View Article Online / Journal Homepage / Table of Contents for thisissue

RESEARCH PAPER

Recombination of benzyl radicals: dependence on the bath gas,
temperature, and pressure

Klaus Luther, Kawon Oum,* Kentaro Sekiguchi and Jiirgen Troe

dood /610 asIMmmm
dJJd

Institut fiir Physikalische Chemie, Universitdt Gottingen, TammannstraB3e 6 D-37077,
Gottingen, Germany. E-mail: koum@gwdg.de; Fax: + 49 551 393150; Tel: + 49 551 3912598

Received 11th May 2004, Accepted 7th July 2004
First published as on Advance Article on the web 21st July 2004

The combination reaction C¢HsCH, + CsHsCH, (+M) — C4H 4 (+M) was studied over the pressure range
0.03-900 bar and the temperature range 250-400 K. Helium, argon, xenon, N, and CO, were employed as bath
gases. Benzyl radicals were generated by H abstraction from toluene by CI atoms formed via laser photolysis of
Cl, at 308 nm. Benzyl radicals were monitored by time-resolved transient UV absorption at 253 nm. The
observed combination rates were pressure independent over the range 0.04-0.45 bar in CO, and 0.03-5 bar in
argon which identifies a limiting ““high-pressure” value of rate constant within the energy-transfer mechanism,
KET(T) = (4.1 £ 0.3) x 107" (77300 K)~°2* cm® molecule™' s™!. Although the reaction has clearly reached the
“high-pressure limit” (k5T) at pressures below 1 bar, a further increase of the rate constants was observed when
the pressure of the bath gas was raised above ~5 bar. At much higher pressures finally the rate constants
decrease when diffusion-controlled kinetics takes over. The degree of enhancement of the combination rates
beyond the “high-pressure limit” was found to depend on the bath gas, increasing in the order He < N, =~

Ar < CO,. The enhancement was most prominent at low temperatures. Measurements of transient UV
absorption spectra of benzyl radicals, over the pressure range 5-30 bar of CO, at 300 K, confirmed that an only
small pressure-dependent solvatochromic shift of benzyl radicals cannot be responsible for the observation of
enhanced rate constants. Instead, the results clearly point toward a significant effect of van der Waals clustering,
i.e. of “radical-complex” formation, on the combination reaction kinetics in the gas-liquid transition range. An
analysis in terms of statistical adiabatic channel/classical trajectory calculation (SACM/CT) appears to provide
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a consistent description.

1. Introduction

Intermolecular interactions between solute and solvent mole-
cules are of great interest for an understanding of kinetic and
dynamic properties of radical reactions in the gas-liquid transi-
tion region.' Studies of the pressure and temperature depen-
dence of radical combination rate constants in this range can
help to identify contributions of the corresponding van der
Waals complexes to rate constants.*> Recently we have ob-
served an unexpected enhancement of combination rates of
polyatomic radicals, such as CCl;% or benzyl” at pressures higher
than those where the ‘“high-pressure limit” of the standard
energy-transfer (ET) mechanism is established. The reason for
such a pressure- and temperature-dependent increase of combi-
nation rate constants has been not yet completely understood.
However, currently available information suggests that interac-
tions between radicals and solvent molecules may be responsible
for the phenomenon, which then can be described in terms of a
radical-complex (RC) mechanism and/or the density depen-
dence of electronic quenching.® More experimental studies
appear necessary to separate and clarify, qualitatively and
quantitatively, the influence of radical-solvent molecule interac-
tions on the radical combination kinetics in the gas-liquid
transition region. In the present article, we report new studies
of the combination reaction of benzyl radicals over the wide
pressure range 0.03-900 bar and the temperature range 250-400 K
in the bath gases (M) helium, argon, xenon, N,, and CO,:

Ce¢HsCH; + CsHsCH; (+M) — Ci4Hyy (+M) ky (1

A number of kinetic studies of reaction (1) have been reported
in the gas phase,® ' in liquid solutions,'! and recently in the
medium density region of supercritical fluids.”'> On the one
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hand, our result in the normal gas phase of k]fTw “high-
pressure limit” of the combination, (4.1 + 0.3) x 107" ecm®
molecule ! s7!,7 is comparable to two previous direct experi-
mental measurements.”!” On the other hand, at the highest
pressure of our work, reaction (1) is diffusion-controlled and
our rate constants k; are equivalent to the values from the
work of Claridge and Fischer'' in the liquid solution. In the
medium density region, we have observed a rapid increase of
reaction rates at elevated pressures beyond the normal “high-
pressure limit” before the diffusion control sets in. The inter-
pretation of our experimental observations in terms of a
possible contribution of the radical-complex mechanism is
the central topic of the present article. In continuation of our
earlier Communication,” in the following we present a full
report of our work.

2. Experimental section
2.1. Time-resolved absorption measurements in the UV

Our high-pressure set up has been described in detail
before,'* !° and only the main features are given here. In brief,
our experiment was carried out in a high-pressure optical flow
cell which can be cooled or heated over the temperature range
200-400 K at pressures of 1-1000 bar. Benzyl radicals were
generated by the laser photolysis of Cl, at 308 nm using an
excimer laser (Lambda Physik, model COMPEX), and the
subsequent fast bimolecular reaction of chlorine atoms with
an excess amount of toluene (C¢HsCH3):

Cl, + hv (308 nm) — 2 Cl Q)
Cl -+ C6H5cH3 i C6H5CH2 + HCl (3)
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Mixtures of Cl,, toluene, and the bath gas were compressed in
an oil-free diaphragm compressor (Nova Swiss), and then
flowed through the high-pressure cell (path length of 10 cm
and optical diameter of 0.9 cm). For experiments <1 bar, a
flow cell made of glass was used (path length of 52 cm and
optical diameter of 3 cm). Flow rates were controlled by flow
meters (Tylan, model FM361 and FM362) at rates such that
reagents and products were removed from the observation
volume between the laser pulses. Total pressures were
measured with high-pressure meters (Burster, model 8201).
Two platinum resistance thermometers were directly attached
to the front and back of the cell to measure the temperature.

