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The recombination reaction CCt O, (+M) — CCLO; (+M) was studied in the upper part of the falloff
curve at 260, 300, and 346 K over the pressure range-80P bar. CG radicals were generated by photolysis
of CCLBr at 248 nm; the temporal decay of the absorption froms;G€I1223.5 nm was monitored in the
presence of @ falloff curves of the rate constants were determined jrahd He as bath gases. The falloff
curves could well be represented by limiting high-pressure rate constamtg5.2 + 0.2) x 1012 (T/300

K) 1404 cm® molecule® s7* from the present work, limiting low-pressure rate constdpts [N2] (1.1 +
0.3) x 10730 (T/300 K) 5#10 cn® molecule® s or kg = [He] (4.2 & 0.7) x 10731 (T/300 K) 610 cmd
molecule® s from the literature, and center-broadening factes$N,) = (0.354 0.03) (T/300 K) 035 or

F. (He)= (0.304+ 0.03) (1/300 K)°“8derived from unimolecular rate theory. An onset of diffusion-controlled
kinetics at pressures above about 300 bar piMds observed, in agreement with predictions from simple
diffusion models. The derived rate constants are analyzed in the framework of unimolecular rate theory.

Introduction back-dissociation of C@Ds sets in, also allowed us to measure
the equilibrium constant of the equilibrium CCH O, =
CCl30;, which led to a reaction enthalpy’dfAH%gs = —19.9
(£0.1) kcal mof.

Although the measurements of the falloff curve could be
extrapolated relatively well to the low pressure limit, extrapola-
tions to the high-pressure limit remained uncertain because of
the restricted experimentally available pressure range. It is this
open question which is addressed in the present work, in which
we report rate constants of the reaction £€l0O, (+ M) —
CClzO;, (+ M) over the pressure range of-800 bar at the
temperatures 260, 300, and 346 K.

Because of their importance for atmospheric and combustion
chemistry, Cx% radicals (X=H, CI, F, and combinations) have
received much attention. Once ghkadicals are formed during
the photodegradation of halo(hydro)carbons in the atmosphere,
their oxidation with abundant Qeads to CX%0,.-2 Understand-
ing the characteristics of the temperature and pressure depen
dence of the CX addition reaction with @ therefore, is
desirable.

Within the series of reactions GX+ O, (+ M) — CX30;

(+ M), with X = H, F, and CI, the high-pressure rate constants
appear to increase in the orderk§€CHs) < k(CClg) < k(CFz),3

with the small positive temperature coefficient &CHs) Experimental Section

suggestinfya small activation barrier for the reaction €H- )

O, (+ M) — CHsO, (+ M). In contrast to this, the self- Ir_] our work, a high-pressure flow cell was empl_oyed. ¢Cl
radicals were generated by UV laser photolysis, and UV

recombinations 2CX(+ M) — CxXg (+ M) seem to have rate . =Y
constants in the ordenf k(CCl) < k(CFs) < k(CHs) without abgorptlon was l_Jsed .for monitoring j[he temporal loss of the
activation barriers. To verify these different trends, more radicals by reaction with © Our experimental setup has been
extended studies and confirmations of earlier results are required d€scribed in detail elsewhéfend is only briefly characterized

The present work provides such investigations for the addition Nere- _ _
of CCls to O,. A high-pressure cell of 9 mm inner diameter and 10 cm length

The reaction CGl+ O, (+ M) — CCLO, (+ M) has been was used, which allowed us to do experiments at pressures up
studied before using the bath gasesRiHe 889 and Af° and to 1000 bar and at temperatures bgtwgen 150 and 500 K. The
employing pressures in the range of 301 bar. The rate cell was surrounded by a coolirgpeating Jacket_mao_le o_f copper
constants showed the usual falloff behavior of recombination €. Low temperatures were reached by flowing liquid nitrogen

reactions, which corresponds to the mechanism through the cooling copper tube, and higher temperatures were
obtained by heating a wire inside the tube. Two platinum

