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Kinetics for the Recombination of Phenyl Radicals
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The rate constant for thesBs + CgHs recombination reaction has been determined in the temperature range
300-500 K using a laser photolysis/mass spectrometric technique. The result is represekted (iy39

+ 0.11) x 10%3e~G=38)T cmd/(mol s). In addition, the rate constant for thgHg + CsHsNO association
reaction was found to bk, = (4.90 + 0.19) x 10%eB410T cmd/(mol s) by the mass balance of the initial
concentration of gHs radicals. Using the result ¢, previous kinetic data for s reactions determined

by the conventional relative rate method were reanalyzed.

Introduction

Phenyl radical is one of the most important reactive species

H . . . . ;2[C1ZH1D]t |
in the combustion of hydrocarbons, particularly in relation to

the formation of polycyclic aromatic hydrocarbons (PAH’s) and v |
the combustion of lead-free gasoline in which small aromatics g
are used as additivés® Prior to our recent use of the cavity- > | G, i
ring-down (CRD) methot®> for direct determination of rate s [CeHNOJ, - [CoHgNO, |
constants of various ¢Els reactions in the gas phase, most a -+ {1CHNOl 4,
kinetic data were analyzed by using the recombination of phenyl &7 1
radicals as a reference procé&st® 2
G 5
CgHs + CgHs — C,,H,, (biphenyl) Q) ) [C4HsNOJ, j/
T [CgHsNOJ, T
Experimentally, the products ofgHs metathetical reactions, for i l 7
example GHg from its reaction with H, S
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k .
CoHe + Hy—> CgHg + H @) time (msec)
Figure 1. Typical time-resolved mass spectrometric transient signals
were determined together with biphenyl; the rate constant for of Ci2Hio and GHsNO. See text for explanation.

the abstract process was then calculated with the much-used

relationshipé-19 using the laser photolysis/high-pressure mass spectrometric
sampling system recently employed for product branching
k, = (kll[clelO])l/Z[C6H6]/[H )l studies of NH reactions with N& and NQ.?* The configu-

ration of the quartz reaction tube, which has a 20 conical
using an assumed “reasonable” valuelfor However, the value  supersonic sampling hole at the center of the tube, is similar to
of k; has been chronologically reduced from<110' (ref 17) that described by Saalfeld and co-work&¥$3and the coupling
to 1 x 103 (ref 19) to 3 x 102 cm®/(mol s) in most recent  of the photodissociation excimer laser with the reactor is
analyses of high-temperature kinetic data by Stein and co- essentially the same as that used by Gutman and collabora-
workers!® This historic change reduces the valueskgé by tors?425 A schematic diagram of the apparatus and the
as much as 580%. procedure of product measurements have been presented in

In view of the uncertainty irk; and its pronounced effect on  greater detail in the preceding artiéfe.

the magnitude of many rate constants measured to dateHtr C The GHs radical was generated by the photolysis @fflgNO
reactions (some of which are too slow to be determined directly (nitrosobenzene) at 248 nfni® the conversion of gHsNO at
by the CRD technique, e.g.g8s + CHy), we have carried out  this wavelength with an unfocused,-360 mJ KrF laser beam

a series of kinetic measurements kpusing a laser photolysis was in the range 20640% with no evidence of secondary
mass spectrometric technigef! The results of this study for ~ photofragmentation of §1s. The initial concentration of s
ki and the reanalyzed kinetic data for many of thel§xeactions in each experimental run was determined reproducibly from the
determined by the conventional relative rate method are reporteddepletion of GHsNO in the presence of an excess amount of
herein. HBr diluted in He. The known fast exchange reacidbsHs

+ HBr— CgHg + Br, prevents the facile recombination reaction
Experimental Section CgHs + NO — CgHsNO? and other @Hs radical reactions from

The rate constant for the recombination gHg radicals has occurring so as to give a correct calculation of the initial

been measured at five temperatures between 300 and 500 gconcentration of €Hs, [CeHslo. The typical time-resolved
transient signals are shown in Figure 1. The rise of th#l¢

* Corresponding author. e-mail address: chemmcl@emory.edu. signal is attributable to the formation of&i1 from the
® Abstract published irAdvance ACS Abstractfecember 1, 1996. recombination reaction ofgEls and the decay of 61sNO signal
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TABLE 1: Typical Reaction Conditions? and Rate Constant8 at Selected Temperatures Studied

