kinetics at the highest pressures.
attractive contribution and the effective hard-sphere diantéter, The shaded area in Figure 5 reflects the uncertainty within the

such as that shown in eq 40 of ref 39. The paramete=nd calculation3®
T* are the reduced density{ = [M](o5?) and the reduced D. Rate Constants at Elevated Pressures before the Onset
temperature * = kT/efﬂff . of Diffusion Control. Figure 5 clearly shows that our experi-

The aforementioned method is not intended for radicals; Mental data foii at pressures of 46800 bar differ from an
therefore, further improvement of the calculation would be @ssumed smooth transition between energy-transfer- and diffu-
necessary to exactly reproduce our experimental data quami_smn-controlled kinetics. Such d_eV|at|ons are even more pro-
tatively. For example, in the calculation of diffusion coefficients Nounced for the rate constarkgin the same pressure range,
(such as that in eq 12), besides rotatiertainslation coupling, such as those observed in Figure 3. Because both rate constants
all other effects are neglected, such as anisotropic interactionsVere at the high-pressure limit of the conventional ET mech-
the increased dielectric friction in the higher-density region anism, the additional increase of the rate constants must be
(because of the enhanced attractive intermolecular interaction®Plained by other dynamic features, such as the RC mechanism
between radicals and solvent molecd®gsas well as the effect of combination reactions or some density-dependent influence
of overcoming the spin-limited reaction probability of radical of excited eIectrpmc states. In the following, we first consider
pairds in the excited electronic states at higher densities. the RC mechanism. _ _

Presently, we cannot provide a detailed theoretical analysis of _ For reaction 1, we choose the simple formulation for ET and
these effects for the remaining differences (up to 1 order of RC mechanisms from reactions I and Il, respectively (zilso see
magnitude) between the calculated valuek@ind experimental  the examples in the reports from Troe and co-worket$*).

data at the highest pressures (al00 bar). Because the We assume that andk-. are always fast enough to maintain
difference between calculated and observed valuds iof the an equilibrium concentration of [AM}, with

diffusion limit concerns the absolute value but not the shape of

the density dependence, we use a simple scaling approach as a = [AM] eqd _ [AM] eq (14a)
sufficient approximation for our purpose, with an almost- (Al Ml ([A] — [AM] )[M]

constant scaling factgy to correct for the neglected effects in

kgir. For simplicity, we only mention the values of the K q[A][M]

combinationy’ = aspigy whenD (from eq 13) is used in eq 11, [AM] eq= © (14Db)
because we currently cannot decide separately on the actual 1+ KeJM]

value of aspin in the diffusion-limited density regime of our  where

systems (see previous comments and Section E in the Discus-

sion). To match the calculatdgis values with the asymptotic Al = [A]

experimental data, one fingg' ~ 0.08 for reaction 1 ang,' 1+ K M]

~ 0.24 for reaction 2. The relative ratio gf/y» (or, similarly,

x1'x2") should characterize the extent of favorable geometric Here, [A] denotes the total concentration, i.e.,df\} [AM] eq
structures of CGl..M complexes that occur in both reactions: Keqis evaluated by the BunkeiDavidson expressioff,which

CCls radicals are more anisotropic, which affects the diffusion was shown to require some modificatiof$%In the expression
kinetics more than the isotropic Br atoms do, such that a smaller of ref 48, dimers that are in metastable states (i.e., at energies



2696 J. Phys. Chem. A, Vol. 108, No. 14, 2004

higher than the binding energy but below the centrifugal barrier)
are not consideret.Schwarzer and Teubner derived a modified
expressioff 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
10722-10"23 cm® under our conditions.