The progress of reaction (1) was monitored by recording the
absorption signal of benzyl radicals at 253 nm on time scales of
us to ms. The light source for the absorption measurements
was a high-intensity Hg—Xe lamp (Ushio, model UXM-200 H,
200W). At 253 nm, the absorption of benzyl radicals dominates
over contributions from other species involved (Gpenzy1 = 1.3 %
107'% cm? molecule ').!® The absorption signal was detected
by a standard prism-monochromator (Zeiss, model MM3) and
photomultiplier (RCA, 1P28A) arrangement with a bandwidth
of 2 nm, and recorded using a digital storage oscilloscope
(LeCroy, band width 200 MHz). Typically several hundred
shots were averaged. The bath gases of helium, argon, xenon,
N, and CO, were of a purity higher than 99.998%. Impurities
in the bath gases, especially oxygen, were carefully removed by
a series of gas cleaning adsorbers (Messer-Griesheim, model
Oxisorb, and Alltech, model Oxytrap) and dust filters. All
chemicals were purified in a pump-thaw—freeze cycle prior
to use.

2.2. Transient absorption spectra

Prior to the analysis of the kinetics, it was necessary to check
the pressure dependence of the absorption of benzyl radicals.
In addition, possible contributions to the absorption signals
from other reactants, intermediates, and products (for
example, dibenzyl or benzyl chloride) over the observation
wavelength range were investigated. It turned out that benzyl
absortpion was predominant over the wavelength range
240-270 nm and times up to a few ms.

Pressure-dependent transient spectra of benzyl radicals were
recorded at room temperature in a high-pressure flow cell
closed by two quartz windows (path length of 29.5 cm and
optical diameter of 0.9 cm). A Jobin-Yvon-Spex type of
spectrograph (model SPEX 270M) with a holographic grating
(1200 or 2400 g mm ', blazed at 500 nm) and a 384 x 576 pixel
ICCD camera (LaVison, model FlameStar IIF) served as the
detection system (wavelength range of 190-850 nm). The
highest resolution of the spectrograph (0.096 nm) was deter-
mined by an entrance slit width of 12 um. The minimum gating
time was 1 ns. A high-pressure xenon arc lamp (Osram, model
XBO 150W/1) was used as the light source. A set of lenses
focused the light beam as it emerged from the highcell on to the
entrance slit of the spectrograph. The 308 nm-excimer laser
beam (Lambda Physik, model EMG 101MSC) and the light of
the Xe lamp were directed collinearly through the highcell, via
a set of laser mirrors (Laseroptik, high reflectance at 308 nm
and high transmittance at 253 nm, 45°) in a counter-propagat-
ing arrangement. A laser power meter recorded the laser energy
behind the high-pressure cell. A low-pressure mercury lamp
(ORIEL, model 65130, 22-44 W) was used to calibrate the
wavelength of the spectrum before the measurement. A pulse/
delay generator (Stanford Research Systems, model DGS535)
was interfaced with the laser controlling system and the data
acquisition system of the ICCD camera. Spectral analysis
software (LaVision, DaVis version 6.0) was used for post-
processing the measured spectra. Prior to obtaining the tran-
sient spectrum of benzyl radicals, a reference spectrum was
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measured without the laser beam at the same experimental
conditions. Several hundred spectra were usually averaged.

3. Results

Fig. 1 shows typical absorption signals at 253 nm, recorded
after the 308 nm-laser photolysis of Cl, in the presence of
toluene and the bath gas CO, at 300 K. All absorption—time
profiles showed clean second-order decays of the benzyl
concentrations and agreed entirely with an assignment to
reaction (1).

Reaction (3) is known to solely proceed through a fast
H-atom abstraction channel (k3 = 6.1 x 107! cm® molecule™!
s~') such that chlorine atoms rapidly, completely, and
stoichiometrically lead to benzyl radicals.'” The quantitative
analysis of our experimental observation was carried out
considering the major channel (1) and also accounting for
other possible side reactions such as the recombination of
chlorine atoms and the reaction between chlorine atoms and
benzyl radicals:

Cl+Cl - Cl, @)
C6H5CH2 + Cl - C6H5CH2C1 (5)

These two side reactions, however, turned out to be insigni-
ficant because the concentration of toluene was always present
in significant excess. Residual absorptions from products like
dibenzyl and benzyl chloride are also negligible due to their
small absorption coefficients (Ggivenzyl X Obenzyl chioride & 1 X
107" cm? molecule™)!® compared to the strong absorption
from benzyl radicals (Gpenzy = 1.3 X 107" cm® molecule™').16
The residuals of the fits did not show any systematic devia-
tions, giving additional support to the reported values of k.
Typical concentrations used in our experiments were: [Cl]y (=
[benzylly) = (I — 5) x 10" molecule cm ™ and [toluene] =
(0.7 — 7) x 10'® molecule cm™>.

Several other precursor molecules for benzyl radicals were
tested but found to be inadequate for our purpose. For
example, benzyl iodide, ethylbenzene, and benzyl chloride also
yield benzyl radicals in a direct photolytic step. However,
subsequent side reactions of other photolytic products (such
as halogen atoms or ethyl radicals) caused large difficulties of
the analysis.
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Fig. 1 Absorption signals at 253 nm, recorded after the photolysis at
308 nm of mixtures of Cl,, toluene and CO, at 7'= 300 K. Main figure:
time-profiles at different CO, pressures, from the top: 35, 20, 10, and
6 bar. The ratio of [CL,]/[CO-] was kept constant (1.3 x 107°). Inserted
figure: (@) maximum absorption values as a function of the CO, bath
gas pressure, (--) = linear fit.