CCl; + O,= CCl,0,* resistance thermometers were directly attached to the front and
. backsides of the cell to measure the temperature.
CCLO,* + M — CCLO, + M ) CClz radicals in their ground electronic state were produced

- by the laser photolysis of CgBr at 248 nm. The laser (Lambda
However, because the measurements were limited to pressure§,hySik model LPX 100) operated at 6:2 Hz with an output

below 1 bar, they only covered the low-pressure part of the energy of about 200 mJ/pulse. Premixed gas mixtures of the
falloff curves. Measurements at elevated temperatures, Whereprecursor CGBr, Oy, and the bath gas were compressed in an
T Part of the special issue “Edward W. Schlag Festschrift”. (.)”_free diaphr'agm compressor with a dOUble.head in parallel-
* To whom correspondence should be addressed. ¥4 551 39 3120. line (Nova Swiss, model 5542321; max operating pressure 1000

Fax: +49 551 39 3150; E-mail: kluther@gwdg.de. bar) and then flowed through the high-pressure cell. Flow rates
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were controlled by flow meters (Tylan FM361 and FM362) at
rates such that reagents and products were removed from the
observation volume between laser pulses. Total pressures were 0035 4
measured with high-pressure meters (Burster, model 8201).
UV absorption signals were recorded over a path length of
10 cm. A high-pressure xenon arc lamp (Ushio model UXM
200H; high brightness 200 W) served as the light source. A
wavelength of 223.5 nm was chosen for the detection, optimiz-
ing the lamp intensity and the absolute and relative values of
the absorption cross sections of the €@ldicals and of the
products CGJO, which have overlapping but separable continu-
ous spectra in the UV, see below. ] .
The laser beam and the light of the lamp were conducted 0000 +—F————"5=5=+-1—r——1—————T—T—
collinearly through the high-pressure cell through quartz 0 1020 30 40 50 6 70 80 90 100
windows, via a set of laser mirrors (Laser Optik; high reflectance t/ps
at 248 nm, high transmittance at 220 nm?2§h a counter- Figure 1 Absorption signal at 223.5 nm recorded after photolysis of
propagating way. A set of aluminum-coated mirrors directed CCkBr in the presence of X[CClJo = 4.3 x 10°* molecule cm?,
the lamp light from the cell toward the entrance slit of a [O2o= 3.5 10°° molecule cm® p(N2) = 711 bar.T = 300 K; signal

. - averaged over 100 laser shots). Dashed curve, fitted profile of; CCl
monochromator (Zeiss, model MM3photomultiplier (Hamamat-  goed curve, fitted profile for CQDy; full line, complete fitted

su, model R106) arrangement. The transient light signals were apsorption signal with residual of the fitting procedure shown on top.
monitored by a digital oscilloscope (LeCroy, model 9400; band
width 125 MHz), averaged over several hundred laser shots, have to be taken into account. We have investigated these
and stored in a microcomputer for further data processing.  reactions up to pressures of 1000 bar in a separate study, whose
Impurities in the bath gasesMesser-Griesheim, 99.996%)  results will be published sodfi.Simulations of the mechanism
and He (Messer-Griesheim, 99.996%) were removed by a gasincluding the observed rate constants clearly show that adding
cleaning adsorber (Oxisorb, Messer-Griesheim) and dust filters. excess @ completely suppresses reactionsé On the other
CClsBr (Aldrich, 99.9%) was purified in a pumpthaw— hand, addition of Br to @forming BrOO might be considered.
freezing cycle before use. High purity, MG, 99.996%) was  However, the reportéd bond energy of about 4 kJ mdlis
used as received. too low to allow for substantial formation of BrOO and possible
secondary reactions.

