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Cavity ring-down spectroscopy coupled with pulsed laser photolysis was used to study the visible absorption
spectrum (490-535 nm,2B1 r 2A1 transition) of the phenyl radical, C6H5, in 10-50 Torr of argon diluent
at 298 K. Absorption cross-sections were independent of total pressure over the range studied. At 504.8 nm,
σphenyl ) (3.6 ( 1.6) × 10-19 cm2 molecule-1 (base e). Spectral simulation of the rotational structure of an
origin band was performed using a model for a type C vibronic band. The vibronic spectrum was analyzed
using normal-mode information from quantum chemical calculations employing hybrid density functional
theory (B3LYP/aug-cc-pVDZ). The a1 and b1 vibrations were confirmed in the vibronic spectrum. Cavity
ring-down spectroscopy was used to follow the loss of phenyl radicals and measurek(C6H5+Cl) ) (1.2 (
0.8) × 10-10, k(C6H5+Br) ) (7.0 ( 4.0) × 10-11, andk(C6H5+Cl2) ) (2.96( 0.53)× 10-11 at 298K, and
k(C6H5+Cl2) ) (1.0-0.5

+3.4) × 10-12 exp[(1000( 470)/T] cm3 molecule-1 s-1. Relative rate techniques were
used to measurek(C6H5+Cl2)/k(C6H5+O2) ) 2.1 ( 0.4 in 10-700 Torr of N2 diluent at 296K. Combining
the absolute and relative rate data givesk(C6H5+O2) ) (1.4 ( 0.4)× 10-11 cm3 molecule-1 s-1. In 1 atm of
air C6H5 radicals have a lifetime of approximately 1.4× 10-8 s with respect to reaction with O2 to give
C6H5O2 radicals. Results are discussed with respect to the spectroscopy and reactivity of C6H5 radicals. Quoted
uncertainties are 2 standard deviations from regression analyses.

1. Introduction

Aromatic compounds such as benzene, toluene, and the
xylenes are high octane constituents of gasoline. Regular grade
gasoline sold in the U.S., Europe, and Japan contains 20-35%
aromatics while premium grades have 30-50% aromatic
content.1,2 Aromatic species are important components of
automobile tailpipe exhaust and evaporative emissions and
contribute to formation of ozone and secondary organic aerosol
in urban air.3 The phenyl radical (C6H5•) is an important
intermediate in the atmospheric chemistry of aromatic com-
pounds. In combustion systems the phenyl radical is involved
in the formation of soot and polycyclic aromatic hydrocarbons
(PAH).4 Spectroscopic and kinetic data concerning phenyl
radicals are needed to understand the formation of soot and PAH
in combustion and predict the environmental impact of vehicle
exhaust.

Recognition of the importance of phenyl radicals has led to
numerous experimental and computational studies of its spec-
troscopy and kinetics. In a pioneering gas-phase flash photolysis
study, Porter and Ward5 established that phenyl radicals have

weak absorption bands in the visible (440-530 nm) which are
assigned to a2B1 r 2A1 transition resulting from a nr π
excitation. Cerecek and Kongshang6 observed the UV absorption
(240-270 nm) of phenyl radicals in aqueous solution. Ikeda et
al.7 recorded the UV absorption spectrum (220-350 nm) in the
gas phase. Preidel and Zellner8 used absorption at 488 nm (Ar+

laser) to study the kinetics of phenyl radical reactions. Gunion
et al.9 conducted an ultraviolet photoelectron spectroscopy study
of the phenide and observed the excited state of the phenyl
radical ate1.7 eV (729 nm). Lin and co-workers10 measured
the absorption spectrum over the range 495-530 nm and
conducted extensive kinetic studies of the phenyl radical.10-16

Wallington et al.17 studied the UV-vis (225-575 nm) absorp-
tion spectrum. The IR, visible, and UV absorption spectra of
phenyl radicals in low-temperature argon matrixes have been
the subject of several experimental investigations.18-23 The
geometric and electronic structure of the ground and lower
excited states of the phenyl radical have been the subject of ab
initio studies.24-26