This journal is © The Owner Societies 2004


http://dx.doi.org/10.1039/b407074g

Published on 21 July 2004. Downloaded by University of Windsor on 23/10/2014 10:05:39.

Because of the second order kinetics of reaction (1),
measured reaction rates are sensitive to the absolute initial
concentration of benzyl radicals and therefore the value of
their absorption coefficients. We checked if there was any
influence of the pressure and temperature dependence of Gpenzyi
on our evaluation of k;. This was done by the following two
methods. First, in Fig. 1, we kept a constant ratio of [benzyl]y/
[CO,] at different CO, pressures between 7 and 37 bar. The
inset in Fig. 1 illustrates the maximum absorption values of
benzyl radicals at time = 0 as a function of bath gas pressure.
The linear relationship indicates that under our experimental
conditions we could not see any unusual behaviour in our
absorption signals due to solvent-induced spectral shifts or
unusual changes of absolute absorption intensities. Second, we
investigated the pressure dependence of the UV spectra of
benzyl radicals in the bath gas CO, at 300 K; the results are
shown in Fig. 2. CO, was chosen as the bath gas as it is
expected to cause larger spectral shifts than the other bath
gases employed. Our measured benzyl spectra recorded be-
tween 10 ps and 60 ps with a spectral resolution of 0.09 nm)
were calibrated with the Hg line spectra at 253.4 nm, and
compared with the spectrum of benzyl radical measured by Fay
et al. after 193 nm photolysis of ethylbenzene in 5 mbar of
argon (recorded between 1 ps and 3.2 ps).'® We observed no
significant spectral shift over the pressure range 5-30 bar.
Maximum changes of the integrated absorption over the range
(253 + 1) nm at different CO, pressures in Fig. 2 corresponded
to maximum errors of 5% in ki, due to the small spectral shift
of the spectrum illustrated in Fig. 2.

Our results on the pressure dependence of k; at 300 K are
summarized in Table 1 and Fig. 3. The limiting ‘“high-
pressure” rate constant of the energy-transfer mechanism,
which in this case corresponds to the value of &k at the lowest
pressure investigated, was determined to be kT, (300 K) =
(4.1 £+ 0.3) x 107" cm® molecule™ s™!, independent of the
bath gas and considering all data points below 1 bar. At
pressures above 1 bar, clear indications of a further increase
of k; are recognized in Fig. 3. This pressure-induced enhance-
ment of k; increases in the order He < N, ~ Ar < CO,,
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Fig. 2 Transient spectra of benzyl in the bath gas CO, over the range
of 5-30 bar. (O): this work, delay time = 10 ps, gating time = 50 ps,
and spectral resolution 0.09 nm; (— at the top of the figure): cold
spectrum of benzyl radical in 5 mbar of Ar from ref. 16; (— at the
bottom of the figure): Hg reference line; the arrow points at 253.4 nm.
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similar as observed in our recent study of combination reac-
tions of CCls radicals.® The finally observed decrease of the
rate constants at pressures above 100 bar (in N, and argon),
and above 60 bar (in CO,), corresponds to a transition into the
regime of diffusion-controlled kinetics such as expected at these
pressures. A modest negative temperature dependence of
kTT. (T) was observed and measured over the temperature
range 250400 K. The results are summarized in Table 2 and
compared in Fig. 4 with values from Lesclaux and co-workers
in the temperature ranges 400-450 K° and 435-519 K.'° In
order to compare our results with the values from refs. 9 and 10
in Fig. 4, it was necessary to correct their rate constants using
Tbenzyi(T) = 1.3 x 107 (77300 K)~** cm? molecule™'. The
temperature dependence of Gpen,yi(7) Was estimated from the
work of Tkeda er al.'® All measurements confirm that there is
only a mild temperature dependence of kiT, (7). The tempera-
ture dependence of kYL (T) over the temperature range
250-520 K, including results of refs. 9 and 10, could be
expressed by:

kE&experimemal(]—) _ (41 + 03) % 10711(77300 K)70A45
cm® molecule™! 57! (6)

The error limits in eqn. (6) represent the scatter of the data and
an estimate of possible systematic errors.

The temperature dependence of the enhancement of k; over
kFTx was investigated in the bath gas CO, and the results are
illustrated in Fig. 5 over the range 275-350 K. The enhance-
ment of k; was found to be the more pronounced, the lower the
temperature. We have also investigated the possibility of a
heavy atom effect on the enhancement of k; which might be the
consequence of electronic quenching effects. Using bath gas
mixtures of argon and xenon, however, we found no notable
increase of k; compared to measurements in pure argon when
similar density conditions were compared (see Table 1(g)
and 1(h)).

4. Discussion
4.1. Experimental ‘“‘high-pressure” rate constant, klE_TOO(T)

Reaction (1) has been previously studied in 1 bar of N, by
Fenter et al’ in the temperature range 400-450 K and Boyd
et al.'® from 435 to 519 K. Their results of rate constant k; were
obtained with the reported literature absorption cross-section
Tbenzy1 (253 nm, 300 K) = 1.1 x 10~ '° cm® molecule ™' by Ikeda
et al." and Markert and Pagsberg.”® From this, Boyd et al.
determined kFEc to be (2.9 £ 0.3) x 107" cm® molecule™" s7!
with a total uncertainty of ~40%. Boyd et al. furthermore
reduced the previous result of Fenter et al. from (4.6 £ 2.5) x
107" em® molecule™ s7! to (3.9 £ 1.9) x 107! cm?
molecule ™! s7!, after they allowed for a temperature depen-
dence of opensy(T) recommended by Ikeda et al.’® From a
careful redetermination, Fay'® has recently reported a slightly
higher value of openzy = 1.3 x 107!% cm? molecule !, obtained
from a cold spectrum of benzyl radicals after relaxation to
300 K: We have used this value in our evaluation. Using the
latter value of Gpenzyi, the results from refs. 9 and 10 agree with
the present results as shown in Fig. 4.