T(K) P [CeHsNO]o [NOJo [CeHs]o [CioH1q)e¢ [CeHsNO] e [C12H1NOJ¢ kq Ks

300 6620 6.21 12.21 2.02 0.106 7.283 0.367 1.012 0.486
6650 6.09 17.13 1.98 0.082 7.315 0.312 1.073 0.574
6700 6.06 19.91 1.97 0.070 7.364 0.279 1.036 0.580
6770 6.02 23.49 1.96 0.061 7.401 0.218 1.034 0.514

353 6620 5.68 14.28 251 0.183 6.880 0.473 1.145 0.548
6620 5.59 17.54 2.48 0.158 6.934 0.405 1.187 0.558
6620 5.52 19.88 2.45 0.143 7.027 0.327 1.186 0.492
6620 5.43 23.07 241 0.132 6.985 0.295 1.269 0.520
6620 5.37 25.41 2.38 0.118 6.956 0.277 1.257 0.540

405 6620 5.18 20.44 2.77 0.187 6.783 0.394 1.222 0.497
6620 5.01 26.86 2.68 0.159 6.711 0.329 1.265 0.560
6620 4.89 31.55 2.61 0.135 6.670 0.282 1271 0.562
6620 4.79 35.50 2.56 0.116 6.616 0.249 1.098 0.561

442 6840 5.75 15.25 2.69 0.266 7.000 0.451 1331 0.425
6840 5.60 20.74 2.62 0.201 7.013 0.400 1.289 0.494
6840 5.42 27.29 2.53 0.156 6.942 0.350 1.320 0.569
6840 5.28 32.56 2.47 0.121 6.893 0.304 1.230 0.591
6840 5.17 36.75 241 0.122 6.796 0.269 1.438 0.599

500 6880 5.95 14.85 2.55 0.236 7.010 0.508 1311 0.447
6990 5.87 21.18 2.52 0.204 7.190 0.396 1.341 0.462
7110 5.80 27.98 2.48 0.159 7.270 0.346 1.173 0.507
7220 5.72 34.21 2.45 0.144 7.313 0.288 1.424 0.502
7320 5.67 39.34 2.43 0.133 7.346 0.246 1.486 0.496

2 The units of total pressure and all concentrations are in mTorp. fefiresents the concentration of species X immediately after photdlysis,
= 0. "kis in units of 183 cm¥(mol s).¢ The signal amplitudes were takentat 10 ms in their plateau region$The yields of biphenyl nitroxide
were calculated by eq 9. See text for explanation.

indicates the depletion of EsNO by photolysis. A detailed benzene measured in the plateau region of the concentration
explanation will be given later. time profiles, typicallyt = 2 ms. [GHsNO] is the concentra-
The rate constant for the recombination @Hg radicals was tion of nitrosobenzene measured after photolysis in the presence
determined by measuring the absolute yields of biphenyl in the of excess HBr. Accordingly, [§HsNO]o + [CeHs]o represents
presence of varying amounts of NO, which competes with the the concentration of nitrosobenzene before photolysis.
recombination process. The absolute concentration;gfi{g The apparent loss of thes8s radical at time, as mentioned
and the regenerated concentratiogHENO formed by the above, is attributable to the association reaction
competing reactions .
N CiHs + CHNO — (C;H;),NO 4)
CeHs + CeHs = CioHyp (1)
producing the biphenyl nitroxide radical, which had been
CeHs + NO—3>CGH5NO (3) previously detected in solution at room temperafreOur
search fom/z184 indeed revealed the presence of the species,
which was not present before or after photolysis in the presence
dof the excess amount of HBr.
In order to account for the mass balance of th#l£ we
write

can be calibrated with prepared mixtures. ForHG,, the
saturated vapor pressure at room temperature (297 K) dilute
with 50 Torr of He was used as the calibration sample. For
CsHsNO, varying known amounts of the molecule were diluted
\cl)v\l/t:rrj;i%%t-rr%ri;icggl_.'e and were used as calibration mixtures after AICeHd = [CeHdlo — 2[CiHid, —

All chemicals used in the present studyseNO, CioHiq, ([CeHsNOJ; — [C4HsNO],) (5)
and HBr) were obtained from Aldrich. HBr, which is known
to contain H impurity, was purified by trap-to-trap distillation. ~ whereA[CgHs] is the disappearance ofsBs through reaction
Ce¢HsNO was purified by recrystallization using ethanol as 4 which consumes both ¢85 and GHsNO (see Figure 1).
solven?” with subsequent vacuum distillation to remove the Again, by mass balance,
solvent. The @Hio, which was determined to have 11.0 mTorr
vapor pressure at 297 K, was storeda 5 L Pyrex bulb and [CeHslo = 2[CyHql; + [CeHsNO] gy, + [(CeHs) NO];  (6)
was degassed by prolonged diffusion pumping. He (99.999%
purity) acquired from Specialty Gases was used without further and
purification.