The total rate constant from both mechanisms is then given
by

e i
Kinkio '[M] KeakiM] + KZkM]
N KED + KEMm] - (L+ K JM]) 2 (13)
kRC has the limiting low- and high-pressure values:
kg©=KegeM]  (for [M] —0) (16a)
K™ =ke (for [M] — o) (16b)

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

A+M=AM (Keg) (17a)
B+ M=BM (Keq.0) (17b)
AM +B—AB + M (ko) (17¢)
A+BM—AB +M (ko) (17d)
AM +BM —AB +2M (k) (17e)

the overall combination rate constants are expressed as
ET) ET,
k2,oo k2,0 [M]
kZ,OOET + kZ,OET[M]

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

2,rec”

center

(18)

At the densities considered, the concentration of the weakly

Oum et al.
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Figure 6. Degree of complexation for (a) the bath-gas dependence at
300 K for CCk radicals and (b) the temperature dependence fog CCI
radicals in argon at 100, 10, and 1 bar from the top.

reaction always occurs under dynamical “high-pressure condi-
tions”, i.e., “stabilization” of A (by Ao,M — A, + M or A,M»,

— A, + 2M) is faster than the alternative “redissociation’>kA

— A + AM or A;M; — AM + AM). In all such cases, the
transition of eq 16 corresponds to the same curve of transition
ko — ke, 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 or A,M product from AM

+ AM by dissociation of an M is no longer automatically

bound bath-gasradical complexes is at its equilibrium value guaranteed. In such cases, even at the saturation level of AM
at any time. From the equilibrium constant, the degree of concentration, the combination reaction may show further
complexation ([AM]/(JAM] + [A]) is calculated as a function  pressure dependence of the ET type, when the AM “complexes”
of bath gas, M, and temperature (see Figures 6a and b). Thethen mainly behave like somewhat-larger ordinary molecules

pronounced growth of the concentrations of complexed radicals
at higher densities and lower temperatures is evident. Kinetic
contributions of AM, 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 AMWe 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 uncomplexeg [A]
= [A] — [AM] ¢ Radical complexes can also participate in an
ET-type dynamics, e.g. AM- A + M — A,M + M (or A; +
2M). Interesting differences may influence the shape of the
pressure-dependent transition fré§f to kKX 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

(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,Nand helium data, and the
fitting parameters derived are summarized in Table 2. The
corresponding analysis of the GCI Br data (i.e., reaction 2)
is illustrated for M= Ar in Figure 8, for M= N, in Figure 9,
and for M= He in Figure 10. Again, in all three cases in which
the increase ok 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.



CCl; and Bromine Combination Reactions of GCI J. Phys. Chem. A, Vol. 108, No. 14, 2002697

aul Lol el Lo vl PR 1 Y
' L M= N2 ‘\kdiff
1071 '
‘T(h
R ‘TQ
o 107 3
0 o
8 g
[] o
£ § 10" 4
§ & ; .
=~ 7 without K~
x an}/
;
./‘
/' T T TorrTT T "I'""I T T
10" Y O 0.01 0.1 1 10 100 1000
0.01 0.1 1 10 100 1000 P (Nz) / bar
p (Ar) / bar Figure 9. Same as Figure 7, for CCH# Br at 300 K in N..
Figure 7. Combination rate constait in the argon bath gas at 300
K, showing the transition to the onset of diffusion control. Legend is 10° 5 N
as follows: ¢ - -) kET from the energy-transfer mechanism; ¢ —) ] M=He S Sdiff
limiting diffusion-controlled rate constants;-(- —) andkR¢ from the o] N
radical-complex mechanism. The thin solid line represents the resulting 107 =2
rate constants withoukR®, and the thick solid line represents the =, 1
resulting rate constants includi§j®. Fitting parameters used in this = 7
calculation are summarized in Table 2. §
E
M = Ar \\ kdiff nE "
\ O 10
1040_4 \\ :N
‘TVJ
‘o
=
3
o T T T LR | AN | T
mE 0.01 0.1 1 10 100 1000
‘\E) 10" 4 p (He) / bar
& ; e Figure 10. Same as Figure 7, for CCi+ Br at 300 K in helium.
/ without K
RC /' . . . . .
k .// found in different rigidity factorsf(izq). One may imagine that
/ the presence of a van der Waals complex partner M shields
T and reduces the anisotropy of the valence potential between A
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p (Ar) / bar and A. In the extreme, the value G§q may approach unity.