However, our rate expression in eqn. (6) (both the absolute
value and the temperature coefficient) does not lead to an
agreement with the results of Miiller-Markgraf and Troe® in
their earlier shock wave study at much higher temperatures.
They obtained a rate constant k; = (6.6 £ 1.5) x 1077/
1000 K)*%* cm® molecule™! s™! over the range 750 K < T <
950 K. Using eqn. (6), we expect a value of k; =2 x 107" em®
molecule™! s7! at 1600 K, a value ~3 times higher than that
measured in ref. 8. It is unlikely that this disagreement is
caused by uncertainties in openzy(7) as a function of tempera-
ture: in ref. 8, Gpenzyi(T) = 4 x 107" cm® molecule™ was
directly measured at (1160 + 30) K and (1600 £+ 20) K
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Table 1 Pseudo-second-order rate constants for the combination reaction of benzyl radicals (k)

p(He"  [Hel’ ki p(He)'  [Hel ki p(He)'  [Hel ki p(He)'  [Hel’ ki
(a) M = He at 300 K

25 597 x 102 460 80 1.86 x 10! 505 100 231 x 102 485 150 3.39 x 10% 5.23
40 9.48 x 10 359 90 2.09 x 10*'  4.88 120 2.74 x 101 441 200 4.42 x 10* 5.06
60 141 x 10> 4.76

(b) M = Ar at 300 K

p(Ar)* [Ar]’ Ky p(Ar)* [Ar]’ ki p(Ar)* [Ar]’ ki p(Ar)* [Ar]’ k*
0.03 1.17 x 10" 460 8 193 x 102 513 90 217 x 101 6.10 692 1.24 x 102 3.22
0.05 1.65 x 10" 3.67 10 241 x 10*° 467 100 2.53 x 10*! 599 756 1.29 x 10% 2.92
0.07 223 x 10" 406 12 290 x 102 457 120 3.04 x 102 585 788 1.32 x 10% 3.58
0.09 3.58 x 10" 4.11 15 3.62 x 102 443 158 4.01 x 10* 587 841 1.35 x 10% 2.96
0.15 483 x 10 403 25 6.04 x 10*° 531 220 553 x 102 490 842 1.36 x 102 2.96
2 7.24 x 10 497 40 9.66 x 10 530 318 7.61 x 101 393 864 1.37 x 10% 3.96
3 9.66 x 10" 450 50 121 x 10! 592 408 9.16 x 10*'  3.56 850 1.36 x 103 3.50
4 145 x 10* 542 60 1.45 x 10*! 592 507 1.05 x 102 337 900 1.39 x 10% 3.56
6 1.93 x 102 461 80 1.93 x 10! 456 597 1.15 x 102 3.14

(c) M = N, at 300 K

P(NR)* N, ki PN N, ki P(NR)* N’ ki P(No)* N’ ki

4 9.66 x 10"  4.03 13 3.02 x 10%° 517 50 121 x 10" 531 155 3.62 x 10% 4.67
6 145 x 10 435 15 3.62 x 10 474 60 145 x 101 548 201 4.59 x 10*! 439
8 1.93 x 10* 518 18 435 x 10*° 562 80 1.93 x 10 5.10

10 241 x 10 511 40 9.66 x 102 517 117 279 x 101 538

(d) M = CO, at 300 K

p(COx"  [CO, ki p(COx"  [CO,) ki p(COy*  [COy ki p(COY*  [COy Ky
0.04 9.61 x 107 4.17 0.45 1.08 x 10" 396  12.00 3.08 x 10°  6.03  30.00 8.67 x 10%° 8.26
0.07 1.71 x 10" 3.79 3.00 735 x 10" 4.51 15.00 3.92 x 10% 639  31.60 9.25 x 10% 7.07
0.10 236 x 10" 4.09 4.00 985 x 10" 476  18.00 479 x 10*° 733 35.00 1.05 x 10%! 9.29
0.20 4385 x 10" 4.11 6.00 149 x 10* 484  20.00 539 x 102 7.74  41.60 1.33 x 10 8.73
0.30 724 x 10" 3.67 8.00 200 x 102 552 21.60 5.89 x 10 6.61

0.40 9.75 x 10" 390  10.00 2.54 x 10*° 540  25.00 6.97 x 10 7.79

(e M = CO, at 275 K

p(CO*  [COy ki p(CO*  [COy ki p(CO)*  [CO,Y ki p(CO*  [CO,I ki

8 223 x 10 6.81 18 545 %10 797 12 345 x 102 6.60 25 8.13 x 10%° 9.88
10 283 x 10 7.01 15 442 x 10 771 20 6.17 x 10 925 30 1.04 x 10* 11.16
() M = CO, at 350 K

p(COx"  [CO,) ki p(COy*  [COy ki p(COY*  [COy° ki p(COL*  [COy ki

2 416 x 10 383 6 126 x 102 428 12 257 x 102 526 20 4.40 x 10% 5.64
3 6.26 x 10" 400 8 1.69 x 10* 479 15 325 %102 505 25 5.59 x 10%° 5.60
4 837 x 10" 452 10 213 x 10° 465 18 393 x 10° 551 30 6.83 x 10%° 5.80
(g) M = Ar: Xe (1:1 mixture) at 300 K