Despite numerous studies, significant uncertainties remain in
our understanding of the spectroscopy and kinetics of the phenyl
radical. For example, the absolute strength of the visible* Corresponding author. E-mail: tonokura@reac.t.u-tokyo.ac.jp.
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absorption spectrum is unknown, and reported measurements
of the rate constant for reaction 1 at ambient temperature range
over 6 orders of magnitude fromk1 < 2 × 10-17 8 to k1 ) (1.8
( 0.1) × 10-11 cm3 molecule-1 s-1.10

To improve our understanding of phenyl radical chemistry
we conducted a collaborative study in our laboratories. Three
sets of experiments were performed. First, cavity ring-down
spectroscopy (CRDS)27 was employed at the University of
Tokyo to provide the first absolute absorption spectrum of the
phenyl radical in the visible region and kinetic data for the
reaction of phenyl radicals with Cl and Br atoms. Quantum
chemical calculations were performed to support the spectro-
scopic work. Second, CRDS was used at Kyoto University to
study the kinetics of the reaction of phenyl radicals with Cl2

(using spectral data from the University of Tokyo). Third,
relative rate methods were employed at Ford Motor Company
to determine the reactivity of phenyl radicals toward O2.

2. Experimental Procedure

2.1. CRDS System at the University of Tokyo.Experiments
were carried out using CRDS coupled with pulsed laser
photolysis in a flow reactor described in detail elsewhere.28 The
ring-down cavity was 0.625 m long and consisted of a pair of
high reflectance mirrors (Los Gatos Research,R > 0.9999 at
520 nm), with a 6 mradius of curvature, a diameter of 20 mm,
and a usable bandwidth of approximately(30 nm).

Phenyl radicals were generated by pulsed ArF excimer laser
(193.3 nm, Lambda Physik COMPex 110) photolysis of C6H5-
Cl or C6H5Br. The photolysis laser power was 1-10 mJ cm-2

per pulse. The average photon flux across the entire sample
was uniform within 10%. The output of an excimer pumped
dye laser (Lambda Physik LPX 110+ Lambda Physik LPD
3002, <10 µJ pulse-1) was used for the probe laser. The
photolysis laser entered the flow cell at right angles to the cavity
and overlapped the probe laser beam at the center of the flow
cell. The probe laser was injected through one of the mirrors
into the ring down cavity. The decay of photon intensity within
the cavity was measured by monitoring leakage of light through
one of the cavity mirrors using a photomultiplier tube (PMT;
Hamamatsu R955). The output of the signal from the PMT was
fed to a 500 MHz, 1 GS/s digital oscilloscope (Tektronix TDS
520C) and transferred to a personal computer (PC) via a general
purpose-interface bus. Typically, ring-down waveforms were
averaged over 25 laser shots for each spectral point before being
transferred to the PC.

The photon intensity decay rate in the cavity,â, was obtained
by fitting the ring-down waveform to a single-exponential decay
function and converted to the absorbance〈A〉 via the following
equation:28

wherel is the optical cavity length,c is the speed of light,〈âabs〉
is decay rate in the presence of an absorbing species, and〈âbase〉
is the decay rate in the absence of the absorbing species.
Absorption spectra were obtained by scanning the wavelength
of the probe laser with a spectral resolution of 0.2 cm-1. For
time dependent studies, the delay time between the photolysis
and probe laser beams was controlled by a pulse generator
(Stanford Research Systems DG535).