The observed absorption signals approached a steady level
after about 5Q:s and did not change significantly over about
the next 20Qus. A decay of the attained absorption level was

. observed only on a much longer time being of the order of
CClBr + hw (248 nm)— CCl, + Br @ several milliseconds. In the present work, we did not look into
the details of the self-reaction of G, or the reactions of
CCl;0, with Br, because the absorption profiles shown in Figure
1 did not provide any evidence for processes of this type to
occur on the short times evaluated in our work.

For pseudo-first-order conditions, the signals of Figure 1 lead
CCl; + O, (+ M) — CCLLO, (+ M) Q) directly to the pseudo-first-order rate constant of reaction 1. A
simulation on the basis of literature values of the absorption
Our observations are fully in accord with this simple reaction cross sections for Cglo = (8—9) x 1078 cn? molecule!
mechanism. Figure 1 shows a typical temporal profile of the from refs 18 and 19) and C&D, (0 = 1.6 x 10718 cn¥
absorption signal at 223.5 nm, measured at room temperaturemolecule ™ from refs 11 and 20) allowed for the determination
and in 711 bar of i\ The signal corresponds to the decay of of the quantity of C{ radicals produced and for a check of
CCl; radicals because of reaction 1 which is followed by the the extent of the conversion of G@hto CCkO,. The absorption
production of CGO; via reaction 2. Typical concentrations in  coefficients of GCls (o ~ 7 x 1071° cn? molecule’?) and CC}-
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Results

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

After light absorption at 248 nm, C¢Br undergoes €Br bond
fission exclusively and leads to equal amounts of 3@&dlicals
and Br atomg314 In the presence of £ CCk radicals are
predominantly removed by the reactién

our study were [CG]o = (1—10) x 10 molecule cm? and Br (o ~ 6 x 10719 cn? molecule’®) were measured in our study.
[O2]o = (1—10) x 10' molecule cm? such that pseudo-first-  No indications of processes other than reactions 1 and 2 were
order behavior was reached. found by this simulation. Including or excluding reactiorse3

CClO, on our time scale was a stable end product. made no difference. The evaluation of Figure 1, therefore,
Subsequent reactions removing @@ were too slow to be directly led to the rate constark;. Figure 1 includes the
observed, see below. Despite the simple pseudo-first-ordercorresponding CGland CC}O, absorption profiles.

appearance of the observed absorptitme profiles, one has Besides measurements near room temperature in Figure 1,
to COﬂSId_er a series of side reactions. In the absence,&.Q, Figure 2 shows examples of absorptictime profiles for other
the reactions O, concentrations and other temperatures. Here the concentration

effect dominates over a smaller opposite temperature effect, see

CCly + Br (+ M) — CCLBr (+ M) ©) below. The CCJ and CC}O; contributions are included in the
Br + Br (+ M) — Br, (+ M) (4) figures, confirming the inter_nal consistency of the evaluation.
Tables 1 and 2 summarize the pseudo-second-order rate
CCl, + CCl, (+ M) — CCL,CCl, (+ M) (5) constantsk; from our work. Each point corresponds to the

average of several hundred measurements, statistical error limits
CCl; + Br,—~ CCl;Br + Br (6) corresponding to 2 standard deviations.
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TABLE 1: Pseudo-Second-Order Rate Constantk; for the Recombination Reaction CCk + O, (+M) — CCl30; (+M)
at 300 K