P WK kit WK ket M1’ ki

20 498 x 102 570 25 6.52 x 10%° 571 30 7.60 x 10%  6.89

(h) M = Ar: Xe (1:1 mixture) at 275 K

P WK ke pf WK ket g ki

20 549 x 102 533 25 723 x 10%°  6.69 30 8.43 x 10% 549

“ Pressure of the bath gas, given in bar. ® Density of the bath gas, given in molecule cm . ¢ Rate constant, given in 10~'" ¢cm?® molecule™' s

1 —1

following the thermal decomposition of several precursors
(benzyl iodide, toluene, and ethyl benzene). This is comparable
0 Gpenzyi(T = 1600 K) = 3.4 x 10~7 em? molecule ™!, when one
uses an estimated value recommended by Ikeda es al.'® There-
fore, a possible reason for this disagreement might be the
derivation of k; from a complicated reaction system using
benzyl iodide as a precursor, as done in ref. 8.

4.2. Theoretical analysis of k,E,T@(T)

In the preliminary report of the present results,’ we have
suggested that an analysis of kFL, in terms of unimolecular
rate theory is also of major importance for an analysis of the
enhancement of k;. In the following we, therefore, further
elaborate the analysis of kE&(T). Unfortunately, sufficiently

4136
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accurate ab initio potentials for reaction (1) are not yet avail-
able, a situation typical for systems involving large radicals. As
a consequence we estimate k'ﬁTw(T) on the basis of statistical
adiabatic channel/classical trajectory (SACM/CT) calculations
for a “‘standard” valence potential such as described in the
articles by Maergoiz er al.?"** for a “linear + linear — non-
linear” reaction with an adduct angle corresponding to that of
dibenzyl. First, we calculate an upper limit of klETw given by
phase space theory, klE,EgPST, which is determined by the inter-
action potential between the radicals neglecting the anisotropy.
As usual, the long-range dipole—dipole potential in the present
reaction is irrelevant because of the small dipole moment of
benzyl radicals, which at the UHF level with a 6-31G(d,p) basis
set?® was calculated to be as small as 0.06 D.>* Instead we
characterized the interaction between two benzyl radicals by a

This journal is © The Owner Societies 2004
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Fig. 3 Density dependence of the combination rate constant k; in
helium (this work), argon, N, and CO, (ref. 7) at 300 K. Lines indicate
the simulation from the kinetic model described in the text.

Morse potential. The capture rate constant from phase space
theory is then expressed by:?'*

8nkT f
= T vy

Here p is the reduced mass of the two reactants; o, = 1/4 is
the spin-statistical factor; the parameter f is equal to 0.5 for
identical reactants; a reduced cross-section Y(7) = —31.153 —
18.158X(T) + 0.8685X(T)> = 296.2 is estimated®’?? with
X(T) = In(kT/Dgy) + 4 — fre = —9.9. The equilibrium distance
of the centre of mass of the two reactants in the adduct is
ro=5.5A. The Morse parameter § = 1.6 A~!is estimated from

the expression:*'~>

foc (8)

ﬂ = 2TEhCVC—C,str 2D,

A value of the dissociation energy of Dg/hc = 2.32 X
10* cm™!,? and a vibrational frequency in the C—C stretching
mode, vc_csir = 976 em™!, are used.?® This leads to

KETPST = 1.7 % 107177300 K) "**° cm® molecule ™ s~ (9)

The comparison with the experimental results then gives an
experimental rigidity factor of

foky ~ 0.24 (T/300 K) °° (10

One may also try to rationalize fyi,iq by theory. In the absence
of a higher quality potential energy surface, one cannot do

Table 2 Limiting “high-pressure” rate constants of the energy-trans-
fer mechanism, k%5 (T)

KT (11071 em?

o—benzyl(T)/10716 sz h

T/K molecule™ molecule ™ s~
250 1.34 5.03 £ 0.36
275 1.32 4.63 + 0.50
300 1.30 4.10 + 0.30
325 1.28 391 £ 0.21
350 1.25 3.32 £0.19
375 1.22 4.47 +0.55
400 1.20 3.13 £ 0.05
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Data points of refs. 9 and 10 are corrected for open,yi(T) (see text). The
temperature dependence of the fitted line follows from SACM/CT
calculations (see Section 4.2).

exp

much more than use the experimental /24 at 300 K and fit the
ratio o/fi of potential parameters which characterizes the
anisotropy of the potential.>’**> One then may calculate the
temperature dependence of fyigia theery and compare that with
the corresponding experimental property of fTigq. Following
the treatment of refs. 21 and 22, f75a(300 K) = 0.24 is
reproduced by o/ = 0.74. Using this value, the theoretical

calculation of fis3™ gives

fiheory ~ 0.24(T/300 K) (11)

in very good agreement with the experimental result from
eqn. (10). Combining eqns. (9) and (11) gives

kETheory (1) = 4.1 x 107" (7/300 K)~*#* cm?
molecule™ 57! (12)

where the calculated temperature dependence agrees well with
the experimental result from eqn. (6).

p (CO,) at 300 K/ bar
10

10 4 O 275K -
& 300K o
X 350K o &

k, | 10" cm® molecule” s™

2 ———r ———r :

1019 1020 1021
[CO,] / molecule cm®

Fig. 5 Density dependence of the combination rate constant k| in
CO, at different temperatures. Experimental data are from ref. 7, and
lines are the results from a fit in terms of radical-complex mechanism
(see text).
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4.3. Transition to diffusion-controlled Kinetics