Gas flows were regulated by calibrated mass flow controllers
(Kofloc 3650). To protect the mirrors and photolysis beam

entrance windows from deposition of reaction products, a slow
flow of Ar (Nippon Sanso,>99.9999%) was introduced over
these optical parts. C6H5Cl (Aldrich, 99.9%) and C6H5Br (Tokyo
Kasei,>99%) were freeze-pump-thawed in liquid nitrogen
to remove volatile contaminants and introduced into the reaction
cell by passing a fraction of the argon diluent through a bubbler
containing C6H5Cl or C6H5Br. The total pressure was measured
at the center of the flow cell with a capacitance manometer
(MKS Baratron 622A). Reagent concentrations were calculated
from the total pressure, the calibrated flow rates, and the vapor
pressure of the reagents. Spectroscopic and kinetic experiments
were performed using a laser repetition of 1-10 Hz to ensure
replenishment of the gas sample between successive laser shots.
There was no discernible difference in the phenyl radical time
profiles in experiments using N2 and Ar buffer gases suggesting
that diffusion from the viewing zone is not a significant factor
in the phenyl radical loss. Experiments were performed at room
temperature (298( 2 K).

2.2. CRDS System at Kyoto University.The cavity ring-
down spectroscopy apparatus used at Kyoto University is
described in detail elsewhere.29 The system employs two pulsed
lasers. The first laser (266-nm or 355-nm output of Nd3+: YAG
laser, Spectra Physics GCR-250) was used to photolyze a
suitable precursor to generate phenyl radicals or Cl atoms. The
second laser (Spectra Physics, PDL-3; Coumarin503, pumped
by the 355-nm output of a Nd:YAG laser Quantel Brilliant)
was used to probe absorption of the phenyl radical. After the
photolysis laser beam traversed the cell nearly collinear to the
axis of the ring-down cavity, the probe laser beam was injected
through one of two high-reflectivity mirrors which made up
the ring-down cavity. The mirrors (Research Electro Optics)
had a specified maximum reflectivity of 0.9985 at 514 nm, a
diameter of 7.8 mm, a radius of curvature of 1 m, and were
mounted 1.04 m apart. Light leaking from one of the mirrors
of the ring-down cavity was detected by a gated photomultiplier
tube (Hamamatsu: C1392-56/R212UH) through a narrow
band-pass filter (Edmund Industrial Optics Co., central wave-
length: 505 nm, fwhm:(1.5 nm). The decay of the light
intensity was recorded using a digital oscilloscope (Tektronix
TDS430A) and transferred to a personal computer. The decay
of the light intensity is given by the expression:

where I0 and I(t) are the intensities of light at time 0 andt,
respectively.τ0 is the empty cavity ring-down time (2µs at
514 nm).LR is the length of the reaction region (0.55 m).L is
the cavity length (1.04 m).τ is the measured cavity ring-down
time.n andσ are the concentration and absorption cross section
of the species of interest, andc is the velocity of light.

The reaction cell consisted of a Pyrex glass tube (21 mm
i.d.), which was evacuated by a combination of an oil rotary
pump and a mechanical booster pump. The temperature of the
gas flow region was controlled by circulation of a thermostated
mixture of ethylene glycol and water and was controllable over
the range 280-330 K. The difference between the temperature
of sample gas at the entrance and exit of the flow region was
<1 K. The pressure in the cell was monitored by an absolute
pressure gauge (Baratron). Gas flows were measured and
regulated by mass flow controllers (Kofloc 3650). A slow flow
of nitrogen diluent gas was introduced at both ends of the ring-
down cavity close to the mirrors to minimize deterioration
caused by exposure to reactants and products. The total flow
rate was kept constant at 3.5× 102 cm3 min-1 (STP).
Nitrosobenzene (C6H5NO) was used as the photolytic precursor

C6H5 + O2 + M f C6H5O2 + M (1)

〈A〉 ) (l/c)(〈âabs〉 - 〈âbase〉)

I(t) ) I0 exp(-t/τ) ) I0 exp(-t/τ0 - σnc(LR/L)t)
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for phenyl radicals and was introduced to the reaction tube by
passing N2 diluent gas over solid C6H5NO. The concentration
of C6H5NO was measured downstream of the reaction tube by
monitoring the absorption at 253.7 nm (σ ) 6.86× 10-18 cm2

molecule-1 30). Other reagent concentrations were calculated
from the flow rates and total pressure. Kinetic experiments were
performed using a laser repetition of 1 Hz. All reagents were
obtained from commercial sources. C6H5NO (97%), N2 (>
99.999%), and Cl2 (99.9%) were used without further purifica-
tion.