. ) _ Having calculatedKeq in the described way, the fit of our
Figure 8. Same as Figure 7, for C&H- Br at 300 K in argon. experimental results in Figures 7 and 8 leads to the rate constants

TABLE 2: Kinetic Parameters for the CCl 3 + CCls (+ M) ks andke, or ke, ko, andke. Using the calculated values of
— C,Cls (+ M) Reaction at 300 K k;."°Tandk;."*"from Section B in the Discussion, this leads
ET Kt RC to experimentaf;igiq values forky andke (or ke, kp, andkg) that
— differ in the different bath gases. For instandg for
M (en¥st) g (ckr'r\ggél) é‘%@% (Cr'j%RSC_l) K‘Zg‘rf‘ﬁ'\)") reaction 1 andkav+am increases in the order He-0.38) < N, _
A L0x 107 009 23x 10 3810 65x 10 29X 102 (~0.54) < Ar (~0.65). The observed value, e.g.,_fo_r argon, is
N, 1.0 1011 0.08 1.8x 101 3.1x 101 4.9x 103 2.7 x 1022 a factor of~4 larger than that foka 14 (0.17) and still is below
He 1.0x 10-11 0.08 1.4x 101 2.2 x 10-11 4.3 x 1034 3.0 x 1023 unity. Therefore, this interpretation seems to provide an
internally consistent picture. Note that tH& values in

We have also observed this effect in an even more pronouncedkam-a, Which increase in the order He-0.25) < N, (~0.31)
way for the larger benzyl radicafs. < Ar (~0.39), lie between the‘ﬁgfﬁ values inka+a and
The interpretation of our observations, in terms of a contribu- Kawm+am, which again is consistent with our postulate of a
tion from the RC mechanism, can only be correct if the rate shielding effect. Presently, we cannot say whether this explana-
constants for the reaction AM- AM are larger than the  tionis correct. Ab initio calculations of the AM- AM potential
corresponding values for A A (similarly, the reaction ANH and CT calculations of capture on such potentials would be
BM should be faster than A B). This hypothesis needs an required to arrive at definite conclusions. Currently, we do not
explanation. The experimental fit, for example, suggested that have such calculations. The apparent increase off%%
kam+am for A = CClz and M= Ar was~3.8 times larger (and  factors forkam+sm in CClz + Br, rising from He ¢0.46) < N,

kam+a ~2.3 times larger) thamkaia (Kata = Kio). Simple (~0.60) < Ar (~0.66), leaves the value 6f;"; , below unity.
phase space theory does not predict such differences betweefhe rigidity factors, rising from He~0.27) < Nz (~0.30) <
Kam+am, Kam+a, andka+a, because the effects of the different  Ar (~0.39) for kaw+s and He (0.30) < N3 (~0.42) < Ar
cross sections and reduced masses partially compensate. Thug;~0.39) for ka+gw are also consistent with this interpreta-

the differences betwedw+am, Kam+a, andka+a can only be tion.
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TABLE 3: Kinetic Parameters for the CCl 3 + Br (+ M) — CCI3Br (+ M) Reaction at 300 K

ET Kait RC (A= CCl;, B = Br)

KE! Kaw+8 Kew+ Kaw+5m kore Keg(AM) Keg BM)
M (cmPs™ 22 (cmis™ (cmPs™ (cmPs™ (cmPs™ (cm?) (cm?)
Ar 20x 101 0.28 5.8x 101 6.2x 101 9.8x 101 2.7x 10 29x 102 1.7x 102
N 20x 1071 0.24 45x 1071 44x 101 8.8x 1071 1.9x 10732 2.7x 102 1.6x 102

He 2.0x 101 0.24 3.9x 101 39x 101 6.8x 1071 1.9x 10738 3.0x 102 1.7 x 10723

E. Density-Dependent Electronic Quenchinggspin(M). The such that the limiting “high-pressure” rate constants of the
approach of two CGlradicals in their doublet electronic ground  energy-transfer (ET) mechaniski’, and k5, could be deter-
states may lead to the electronic ground-state singi€lsr mined over a sufficiently wide pressure range. Our results can
to the excited triplet g@Cls. The pure spin statisticsu,i(M)) be represented by