At the highest pressure of Fig. 3, k| passes over a maximum
and starts decreasing, which can be attributed to a transition to
diffusion-controlled kinetics. Before analysing the intermediate
zone of an enhancement of k{, we now look at the high density
range where the recombination is diffusion-controlled. Rate
constants in the gas-liquid transition range traditionally have
been approximated by a relationship:

z
keree = kit {L} (13)

Ktec + kaitr
with kqig = 4nopin(M)RD. Here ki is the value of k; in the
range of diffusion control; k%, is the hypothetical value of the
combination rate constant in the absence of diffusion control,
i.e. the joint contribution from the energy-transfer mechanism
(kET), the mechanism responsible for the enhancement of
ki (kK®€); D is the diffusion coefficient of the recombining
radicals in the bath gas; R is an effective capture distance;
and ogpin(M) denotes a possibly density-dependent electronic
weight factor. At this stage we use o, of 1/4 for reaction (1).
This relates to the simple picture that only one-fourth of the
benzyl + benzyl encounters lead to singlet electronic ground-
state bibenzyl, whereas three-fourths of the encounters are
unsuccessful because they separate from an excited triplet state
before they can attain the correct spin configuration (see ref. 6
for more detailed explanations). The contact distance R is
usually taken as a more or less undefined fit parameter.
Recently we suggested to relate R to the thermally averaged
capture cross section (o) of two radicals in the “high-pressure
limit” within the energy-transfer mechanism:®

_ o) ! Er | TH 2
R= R <ocspin(M)thk°° V Sk—T)

where f'is 1/2 for identical reactants and y is the reduced mass
of the two radicals. Following this suggestion, one derives R =
53 A Itis interesting to note that a smnlar value (R =5.9 A)
was estimated by Claridge and Fischer!! in their kinetic studies
of the self-termination of benzyl radicals in liquid cyclohexane,
averaging the results from three methods: (a) from the molar
volume of the corresponding toluene and a space filling factor
for cubic close packing, (b) from a simple volume increment
method, and (c) from a volume increment method using LeBas
increments.

Experimental measurements of tracer diffusion coefficients
for radicals in liquids or supercritical fluids are rare. Fortu-
nately there have been efforts to measure D for benzyl radicals
in liquids.>” ' By using the photochemical space intermittency
(PCSI) method, Burkhart er al.*>° measured D of benzyl
radicals in cyclohexane and determined Dypensyi = 1.1 X
10~ c¢m? molecule™ . More recently, Terazima et al.”’
applied the time- resolved transient grating method and ob-
tained Dyonyt = 4.1 x 10 %095 x 107° 1.1 x 1077, 0.64 x
107° cm? molecule ™' s in hexane cyclohexane ethanol and
2-propanol, respectlvely. In Fig. 6, these literature values are
plotted as a function of the inverse viscosity of the studied
liquid solvents. There is, however, no direct measurement of
Dyenzyi in the medium density region of our experiments, such
that we cannot directly use the mentioned experimental results
to our high-pressure data. In order to overcome this problem,
we calculated density-dependent diffusion coefficients of to-
luene, because, at least in liquids, Dbenzyl is known to be very
close to the value of D of toluene.”” Assuming that the ratio
Dienzyi/Dioluene 15 independent of the density in the medium
density region, we determined density-dependent values of
Dyenzyi On the basis of calculated Digyene. Fortunately, several
currently available semi-empirical calculations of tracer diffu-
sion in supercritical fluids have used toluene as a model. We
used the semi-empirical method suggested in refs. 32 and 33.

(14)
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Fig. 6 Diffusion coefficients of benzyl radicals in liquid solvent media
as a function of the inverse of the viscosity of the liquid; in 2-propanol
(V, ref. 27), in ethanol (A, ref. 27), in cyclohexane (O, ref. 27, OJ
ref. 28, and O, ref. 11), and in hexane (x, ref. 27). The solid line
represents the calculated values for Dyep,y in this work (see text).

This approach is based on the rough hard sphere theory which
treats the intermolecular interaction between solute and sol-
vent as being of Lennard-Jones (LJ) type. The result assuming
Dienzyi ® Dioluene 1s plotted in Fig. 6 as a function of the
inverse viscosity of the bath gas CO,. The extrapolation of the
derived Dyenzy to the liquid densities shows good agreement
with the literature data in various liquid solvents mentioned
above, which suggests the quality of the derived Dyenyyi-

Figs. 7 and 8 employs the calculated rate constants kgig, k1
from the energy-transfer range, and eqn. (13) for a separate
identification of that part of k; (denoted by kRC) which is
responsible for the enhancement of &k at intermediate densities.
Diffusion control in the high-density region is clearly limiting
the kinetics at the highest pressures. We note that in our work
it was not necessary to employ any fit parameters to specify
k4 in eqn. (13).

4.4. Contribution k%€ from the radical-complex mechanism

Our experimental data for k; at pressures of about 10-300 bar
in the bath gas argon and of about 3-50 bar in CO,, clearly
differ from a smooth transition between energy-transfer and

p (Ar) / bar
0.1 1 10 100 1000
I\I\IIII T \I\IHII T I\\I\III T \I\I\HI\ T \IHHII
\
\.kdiﬂ‘
\
‘\

10 \ L
‘Tw L
o L
= L
8 | K I
5]
= P I
e 5
(5]

L L
=
X" ’ I
7
1
!
! K4k onl
1 / difio i
! L
/
AR AR | MR | LRI | T
1018 1019 1020 1021 1022