2.3. FTIR Smog Chamber System at Ford.Experiments
were performed in a 140 L Pyrex reactor interfaced to a Mattson
Sirus 100 FTIR spectrometer.31 The optical path length of the
infrared beam was 27 m. The reactor was surrounded by 22
fluorescent blacklamps (GE F15T8-BL) which were used to
photochemically initiate the experiments by photolysis of Cl2.
The loss of benzaldehyde and formation of benzoyl chloride,
chlorobenzene, and CO2, were monitored by Fourier transform
infrared (FTIR) spectroscopy using a spectral resolution of 0.25
cm-1. IR spectra were derived from 32 coadded interferograms.
Reference spectra were acquired by expanding known volumes
of reference materials into the chamber. Products were identified
and quantified by fitting reference spectra of the pure compounds
to the observed product spectra using integrated absorption
features over the following wavenumber ranges (cm-1): 790-
850 (C6H5CHO), 750-780 (C6H5C(O)Cl), 720-760 (C6H5Cl),
and 2300-2400 (CO2).

Experimental conditions for the kinetic study were 9.8-10.2
mTorr of C6H5CHO, 224-890 mTorr of Cl2, and 2.4-9.2 Torr
of O2 in 10, 100, or 700 Torr of N2 diluent. All experiments
were performed at 296( 2 K. Reagents were obtained from
commercial sources at purities> 99%. Samples of C6H5CHO,
C6H5Cl, and C6H5C(O)Cl were subjected to repeated freeze-
pump-thaw cycling before use. In smog chamber experiments
it is important to check for unwanted loss of reactants and
products via photolysis, dark chemistry and heterogeneous
reactions. Control experiments were performed in which
mixtures of C6H5CHO, C6H5Cl, and C6H5C(O)Cl in air were
subjected to UV irradiation for 15 min and product mixtures
obtained after the UV irradiation of C6H5CHO/O2/Cl2/N2

mixtures were allowed to stand in the dark in the chamber for
15 min. There was no observable loss of reactants or products
suggesting that photolysis, and heterogeneous reactions are not
a significant complication in the present work.

3. Results and Discussion

3.1. Absorption Spectrum and Molecular Structure.The
equilibrium geometries of the ground and excited states of the
phenyl radical were optimized employing a hybrid density
function theory B3LYP, based on Becke’s three-grid integra-
tion32 and exchange functional and the correction functional of
Lee, Yang, and Parr,33 with Dunning’s correction consistent aug-
cc-pVDZ basis set.34 Vibrational frequencies of the ground and
excited states were also calculated at the B3LYP/aug-cc-pVDZ
method. The systems were restricted toC2V symmetry in the
optimization. Calculations were carried out using the Gaussian
98 suite of programs.35 The optimized geometries of the2A1

ground and2B1 excited states are shown in Figure 1.
Figure 2 shows the absorption spectrum of the phenyl radical

in the spectral region between 490 and 535 nm produced in the
193.3 nm photolysis of chlorobenzene. The same absorption
spectrum was observed following 193.3 nm photolysis of
bromobenzene. The absorption spectrum exhibits no fine
structure within the probe laser bandwidth (∆ν ) 0.2 cm-1)

and no dependence on total pressure (10-50 Torr). As the delay
time between the photolysis laser and probe laser was increased
to a few milliseconds, the spectral bands decayed and vanished,
thus establishing the transient nature of the spectral carrier. Plots
of absorbance versus photolysis laser power had a slope of 0.9
( 0.1 indicating that the absorbing species is formed in a one-
photon process. Multiphoton excitation of the parent molecule
and secondary photodissociation of primary products are not
significant. The small absorption bands labeled with asterisks
in Figure 2 decayed more rapidly than the other features and
are assigned to hot bands. Relaxation of vibrationally excited
hydrocarbon radicals by collisions with argon typically occurs
with deactivation rate constants of the order of 10-13 cm3