M =N, M = He

p(Ny)/bar [NzJ/molecule cm® ki/107*2 cm® molecule* s* p(He)/bar [He]/molecule crr? ki/10712 cm?® molecule* st
2 4.89x 10 2.294+0.21 3 7.28x 101° 1.68+ 0.26
3 7.34x 10'° 244+ 0.37 4 9.70x 10'° 2.094+ 0.46
4 9.79x 101° 2.514+0.31 6 1.45x 10%° 2.33£0.58
5 1.22x 10%° 2.89+ 0.43 8 1.94x 10%° 2.574+ 0.45
6 1.47x 10%° 3.014+0.86 10 2.42< 10%° 2.60+1.51
8 1.96x 10%° 3.18+1.15 12 2.90x 100 2.594+0.77
10 2.45x 10%° 3.56+ 2.35 15 3.62< 102 2.634+0.89
20 4.86x 10°° 3.66+ 0.74 17 4.10x 10%° 2.624+ 0.65
30 7.33x 10%° 3.87+2.64 19 4.70x 100 2.59+ 0.67
40 9.80x 10%° 4.03+ 1.44 20 4.81x 107° 2.78+1.09
60 1.46x 10?* 3.91+1.60 20 4.81x 10 3.00+0.34
80 1.95x 10 4.09+ 2.10 30 7.19< 10%° 3.30+ 0.95
99 2.41x 107 4.20+ 2.47 40 9.54x 10%° 3.49+ 0.95
204 4.70x 10?* 3.98+ 0.69 50 1.19x 1% 3.53+ 1.05
298 6.52x 107t 419+ 2.35 60 1.42< 107 3.63+1.21
302 6.61x 10°% 3.71+2.19 70 1.65< 10% 3.67+1.26
304 6.61x 107t 434+ 1.21 77 1.81x 1% 3.70+1.38
400 7.80x 107t 3.66+ 0.65 99 2.30x 1% 3.77+1.57
404 7.86x 107t 3.73+0.73 123 2.83« 10 3.94+1.64
503 8.96x 107t 3.38+1.25 151 3.43« 107 4.05+ 1.90
586 9.70x 10** 3.22+1.17 209 4.6 10?* 414+ 1.20
603 9.87x 10?* 3.16+1.17 304 6.48< 107 4.06+ 0.93
706 1.06x 107 2.79+1.16 406 8.30x 10** 419+ 1.77
711 1.07x 107 3.194+0.76 506 9.9% 107 427+ 2.31
804 1.13x 107 2.91+0.70 610 1.16x 107 4.25+1.98
892 1.18x 107 3.04+1.90 709 1.30< 1072 4.01+1.36
798 1.43x 107 4.07+1.36

TABLE 2: Pseudo-Second-Order Rate Constantk; for the Recombination Reaction CCk + O, (+He) — CCl30, (+He)
at 260 and 346 K

at 260 K at 346 K
p(He)/bar [He]/molecule cr? ki/10712 cm?® moleculet st p(He)/bar [He]/molecule cr# ki/10712 cm?® moleculet st
3 8.39x 10'° 3.41+1.04 3 6.27x 101 1.084+ 0.15
4 1.13x 10 3.64+0.81 4 8.35x 10 1.13+0.20
6 1.69x 107 3.53+1.92 5 1.04x 10%° 1.204+0.18
9 2.49x 107° 3.89+1.39 6 1.25x 102 1.214+0.20
20 5.51x 10%° 4.45+ 2.49 8 1.67x 10%° 1.394+ 0.27
30 8.23x 1% 453+ 3.18 10 2.08x 1% 1.364+ 0.53
40 1.09x 107 542+ 1.73 12 2.50x 10%° 1.794 0.96
60 1.62x 10** 5.09+ 2.04 20 4.16x 10%° 2.09+ 0.37
70 1.88x 107 5.39+ 1.49 30 6.19x 100 2.02+ 0.60
80 2.14x 107 5.13+1.02 40 8.23x 1® 211+ 0.71
113 2.97x 107 5.67+2.43 57 1.17x 10%* 2.50+1.03
305 7.31x 107 5.78+1.08 79 1.60x 10** 2.62+1.33
407 9.33x 10 4,99+ 1.23 99 2.00x 10% 2.80+1.71
509 1.12x 107 5.09+1.03 206 3.9% 10 2.75+ 0.86
605 1.28x 1072 5.04+1.83 299 5.50« 107 297+ 1.05
699 1.43x 107 4.69+ 1.69 405 7.28< 107 2.98+1.25
799 1.57x 107 5.44+ 2.58 501 8.70« 107 3.15+ 0.86
599 1.01x 107 3.13+1.54
701 1.15x 1072 3.20+1.69
815 1.29x 107 3.11+ 2.02
Figure 3 illustrates the pressure dependendq af temper- pressures. In contrast to this, diffusional effects are becoming