[Ar] / molecule cm®

Fig. 7 Density dependence of the combination rate constant k; in the
bath gas argon (O) at 300 K. (---): kET from the energy-transfer
mechanism; (—e—): limiting diffusion-controlled rate constants; (— — —):
kRC from the radical-complex mechanism; (—ee—): resulting rate con-
stants without kRS; and (—):resulting rate constants including A%€.
Fitting parameters used in this calculation are summarised in Table 2.
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Fig. 8 As Fig. 7, at 300 K in CO, (half-filled diamonds).

diffusion-controlled kinetics (see the dashed—dot—dot line,
“kET 4 kg only” in Figs. 7 and 8, respectively). We have
made a similar observation in the combination of CCl; radicals
with Br and CCl;.° However, the effect is much more easily
observed in the present case because the energy-transfer me-
chanism of the recombination is already in the “high-pressure
limit” over the pressure range 0.1-1 bar. The enhancement of
k1, therefore, can be identified and quantified much better. The
additional contribution k®€ to k; shown in Figs. 7 and 8 is the
central and new piece of information derived in this work. We
tentatively as before attribute it to a radical-complex mechan-
ism. In the following we try to provide a quantitative inter-
pretation of £RC within this mechanism.

Analogous to ref. 6, we assume that benzyl radical combina-
tion involves an energy-transfer, eqn. (15), and a radical-
complex, eqn. (16), contribution:

A+A s Ay kyk_,

A+M s AM kg, k., Kyq
AM+A > A)+M  kam+a
AM + AM - Ay +2M  kam+am (16)

Here A denotes the benzyl radical and M is the bath gas.
Neglecting diffusion control, the combined rate constant from
both mechanisms is represented by

kl ) :kET T kRC — kFIck]lEg[M]
,;rec 1 1 kEL;+'kFE[h4} c
(17)

N Kegkamia[M] + K2 kamsam M)
(1 + Keg[M])°

kET is characterized by the limiting low- and high-pressure rate
constants k]fg and kETm,, respectively, and a broadening factor
of the falloff curve. The equilibrium constant K., contained in
kRC was estimated following refs. 6 and 34, using Lennard-
Jones parameters of o ; = 5.92 A and ¢ ; = 410 K for benzyl
radicals such as given by the values of toluene. The values of
K.q at 300 K for different bath gases are summarised in
Table 3; they are in the range 0.6-11 x 10722 cm® molecule ™!
and show an increasing order K q(He) < K.q(N2) & Kq(Ar) <
Keq(CO,). kam+a controls the onset while kan+am describes

This journal is © The Owner Societies 2004
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Table 3 Contribution to AR for the radical-complex mechanism

M T/K Keq(AM)* kaman” kav+am’

He 300 6.6 x 10723 8.08 x 107! 5.64 x 1071
N, 300 49x 1072 836 x 107" 722 x 107"
Ar 300 5.8 x 1072 8.36 x 107! 7.52 x 1071
CO, 300 L1 x 107 8.85 x 107" 1.19 x 107"
CO, 275 1.4 x 1072 8.95 x 1071 1.20 x 1071°
CO, 350 6.7 x 10722 8.67 x 1071 1.17 x 1071°

“ Equilibrium constant, given in cm® molecule™, ? Rate constant,
. . 3 S -
given in cm® molecule ' s7'.

the “high-pressure limit” of the rate constant in the radical-
complex mechanism. kanv+a and kam+am can both be fitted
independently, see Figs. 7 and 8. The solid lines account for
contributions from the usual energy-transfer mechanism and
from the radical-complex mechanism. As compared with the
dashed—dot—dot lines (“kT%, + kaig only”), the addition of a
radical-complex component results in a much better represen-
tation of the experimental data. Similar fits were applied to the
N, and helium data, and the results are summarized in Table 3
and plotted in Fig. 3. The fits of the experiments (see Table 3)
suggest that values of kani+a and kani+am for A = benzyl and
M = bath gas are always larger than ks (= kETQO) and
increase in the order ka+ao < kam+a < kam+am- Kam+a and
kam+am, on the other hand, increase in the order He < N, ~
Ar < COZ

If kani+a and kani+am Would not be larger than ka4 a, then
no rate constant enhancement of k; would have been observed.
It is, therefore, of central importance to rationalize the con-
clusion about the order of the rate constants, i.e. kaia <
kam+a < kam+am- Simple phase space theory does not
explain the observed trend. Actually, by the methods described
in Section 4.2, we obtained values of kkaam & khoiy = 1.7 x
107'% ¢cm® molecule ™! s7!, because the effects of different cross
sections and reduced masses partially compensate. In this
calculation, the distance of the center of mass of the two
reactants, r., was estimated as ream+am = 6.8 A and
rea+a = 5.5 A following structural optimisation on the
UB3LYP level with a 6-31G(d,p) basis set.?? In addition, we
assumed that the dissociation energies Do a+a & Do aMm+am =
2.32 x 10* he em™',* and that the change in the vibrational
frequencies in the C—C stretching modes, vc_c s, for A + A
and AM + AM, are negligible.

If the phase space limits of the rate constants are equal, the
differences between kani+am and ks can only be found in
different rigidity factors. In ref. 6 we suggested that the
presence of a van der Waals complex partner M may shield
and reduce the anisotropy of the valence potential between A
and A which then results in larger rigidity factors.® f&iky in
kam+am Was found to increase in the order He (~0.33) < N,
(~0.43) ~ Ar (~0.45) < CO, (~0.70). It appears important
to note that /75 is still below unity. It appears also of interest
to mention that a similarly high rigidity factor as in the bath
gas of CO, was also observed in our subsequent studies of
benzyl combination in the bath gases CF3H or SF4.** Srigia In
kam+a only showed small variations but was still increasing in
the order He (~0.25) < N, (x0.26) ~ Ar (x0.26) < CO,
(=0.27). It was found to be between the values of fTihq in
kam+am and figq in kaia (= 0.24). In summary, our inter-
pretation in terms of the different rigidity factor appears
consistent with the experimental observations. At present these
interpretations still have some hypothetical character and need
further back up from quantitative tests in other experimental
systems and from detailed CT calculations of the capture
process on improved potential surfaces. Both are underway
and a corresponding comprehensive treatment will be given in
the future. However the present study already provides another
piece of experimental evidence for the assumed role of the
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radical-complex mechanism: A pronounced negative tempera-
ture dependence of the rate constant enhancement at the
elevated densities was observed, just in line with basic expecta-
tions for increasing contributions from radical-complex
mechanism at decreasing temperatures. This is discussed in
the following section.