molecule-1 s-1.36 The relaxation time of the hot bands in 40
Torr of argon diluent was approximately 10µs, consistent with
that expected for vibrationally excited hydrocarbon radicals. The
peak positions in the spectrum agree with the electronic
absorption spectrum ascribed to a2B1 r 2A1 transition of the
phenyl radical19 with a band origin at 18908 cm-1 reported by
Porter and Ward.5 The absolute values of vertical axis of Figure
2 (i.e., absorption cross section) were determined through the
analysis of the time profiles of absorption peak at 504.8 nm.
The details are described in the section 3.2.

Spectral band simulations were performed with the FRASY-
ROT program.37 Figure 3 shows both the experimental spectrum
and the simulated spectrum of the band envelope. Taking a
coordinate system in which a planar radical lies in theyzplane
and theC2 axis is thezaxis, a transition moment oriented along
the x, y, and z axes gives type C, A, and B bands, which
corresponds to B1, B2, and A1 vibronic symmetries, respectively,
for the upper states. Since the vibronic symmetry of the ground
state is A1 and the excited state is B1, parity selection rules
allow only type C band of an oblate symmetric top (asymmetry
parameterκ ≈ 0.6 for the2A1 ground state,κ ≈ 0.8 for the2B1

excited state). The2B1 r 2A1 electronic transition involves
promotion of an electron from an out-of-planeπ-bonding orbital,
parallel to the out-of-planec axis, into an in-plane, nonbonding
orbital, and the transition moment is perpendicular to the plane
of the ring. The rotational selection rules are∆Ka ) (1, ∆Kc

) 0, and∆J ) 0, (1. The rotational constants for the ground

Figure 1. Molecular structures of the phenyl radical in the ground
and first excited states optimized at the B3LYP/aug-cc-PVDZ level of
theory.
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and excited states were calculated from the planar B3LYP aug-/
cc-pVDZ geometries (Table 1), neglecting centrifugal distortion
and spin-rotation effects. In the simulation, a 298 K rotational
temperature is assumed and the final contour was obtained by
convoluting the calculated stick spectrum with a 0.5 cm-1

Lorentzian line shape. The unresolved rotational structure of
the origin band observed experimentally is well reproduced by
the calculations. The sharp peak at 18908 cm-1 corresponds to
a R-branch bandhead, Q- and P-branches produce a broad
feature to the red of the band maximum. The band origin derived
from the simulation as the type C band isT0 ) 18900 cm-1.38

The agreement between the experimental spectrum and the
simulated spectrum is evidence that theC2V symmetry is held
in the 2B1 state.

The equilibrium geometries calculated at B3LYP/aug-cc-
pVDZ level for the2A1 ground state and2B1 excited state exhibit
C2V symmetric structure (Figure 1). The C2-C1-C6 bond angle
decreases from 125.9° for the ground state to 112.2° in the
excited state. The C1-C2 and C1-C6 bonds lengthen from 1.380
Å for the ground state to 1.471 Å for the excited state. The
structural changes are due to the reduction of a C-C π-bonding
population, resulting from removal of one electron from theπ
system to aσ orbital hole. Vibrational frequencies and rotational
constants of the ground and first excited states, calculated at
B3LYP/aug-cc-pVDZ level are presented in Table 1. The mean
absolute deviation of the B3LYP/aug-cc-pVDZ calculated from
the experimental frequencies20 of the phenyl radical in the
ground state in Ar matrix is 2.6%. Gunion et al.9 observed two
gas phase a1 vibrations of the phenyl radical in a photodetach-
ment study. In the excited state, the vibrational frequencies
change substantially. Most in-plane a1 normal modes decrease
their frequencies in the excited state. For instance, theν9

frequency of the C2-C1-C6 bending mode decreases from 979
to 907 cm-1. This frequency change is caused by the in-plane
distortion in the excited state. Since the C2-C1-C6 angle
decreases in the excited state, the C-C-C bending mode would
be prominent in the absorption spectrum. Porter and Ward5