atures near 300 K and for the bath gases He and®lrepresent  visible at the highest pressures in the bath gassBe Figure 3

the full falloff curve, our data at high pressures are combined and enlarged in Figure 5. These effects, however, can clearly

with the previous low-pressure measurements from ref8.6 ~ be separated such that they do not influence our falloff

The typical falloff behavior of a recombination reaction is extrapolations.

observed with a smooth transition from the limiting low-pressure  Our measurements alone are well-suited for extrapolations

rate constark; o to the limiting high-pressure rate constémt.. to the limiting high-pressure rate constakts,, whereas their
Figure 4, for the bath gas He, compares our rate constants aextrapolation to the limiting low-pressure rate constants

300 K with the results for 260 and 346 K. There is a clear leaves a much larger uncertainty. We, therefore, combine our

indication of a negative temperature coefficient near to the high- data with the earlier low-pressure measurements from res 6

pressure limit which cannot be attributed to the common shift which improves our high-pressure extrapolation. On the other

of the center of the falloff curves toward high pressures when hand, combining the measurements from refs96with the

the temperature is increased. No indications for an onset of present results allows for a better specification of low-pressure

diffusion control are observed in helium even at the highest falloff corrections to the data from refs®. For the combined
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Figure 4. Falloff curves for the bath gas He &t= 260 @), 300 O),

and 346 K @) from this work. The low-pressure data at 300 K were
obtained by Fenter et ala ref 6) and by Ryan and PlumBl( ref 9).
Dashed-dotted line: data from Nottingham et al. (ref 8) at room
temperature. The lines correspond to the falloff representation from
this work, see text.
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Figure 2. Same as Figure 1 for the bath gas He at 346 K (top), 300
K (middle), and 260 K (bottom) angd(He) ~ 700 bar (experimental
conditions: (a) [@o = 6.2 x 10* molecule cm?, [CCly]o = 4.6 x | _o-00

10 molecule cm?, p(He)= 701 bar; (b) [Q]o = 3.4 x 10 molecule 2 i )
cm 3, [CCli]o = 9.1 x 10“ molecule cm?, p(He) = 709 bar; (c) 1077 o 0 1000
[O2]o = 1.3 x 10 molecule cm?, [CCl3]o = 2.6 x 10" molecule p (N,) / bar

cm 3, p(He) = 699 bar). 2

Figure 5. Falloff curve in the bath gas Nt 300 K showing the onset
P (N,)/ bar of the diffusion control. The decline of the rate constants at pressures
L IUUTN A PRUUTH LEUVI RS POV, U LEppes over 300 bar is emphasized by the encircled area. Rate constants for
fully diffusion-controlled recombination, such as those calculated in
the text, are shown as a solid line at the top. The dashed line corresponds
¢ to the falloff representation without considering diffusional effects, see
e E 10" text.

-1 -1
\

k, / cm” molecule”'s
3

with X = k; odkio. The limiting pseudo-second-order low-
pressure rate constamt o is proportional to the bath gas
£ 10 concentration M]. F; denotes the center-broadening factor of
¢ the falloff curve; a value of. = 1 would correspond to the

3

107"

: Lindemann-Hinshelwood model of unimolecular rate theory.
10™ E10™ A Levenberg-Marquardt least-squares fit of all data to eq 7
/ _ leads to the following values & ., ki 0, andF¢:

10" 10" 10" 10" 107 10" 10%

[M] / molecule cm™ Kiow=(5.2%£0.2) x 10 *2

Figure 3. Falloff curves for the recombination reaction GG O, (T/300 K) +*%4cm® molecule * s (8)
(+ M) — CCI0; (+ M) at 300 K, with measurements in the bath 20

gases N (filled symbols) and He (open symbols). Circles: this work. K; = [N,] (1.140.3) x 10

Triangles: experiments by Fenter et al. (ref 6). Filled squares: _6.3£1.0 .3 1 1
experiments by Danis et al. in,Nref 7). Open squares: experiments (T/300 K) cm”molecule”s ~ (9)
by Ryan and Plumb in He (ref 9). Dashedotted line: data from _ _31

Nottingham et al. in He (ref 8). Dashed and full lines: falloff kl,o_ [He] (4.2+0.7) x 10

representations of this work, see text. (T/300 K)*5-9i1-0 cm® moleculels™? (10)

F(N,, 300 K)= (0.36+ 0.03) (11)

representation of all data, we use the standard form of falloff

f fs 2423:
curves from rets F(He,T) = (0.31+ 0.03) (/300 K) °° (12

k _ . -
LIPS {L} |:C{1+['°9(X)/(0-75f1-27'°9Fc))12} ' ) The given error limits are based on the scatter of data and on
1+X the estimate of possible systematic errors. The fitting results
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TABLE 3: Summary of Rate Constants k;2

reference M p/bar ki d/cm® moleculet st ki o/cm?® molecule s7* Fe
6 N, 1031 (6.94 0.2)x 10731 (T/300 K) 6403[M]  [(2.4 £ 0.2) x 1072(T/300 Ky 2] 0.6
(9.5 0.3) x 10731 (T/300 Ky 6203[M]  [(5.8 + 0.4) x 1072(T/300 K)*9 0.3
7 Ny (1-16)x 103 (1.6 0.3)x 10730 (T/298 K)6305[M] [(3.2 £ 0.7) x 10°12(T/298 K)*7 0.3
and 1

8 He (0.5-2)x 103 (2.7 0.2)x 10731 (T/300 K)8710[M]
9 He (1-11)x 103 (5.84 0.6)x 1073L[M]
10 Ar 0.97 [5.1x 1019
thiswork N, 2-900 [(1.14 0.3) x 10730 (T/300 K) 6310[M]] (5.2 + 0.2) x 10-22(T/300 K) 1404 (0.354+ 0.03) (T/300 K)©°35

He 2-900 [(4.24 0.7) x 10731 (T/300 K) 8%10[M]] (5.2 & 0.2) x 10-12(T/300 K) 1404 (0.30 0.03) (T/300 K)~048

aData in brackets: estimates from falloff extrapolations based on the indicated center-broadenind-faseestext.

are shown as lines in Figures 3 and 4. Our present results into be on the high side. We do not go into more details here but
Table 3 are compared with earlier data. One should note thatwe note that, within the uncertainty of the evaluation, the
falloff extrapolations toward; o andk; . may depend on the  experimental values d§ o appear consistent with those of our
used values of. such that only values derived with similar  theoretical analysis.

values ofF; can be compared. Center-Broadening FactorsF.. The center-broadening fac-
) ) tors F¢ play an important role in the evaluation of the
Discussion experimental falloff curves. If one aims at a description of the

Limiting High-Pressure Rate Constantski .. Our present full range of pressure dependence it appears not satis'fa.lctory to
measurements near to the high-pressure limit allow for a @sSume a standard valuefef= 0.6, which may be sufficient
meaningful extrapolation to the high-pressure limit. This t© reproduce a limited part of the_fa_llpff curve but unavoidably
extrapolation was much less certain on the basis of measure-eads to erroneous extrapolated limiting rate constants when the
ments below 1 bar, although similar valuesof were obtained ~ trué Fe differs from 0.6 and only limited parts of the falloff
from the extrapolations of refs 6 and 7 when similar values of CUrve are experimentally accessible. To estinfrgtieom theory,