[CeHsNO]; — [CaHsNO]y = [CeHsNO] i — [CH5NO] o5

Results = [CeHgNOlgain — [(CgHg),NOJ, Y

The experimental conditions, a set of data and kinetically
modeled results, are summarized in Table 1. The results indicatewhere [GHsNO]gain is the formation of @HsNO by reaction 4
that the initial concentration of ¢Es, [CeHs]o, determined by ~ and [GHsNO]iess is the consumption of g4sNO by reaction
the depletion of @HsNO in the presence of an excess amount 4. Combining egs 6 and 7 with eq 5, and noting that
of HBr ([HBr]/[C¢Hs] > 300), is always greater than the quantity [CeHsNOJiessis the same as [(¢Eis)-NO];, we obtain
2[C12H10]t + ([C5H5N0]t - [CeHsNO]o), where [QZHIO]t and
[CsHsNO]; are the concentrations of biphenyl and nitroso- A[C¢Hs] = 2[(C¢Hs),NOJ; (8)
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Figure 2. Concentrations of §Hs and product yields as functions of

NO concentration: ¥) CeHs, (&) CeHsNO, (@) CizHio x 5; (O)
(CeHs)2NO. Curves are kinetically modeled values.
The mass balance forgBs is then
[CeHslo = 2[CyHygl + ([CeHsNO], —

[CeHNO,) + 2[(CaHe),NO],
or
[(CeHs),NOJ, = 1/2{ [CeHslo — 2[CHydli —

[CeHsNOJ; + [CeHsNO]o} (9)

We kinetically modeled the yields ofieHi0, CsHsNO, and

(CgHs)2NO at timet with the following three-step mechanism:

1
CeHs + CoHs —~ CyHy (1)
CeHs + NO > CgHNO 3)
CHs + CgHNO - (C4H,),NO (4)

by adjusting the values & andk, with the known rate constant
for reaction 3k = 2.7 x 1012337 cmd/(mol s)8 A typical

set of experimental and kinetically modeled results at 355 K o
the three product concentrations as functions of NO is presente
in Figure 2. The experimental yields of biphenyl nitroxide were

obtained by eq 9 using measuredsifg]o, [CeHsNO];, [CeHs-

NOJo, and [G2Hig]t. In Figure 2, the kinetically modeled results
are shown as curves, which can quantitatively depict the

variation of G,Hio CsHsNO, and (GHs)o,NO with the con-
centration of NO using a reproducible sekgindk, (see Table
1 also). The averaged values laf and ks obtained from the

modeling of kinetic data covering five temperatures between N > .
A the addition-isomerization at higher temperatures may result

300 and 500 K are graphically presented in Figure 3.

weighted least-squares analysis of the data by convoluting the

reported error foks® gave for reaction 1

k, = (1.39+ 0.11) x 10"% ©#33T  cm¥/(mol s)( 0
1

and for reaction 4
k, = (4.90+ 0.19) x 1019 cm¥(mol s) (11)

Discussion

The rate constant for the recombination ofHg radicals
presented in Figure 3 constitutes the first determinatiok, of
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Figure 3. Arrhenius plots for the rate constants ofHg + CsHs (O)
and GHs + CgHsNO (@) reactions.

The present resulk; = 1.4 x 10%756T crmd/(mol s), falls within
the range of values assumedx110*—3 x 102 cm?/(mol s),
over timel6-19 The value ofk; at 298 K, 1.2x 10 cm?/(mol
s), is close to those of alkyl radical recombination reactfns.

It deserves some speculation whether the small apparent
activation energy, 0.4 kcal/mol, exists. At present, the system
with 12 heavy atoms defies any reasonable attempt of quantita-
tive ab initio quantum calculations. In principle, the recombina-
tion reaction may take place by the following two paths via
singlet and/or triplet potential energy surfaces:

direct association
CgHs + CgHg — CgHygr-CoHg — CgHs—CHs (C1.H, )

indirect association by additierisomerization

[ 1
CeHs + CgHs — CeHg*CH=CHCH=CCH=CH —

| |
C¢Hs—CHCHCH=CCH=CH

H migration
—

CeHs—CgHs (C12H10)

The direct, singlet state association at the radical sitesld§ C

¢ is expected to occur with little or no activation barrier, whereas
4the recombination by additierisomerization is expected to have

a small activation energy similar to that in theHg + CeHg —
Ci2H11 reaction, which has an apparent activation energy of 4
kcal/mol8 (at low temperatures). Since the addition process is
also quite exothermicAH =< —74 kcal/mol) due to the
formation of a strong €C bond ¢-110 kcal/mol) at the expense
of a fraction of the resonance energy36 kcal/mol), the internal
excitation in the adduct may be sufficient to bring about the
isomerization (H migration) process. A small contribution of

in the small overall activation energy observed.