derived fundamental frequencies of 571, 722, and 896 cm-1

from their visible absorption spectrum. These bands are assigned
to C1-C2,6 and C4-C3,5 bending (ν10, a1), C2,3,4,5,6-H bending
(ν16, b1), and C-C-C bending and C-H bending (ν9, a1)
modes, with the values obtained in the present calculations of
584, 736, and 907 cm-1, respectively. The progressions in the
spectrum are indicated in Figure 2 and Table 1. The spectral
shapes ofν9 andν10 bands show the same shape with the origin
band as the type C band (B1 vibronic symmetry). On the other
hand, theν16 band is identified to A1 vibronic symmetry, because
the direct product b1 (ν16) X B1 (2B1) gives the A1 irreducible
representation. The rotational simulation at this band was
performed by its rotational contour as type B band, which
reproduces well the experimental band structure (see Figure 3).
The results of the spectral simulation using calculated molecular
parameters confirm the finding of Radziszewski19 that the visible
absorption of the phenyl radical corresponds to the2B1 r 2A1

transition. The observed vibronic components are A1 and B1

symmetry, which means that b1 and a1 vibrations participate in
the progression.

3.2. Cavity Ring-down Study ofk(C6H5+Cl), k(C6H5+Br),
and σ(C6H5). Parts a and b of Figure 4 show the transient
absorption at 504.8 nm observed as a function of time following

Figure 2. Absorption spectrum of the phenyl radical observed from the 193.3 nm photolysis of chlorobenzene. The time delay between the photolysis
and probe laser beams was 1µs. The starred features in the experimental spectrum are hot bands. The upper stick spectrum shows the positions and
relative intensities of the phenyl radical absorption peaks by Porter and Ward.5 The lower stick spectrum indicates the vibrational bands at2B1 state.

Figure 3. The upper curve is the measured band-origin spectrum, the
lower curve is the spectrum simulated (a) C type and (b) B type band
of an oblate asymmetric top with molecular constants calculated with
the B3LYP/aug-cc-pVDZ method.

Cavity Ring-down Study of the Phenyl Radical J. Phys. Chem. A, Vol. 106, No. 24, 20025911



the 193.3 nm photolysis of mixtures containing either 2.0×
1015 molecules cm-3 C6H5Cl or 4.7 × 1014 molecules cm-3

C6H5Br in 40 Torr of argon diluent at 298 K. As discussed in
section 3.1, the absorption at 504.8 nm is attributable to phenyl
radicals formed by the photodissociation of C6H5X (X ) Cl

and Br). The small initial rise in absorption in part 4b and the
slight delay in the decay of absorption evident by close
inspection of part 4a occur on a time scale which is indistin-
guishable from that of relaxation of the hot bands described in
section 3.1. It seems reasonable to conclude that the small
increase in absorption at times up to 40µs after photolysis
reflects the relaxation of hot phenyl radicals produced by the
photodissociation.

The transient absorption profiles in Figure 4 can be used to
extract information concerning the absorption cross section and
reaction kinetics of phenyl radicals.28 The phenyl radical
quantum yield following the 193.3 nm photoexcitation of C6H5-
Cl or C6H5Br is essentially unity.39 Photolysis of C6H5X gives
rise to equal concentrations of phenyl radicals and halogen atoms
which can then undergo self-reaction, cross reaction, and
reaction with C6H5X.