F. were assumed such as derived from unimolecular rate theoryWe have followed the approach described in refs23. In this

(see Table 3 and ref 24). Assuming a “standard value?cE treatment, the internal enerdy*,i, of the activated complex
0.6 underestimates ., clearly?s The present work deriveB (excluding external rotations) was identified with the sum of
from a fit of the full falloff curves in good agreement with that  the thermal rovibrational energies of G@nd O, which leads
of the theory, see below. to strong collision broadening factdfsSC = 0.49 (T/300 K) 014

We have compared our measured valuesiof from eq 8 From the weak collision efficiencig® derived in the previous

with theoretical values from the classical trajectory/statistical subsect|ovr\1/,cone obtaitis " =_003'473 (T/300 K) 22 for M =
adiabatic channel calculations for a standard valence potentialNz andFe™ = 0.62 (T/300 K)®**for M = He. Combining
from ref 26. Without going into the details of these calculations, Fe> andFcc leads to theoretical estimates of

we report our results df, ., = 3.8 x 10712 (T/300 K)"%-41cm?

molecule’l s71 such as calculated in the available approximation F«(N,) = (0.35+ 0.03) (T/300 K) %% (13)
of the potential for a lineart linear fragment— nonlinear
adduct reaction with an adduct angle which corresponds to real F.(He)= (0.30+ 0.03) (T/300 K)‘0-48 (14)

CCl30,. Neither the calculated small positive temperature

::i?effmlent nor th? at\)l\s/olu:ﬁ va:cue kfﬁ“ agrttee too vlve(;l V\;'I,t]ht th which is in remarkably good agreement with the experimentally
€ measurements. Ve, therelore, have to conclude that &0y \q)yes given in eqs 11 and 12. Our evaluation of the

]:c,tar;_dard dvzile_lrmefpt(r)]tentlal from ref %6 'SI:::O swgu;l]e o ?CCIOLtmé experimental falloff curve, therefore, appears fully consistent
absolute value ok 1s not 00 far from the measurements, Wit that of the unimolecular rate theory.
Lo ’ High-Pressure Transition to Diffusion-Controlled Kinetics.

Mampulatmg the apparent ratt/j3 of the potential would not Our rate measurements i Bt 300-900 bar provide evidence
simultaneously bring the absolute value and the temperature " P L .
for a transition to diffusion-controlled kinetics. As seen in

coefficient ofk; . into agreement with those of the experiments. _. 3 and hasized by th cled h
For more details of the treatment, see ref 26. A better theoretical Flgures_ an 5 (emphasize y the encircled area), the
' ’ recombination rate constaritsfor N, were found to decrease

modeling ofk; ., therefore, has to wait for information about O . .
'. : with increasing pressure above 300 bar. In contrast to this,
the true potential-energy surface of the reactions. - - . o
o . experiments in He did not show a decrease to any significant
Limiting Low-Pressure Rate Constantsk; ¢. Our theoretical . : :
degree. The observation of decreasing rate constants at increas-

anaIyS|s otk o was based on the treatment of refs 21, 2.7’ and ing pressures can be explained by the onset of diffusion control.
28 with molecular parameters such as those also used in refs 7, . : . N
In the following, we try to quantify the transition to diffusion-

11, and 29. On the basis of the experimental values from eqs 9 trolled Kinetics. A I lov the simplified relati
and 10, this analysis leads to apparent weak collision efficiencies CONON€d KINEUCS. AS usual we employ the simplilied refation