tells us that only one-fourth of the C£i CClz encounters

succeed to form ground-state@s, whereas three-fourths of  KET = (1.0+ 0.2) x 107 *(1/300 K) >’
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. Similarlygspin(M) studies indicate that one-eighth of
the CCk + Br encounters have been includé&? For an ET _ —11 -0.13

enhancement of the recombination probability at high densities Ko = (2:04 0.2)x 10 7(T/300 K) 5 -
(i.e., an increase afspi(M) — 1), at least two reasons must be (cm”molecule s )

considered. The underlying condition is that the rate constant . - . .
of the electronic transition (here, triplet to singlétsc, of the These values were analyzed in terms of statistical adiabatic

reagents approaching each other not in the singlet ground statehannel/classical trajectory (SACM/CT) theory. An interpreta-

must become fast, compared to relevant translational motion,gon of ghehobserved :(ng_rftr%aS.e inl'th? rc'alt((aj constants betwdén
e.g., the diffusion process. With the asymptotically isoenergetic aran ft e g,nsait o II u5|on-r|]m|t'e énamlcsl was 9"’?3 n
electronic states of our systems at very large distances, there iderms of a radicatcomplex mechanism. Our analysis provides
a range of moderate separations of the radicals where the® consistent description. However, more-quantitative conclusions

energetic splitting between ground and excited states is reaIIyrnUSt wait u.ntll more theqretlcal mformatl.on on th? poteptlals
small and favorable for transitions. In many cases, collisions, and dynamics of the .radlcal complege's Inyolved is ava|Iab|'e_
especially with heavier atoms, increase spimbit coupling in A bette_r u_nderstandm_g of the collision-induced electronic
the combined system (known as “external heavy atom effect”) duenching is also required.
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 AM

Even without collision-induced electronic quenching, how-
ever, the increase of density alone must lead to a breakdown of
the condition of a “spin-statistictispin (/4 Or ¥g). The strong
decrease of the diffusion rate with density alone is sufficient to
arrive at a point where it is not bigger th&gc. Unfortunately,
a quantitative understanding of this important problem in atom
and radical combinations is still lackifg54 and thus usable (1) Rabinowitch, ETrans. Faraday Socl937, 33, 283.
predictions or calculations for which to compare are not g; gﬂﬁﬁrk.evl\yl.;Sgleltkri]g’]l;](':rﬁf?lg);cll_u'?ﬁesr?&.;Iﬁgz?grf?/z?]éﬁgé.ZCBHem.
available. From our experimental evidence, we currently cannot phys.2003 5, 2931.
confirm the simple, extreme assumption that all changes in  (4) Hippler, H.; Rahn, R.; Troe, J. Chem. Phys199Q 93, 6560.

aspir(M) in our systems occur only at much higher densities [Amgg?s 161%%5'31'03';2?1%03”6"' W. R.; Milford, J. BJ. Geophys. Res.,

than applied here. Contributions of Changiag:ir(_l\/l) to our ) (6) Hansen, J. C.; Francisco, J. Ghem. Phys. Chen2002 3, 833.
observation cannot be ruled out; however, there is also no direct ~ (7) Hippler, H.; Luther, K.; Troe, JChem. Phys. Letl972, 16, 174.
experimental evidence for them. Further experimental studies g%)z(lj-hppler, H.; Luther, K.; Troe, JBer. Bunsen Phys. Chert973
are planned to clarify the situation on the basis of, for example, " (9) Hippler, H.; Troe, Jint. J. Chem. Kinet1976 8, 501.
heavy-mass bath-gas influences in selected systems. (10) Baer, S.; Hippler, H.; Rahn, R.; Siefke, M.; Seitzinger, N.; Troe, J.
J. Chem. Physl1991], 95, 6463.

(11) stark, H. Ph.D. Thesis, ®mgen University, Gtlingen, Germany,
1999.

Conclusions
oo - . (12) Luther, K.; Oum, K.; Troe, 1. Phys. Chem. 2001, 105, 5535.
The combination reactions CEF CCls (+ M) — C.Cls (+ (13) Hahn, J.; Luther, K.; Troe, £hys. Chem. Chem. Phy200Q 2,
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