Under the present experimental conditions, the loss of C6H5

radicals and X atoms by diffusion or flow from the viewing
region is too slow (<100 s-1) relative to the experimental time
scale (see Figure 4) to have any significant impact. Phenyl
radicals react very slowly (rate constants of the order of 10-16

TABLE 1: Vibrational Frequencies (cm-1) and Rotational Constants (cm-1) of the Phenyl Radical
2A1

2B1

νi sym assignmenta B3LYP exptlb exptlc B3LYP exptld

1 a1 C-H sym s (C4H predominantly) 3198 3085 3188
2 C2,6-H sym s, oop C4-H s 3185 3071 3161
3 C2,4,6-H sym s, oop C4-H s 3167 3052 3138
4 C2,6-C-3,5 sym s, C3,5-H ip b 1572 1499 1600
5 C1-C2,6 sym s, C2,3,5,6-H ip b 1458 1441 1426
6 C2,3,5,6-H b 1166 1080 1202
7 C1-C2,6s, C2,3,5,6-H ip b 1046 1027 1007
8 ring breathing mode 1017 1011 993
9 C-C-C b, C-H b 979 976 968 907 896
10 C1-C2,6, C4-C3,5 b 615 605 600 584 571
11 a2 C2,5-H oop C4,6-H b 958 984
12 C2,3-H oop C5,6-H b 807 782
13 C2,4-H oop C3,6-H b 400 268
14 b1 C2,4,6-H oop C3,5-H b 985 971 1015
15 C2,4,6-H b 885 878 941
16 C-H b 714 708 736 726
17 C2,4,6-H b 670 629 660
18 C2,3,5,6-H oop C4-H b 423 416 343
19 b2 C2,3-H s C5,6-H as s 3187 3073 3165
20 C2,5-H sym s oop C3,6-H sym s 3172 3060 3139
21 C1,2-C4,5 sym s oop C3,6-H b 1629 1593 1515
22 C-C s C3,4,5-H b 1450 1433 1378
23 Kekule mode C3,5-H ip b 1333 1344 1332
24 C2,3-C5,6 s oop C-H b 1293 1226 1239
25 C3,4,5-H ip b 1166 1086 1101
26 C2-C3s oop C5-C6 s C2,4,6-H oop b 1069 1067 1043
27 ring s 596 586 515
rotational constant (cm-1)

A 0.2085 0.1964
B 0.1860 0.1846
C 0.0983 0.0952

a s ) stretch, sym) symmetric, as) asymmetric, b) bend, ip) in-phase, oop) out-of-phase.b Reference 20. In Ar matrix.c Reference 9.
Gas-phase experimental values.

Figure 4. Absorbance at 504.8 nm by phenyl radicals following the
193.3 nm photolysis of (a) chlorobenzene (2.0× 1015 molecules cm-3)
and (b) bromobenzene (4.7× 1014 molecules cm-3) in 40 Torr of argon
diluent versus the time delay between photolysis and probe laser. The
solid curves are fits to the data (see text for details).

C6H5X + hν(λ)193.3 nm)f C6H5 + X, X ) Cl and Br
(2)

C6H5 + C6H5 f products (3)

C6H5 + X f products (4)

C6H5 + C6H5X f products (5)

X + X f X2 (6)

X + C6H5X f products (7)
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cm3 molecule-1 s-1 at 298 K40-42) with aromatic compounds
such as C6H5Cl and C6H5Br; reaction 5 is not important in the
present work. Recombination of Cl and Br atoms via reaction
6 in 40 Torr of argon diluent proceeds slowly (pseudo-second-
order rate constants of approximately 10-14 cm3 molecule-1

s-1 43); reaction 6 is not important over the time scale of the
present experiments (0-500 µs, see Figure 4). Reaction of Cl
atoms with C6H5Cl proceeds with a rate constant< 2.5× 10-16

cm3 molecule-1 s-1,44 and it is likely that reaction of Br atoms
with C6H5Br is equally slow: reaction 7 is not significant in
the present work. We conclude that the loss of C6H5 radicals
evident in Figure 4 is determined by reactions 3 and 4. The
kinetics of reaction 3 are well established;k3 ) (1.9 ( 0.2) ×
10-11 cm3 molecule-1 s-1.45 There are no available data
concerning reaction 4.