4.5. Temperature dependence of the radical-complex
mechanism

For a further test, we also investigated the temperature depen-
dence of the rate constant enhancement in the medium density
region. To our knowledge, a quantitative analysis of this effect
is reported here for the first time. Fig. 5 shows a fit to our
experimental data in the bath gas CO, at the temperatures
275K, 300 K and 350 K (see Table 3 for the fitted values). The
observation of a larger enhancement at lower temperatures
supports our hypothesis of a contribution from the radical-
complex mechanism. Both the equilibrium constants K.q(7)
and the rate constants kan+a(7) and kan+am(7) are expected
to depend on the temperature.

First, we consider K.q(7). The temperature dependence of
Koq(T) was estimated following the method described in refs. 6
and 34, and the resulting values are summarized in Table 3.
Over the temperature range 250-400 K, they can be repre-
sented as

Keo(T) = 1.1 x 107" (7/300 K)* cm® molecule™"  (18)

Second, we derived expressions for the rate constants of
aaam(D) and  kXfi a(T) from the experiments, see
Table 3. We obtained

ESBam(T) = 1.2x107'°(77300 K)~*! em® molecule™
B
s 19)

and

KB a(T) = 8.8x107 (77300 K)~*! cm® molecule ™!
sl (20)

It should be noted that the slightly negative temperature
coefficients of kXL am(7) and kxFr,a(7T) are similar to those
obtained for kAP A(7) in eqn. (6). Third, temperature-depen-

dent rigidity factors of

frdaameam(T) = 0.70 (T/300 K) =% 2D
and

frdaamea(T) = 0.27 (T/300 K)~*° (22)
were derived from the experiments. These results of

kxfiram(T) and fHgd amsam(7) were then compared with
theoretical estimates such as described in Section 4.2. Briefly,
we characterised the interaction between two AM (benzyl +
CO,) by a Morse potential with re am+am = 6.8 A and we
fitted a/B ~ 0.77 from the value of f;;sq at 300 K.! Following
the method as described before, we predicted

Fsmaeam & 0.70 (7/300 K) O (23)

which is very close to our experimental temperature depen-
dence of fidam+am in eqn. (21). In total, we obtained a
theoretical estimate of

ke, (T) = 1.2 x 10710 (77300 K)~*% cm?
molecule™! s7! (24)

which is again in agreement with the experimental result
from eqn. (19). Fig. 9(a and b) illustrates the derived rate
constants kamsam (1), kasa (1) and k PST(T) as well as the
temperature-dependent rigidity factors for the AM + AM
and A + A reactions. The results provide an internally
consistent interpretation in terms of the radical-complex
mechanism.
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Fig. 9 (A) Temperature dependence of thermal capture rate constants
of benzyl radicals in the bath gas CO,. (——): KPN(T): (--): kam+am
(T); and (—e-): ka+a(T). Experimental data are: (A) kafr:am(7) at
temperatures of 275, 300, and 350 K in the CO, bath gas, (O)
kasa®™P(T) (= KEL(T)) in the argon bath gas from Fig. 4.
(B) Temperature dependence of calculated thermal rigidity factors
for reaction (1) in the bath gas CO,. (--): fHsaim s am(7T); and (~e-):

ek A(T). Experimental data are: (A): f5bg.amsanm(7): and (O):

Srigaara(D).

5. Conclusions

The combination reaction C¢HsCH, + CcHsCH, (+M) —
Ci4H14 (+M) was studied at temperatures of 250400 K over
the pressure range 0.03-900 bar in the bath gases helium,
argon, xenon, N, and CO,. The fact that the reaction rate
constants reach a pressure-independent range at pressures as
low as 0.01 bar, allowed us to determine the limiting “high-
pressure” rate constant of the energy-transfer mechanism
kYT without doing falloff extrapolation. kFT% could be deter-
mined as

KEL(T) = (4.1 £0.3) x 10" (7/300 K)~°2* cm? molecule !
—1
S

This value was analysed in terms of SACM/CT theory. The
observed increase of the rate constants at higher pressures,
between about 5 bar and the onset of diffusion-limited kinetics
above about 50 bar, was interpreted in terms of a radical-
complex mechanism. A quantitative analysis of absolute values
and temperature dependences of rate constants in the range of
the radical-complex mechanism was given. A proof of the
suggested mechanism and more quantitative conclusions re-
quires ab initio information on the potential between uncom-
plexed and complexed radicals. As long as this information is
not available, the given interpretation remains tentative. In
particular, the possibility of collision-induced electronic transi-
tions, which could convert triplet benzyl pairs into singlets,
cannot be ruled out. We did not discuss this possibility in the
present article. An empirical investigation of this point will be
described in the future when more experimental data for more
diverse systems will have been collected. For the moment,
however, the hypothesis of a contribution of the radical-
complex mechanism in the pressure range between about 5
and 50 bar could be supported by an intrinsically consistent
quantitative analysis. If the present interpretation is correct,
one has to expect similar phenomena quite generally in radical—
radical recombination reactions.
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