Bc(Nz) = 0.10 (T/300 K) 1510 and S(He) = 0.03 (/300

K)~23:10 or apparent average energies transferred per collision, 1_1 + 1
—[AEC= 40 (T/300 K) 010 ¢cmt for M = N, and —[AEC= ki Kygas  Kugi
11 (T/300 K)~141.0 cm~1 for M = He. These absolute values

of [AEOappear rather low. However, they are probably not for the transition of the rate constaki from its hypothetical
unreasonable in view of the low bond energy of €&l The gas-phase valulk, gasin the absence of diffusive slowdown of
standard assumption of nearly temperature indepen@eHif] the radical association step to the vakug for fully diffusion-
within the experimental uncertainty is approximately confirmed, controlled associatiork; gasis represented by the falloff curve
although both observed negative temperature coefficients appeanf the recombination reaction without diffusion and its extrapo-

(15)
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lation to the (hypothetical) high-pressure limit. g is given at pressures above 300 bar of Beems to be in line with a
by Smoluchowski’'s equation; transition to diffusion-controlled kinetics, but a possible con-
tribution by the intermolecular solutesolvent interaction is not
o, ,(CCLy) + 0,40,) accounted for. However, this does not affect our main results
Ky g ~ 47N, 0D 2 (16) about the falloff curve, because we did not include the data

above 300 bar pin evaluating the limiting high-pressure gas-
Here,D is the diffusion coefficient for relative diffusion of the  phase rate constant.
reacting species, C&and Q, taken as the sum of the individual
diffusion coefficients,D = D(CCk—N;) + D(O,—Ny) in the Conclusions
bath gas M The effective capture distance is estimated as the
mean of the Lennard-Jones (LJ) diametews;(CCl3) and
011(0,).3%31 o is the spin statistical factor. We put equal to

Our experiments provided a considerable extension of the
falloff curve of the title reaction by directly measuring the

. - transition to the high-pressure limit. Extrapolations in earlier
/s, assuming that all doublet states arising fré@Cl; and0; work from pressures below 1 bar were less reliable in their

in the cqnsidered high-density range end ug@610; in its extrapolation tok;.. With the here-derived limiting high-
electronic ground state, whereas all quartet states do not Ieadpressure rate constant

to recombination. On the other hand, one should note that we
have formulatedk; gas under the assumption that only the _ —12
electronic ground state out of the doublet manifold contributes Kiew = (5.2£0.2) x 10

to the gas-phase recombination reaction. Undoubtedly this aspect (T/300 K)(_1‘4i0'4) cm® molecule*s™*
of the transition between dilute gas and dense fluid recombina-
tion requires future refinement. the low-pressure limiting rate constants from an earlier work

The specification of the appropriate diffusion coefficiént
in eq 16 is not straightforward. For the present situation Ky (N5, T) = [N,] (1.1 £ 0.3) x 10°%°
(0u(CCL)oLy(N2) ~ 1.3, 01o(O2)/0Ls(N2) = 0.96, [N] = ' 63410 .3 “1 -1
10?1 10”2 molecule cm?3), the binary diffusion coefficierDaw (T/300 K) cm” molecule s
(A corresponds to the radical and M tg)an be derived from

— —31
an extension of the Stokeg&instein relation to low pressures. KyoHe, T) = [He] (4.2+ 0.7) x 10

Using refs 32 and 33aw is approximated by (T/300 K) **%cm® molecule * s *
KT [KT/7y,Damlo and theoretically estimated center-broadening factors
~ 3o (CCL\1—exp— ———=<—+
77N2DAM 3mo4(CCly) _ -0.35
17) F.(N,) = 0.35 0.03 (T/300 K)
where 3ro15(CCls) corresponds to the high-density Stokes F.(He) = 0.30+ 0.03 (1/300 K) %“®

Einstein limit of the ratidkT/nn,Dam. 7n, denotes the pressure-

dependent viscosity of N° The low-pressure gas-phase limiting  which are consistent with the measurements, a full set of falloff
value ofDaw is obtained from kinetic gas theory via the Enskog ¢y rves can be constructed between 260 and 346 K.
result for diffusion of hard spheres in the gas ph#se:
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Here, o is the LJ diameter¢ is the LJ well-depthQ is the
relevant reduced collision integral, apds the reduced mass
of solvent M and solute A.
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