Since the concentration of biphenyl was determined by
calibration at the iz 154 parent ion peak, it may be affected
to some extent by the presence of biphenyl nitroxide witla
184. To our knowledge, the fragmentation pattern gHgJ>-

NO has not been experimentally measured. Accordingly, we
could only draw the conclusion from examining its analogous
compounds such as §8s),NH, (CsHs)>,CO, and GHsNN(O)-
CeHs, whose fragmentation patterns have been determined and
reported in the literatur. At the ionization energy employed

in the present study, 70 eV, all the aforementioned compounds
exhibit negligible ion abundances a/z 154, typically <0.05

of the most abundant ions. Therefore, we assumed no contribu-
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TABLE 2: Rate Constants of Several Abstraction Reactions kinetic measurements by CRD, will be investigated in the near
Reevaluated with Our ky future for direct comparison. For¢8s reactions with GH,
reaction T(K) log (A/cm?(mol s)) Es(kcal/mol) ref and GH4, whose rate constants measured by Stein and col-
H, 453623 10.63 6.7 a laborators above 1000 K using a Knudsen cell under low-
CHa 453-623 10.85 7.7 a pressure condition$, have been shown to be consistent with
550-680 11.56 11.3 b our calculated values by the RRKM theory fitted to our low-
i-CaH1o 550-680 11.46 6.9 b temperature CRD daf&4 Because the long extrapolation
E&E%QH 2203:228 ﬂ'gg g-g E covering several decades dfvalues, the increase in the
CF33H * 153773 983 54 a reference rate constant fromx310'2to 1.4 x 104356 cm?/
CoHs 1000-1330 14.02 10.3 c (mol s), amounting to about a factor of 2.4 at 1000 K, is not
CoHa 1000-1330 12.82 6.4 c expected to bring about any severe disagreement from our earlier
CeHe 1000-1330 12.92 8.7 c conclusion. However, this question will be examined when

aReference 162 Reference 17; the originally reported rate constants additional kinetic data are acquired for the two reactions at
were evaluated with = 1 x 10% cm¥/(mol s).°© Reference 18. higher temperatures than have been achi®védnd analyzed

with the aid of high-level ab initio MO results.
tion or contamination from (§Hs).NO to our biphenyl con-
centration measurement. Conclusions

The formation of biphenyl nitroxide and the average value
of the rate constant for its productioky, = 5.4 x 10 cm?/

(mol s), appear to be reasonable. Dialkyl nitroxides are known
to be stable. For example, the first@Gl bond in (CH),NO

has been calculated to be as strong as 43 kcal/mol by Melius
using the BAC-MP4 methotf In fact, di-¢-C4Hg)oNO is a
well-known radical trap which is commercially available and
is typically delivered in bottled?

The reactions of alkyl radicals with nitrosoalkanes have been
investigated semiquantitatively by Lampe and co-work&ets
using mass spectrometry. For €B CDsNO, the rate constant
for the formation of dimethyHbs nitroxide was reported to have
a lower limit of 4 x 10 cm®(mol s) at room temperature,
while for C;Hs + C,HsNO, its lower limit was established as
1.4 x 10% cm?¥/(mol s) at 329 K. These results are consistent
with our finding for GHs + CgHsNO, 5.4 x 102 cm?®/(mol s).

Possibility of Wall Effects. At present, the possibility of
wall effects on GHs kinetics cannot be quantitatively assessed.
However, for these fast phenyl reactions, such effects may be
negligible. For example, in our preceding paper orpNHNO, k, = (4.90+ 0.19) x 10%%"®*9T cm¥/(mol s)
which occurs with a rate comparable to thgHgrecombination
reaction, we have demonstrated that coating the reactor withWe have also used our result fer to reevaluate the existing
concentrated phosphoric acid did not lead to measurable effectsrate constants previously calculated with assumed, grossly
on the values of its total rate constant andOHproduct different values ofk;. The new Arrhenius parameters thus
branching ratio at pressures as low as 2 Torr. obtained are summarized in Table 2 for future applications.

After we completed the phenyl kinetic measurement, we have
examined the possibility of wall effects on a well-studied Acknowledgment. The authors gratefully acknowledge the
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