To derive values fork4 andσ(504.8 nm) the observed phenyl
radical decays such as those shown in Figure 4 were modeled
using a simple kinetic mechanism consisting of reactions 3 and
4. The coupled differential equations describing the loss of C6H5

radicals and X atoms in the system were solved by numerical
integration routines.28 Three parameters were varied simulta-
neously to provide the best fit; [C6H5]o ) [X] o, k4, andσ(504.8
nm). The curves in Figure 4 are fits to the data which show
that the simple model provides a good description of the
experimental observations. Experiments employing C6H5Cl
photolysis gave values ofk(C6H5 + Cl) ) (1.2( 0.8)× 10-10

cm3 molecule-1 s-1 and σ(504.8 nm)) (3.2 ( 1.4) × 10-19

cm2 molecule-1. Experiments employing C6H5Br photolysis
gave values ofk(C6H5 + Br) ) (7.0 ( 4.0) × 10-11 cm3

molecule-1 s-1 and σ(504.8 nm)) (3.9 ( 1.1) × 10-19 cm2

molecule-1. The values ofσ(504.8 nm) derived from experi-
ments employing C6H5Cl and C6H5Br photolysis were indis-
tinguishable within the experimental uncertainties. Variation of
the initial radical concentration by an order of magnitude had
no discernible impact on the values ofk4 or σ(504.8 nm) (see
Figure 5) returned from the fitting procedure. We choose to
quote a final value ofσ(504.8 nm) which is the average of the
two determinations with errors limits which encompass the

extremes of the determinations; hence,σ (504.8 nm)) (3.6 (
1.6) × 10-19 cm2 molecule-1.

A value of σ (504.8 nm) can also be derived using the
relationships

Np is the laser photon number density (determined from laser
pulse energy measurements). [C6H5X] is the phenyl precursor
concentration.σC6H5X is the absorption cross section at 193.3
nm (σC6H5Cl ) 2.5 × 10-17,46 σC6H5Br ) 4.7 × 10-17 cm2

molecule-1 [measured during the present work]).φ is the phenyl
radical quantum yield (assumed to be unity).〈A〉0 is the
absorption extrapolated to zero time after the photolysis pulse.
ls is absorption path length (∼30 mm) induced by the photolysis
laser beam. Using this approach a value ofσ (504.8 nm))
(2.5( 0.5)× 10-19 cm2 molecule-1 was derived. It is gratifying
that values ofσ (504.8 nm) obtained using the two different
approaches are indistinguishable within the experimental un-
certainties. In view of the potential systematic uncertainties
associated with estimation of the photolysis laser flux and
C6H5X concentration within the reaction cell we prefer the value
of σ (504.8 nm)) (3.6( 1.6)× 10-19 cm2 molecule-1 derived
from fits to the phenyl radical decay.

The absorption cross section data from the present work can
be compared to two previous gas-phase measurements;σ (488
nm) ) (9 ( 4) × 10-19 cm2 molecule-1 by Preidel and Zellner8

andσ (504.8 nm)< 5 × 10-19 cm2 molecule-1 by Wallington
et al.17 Preidel and Zellner assumed that absorption they
observed at 488 nm was due to the rotational structure of the
vibrational band and pressure broadening of the nearby absorp-
tion band. However, no absorption at 488 nm was observed in
the present study. Wallington et al.17 deduced that the results
of Preidel and Zellner givesσ (504.8 nm)) (4.5( 2) × 10-18

cm2 molecule-1 and concluded that at the monitoring wave-
length employed by Preidel and Zellner there was substantial
interference by one or more absorption transient species other
than phenyl radicals. The present work supports this conclusion.
The upper limit ofσC6H5(504.8 nm)< 5 × 10-19 cm2 molecule-1

reported by Wallington et al.17 is consistent with the value
measured in the present work;σ (504.8 nm)) (3.6 ( 1.6) ×
10-19 cm2 molecule-1.

Radziszewski19 studied the UV and visible absorption of
phenyl radicals in low temperature (6 K) argon matrixes and
estimated an absorption cross section for the origin band ofσC6H5

(510.5 nm) ) 1.1 × 10-20 cm2 molecule-1. This result is
approximately 30 times less than the value measured in the gas
phase in the present work;σ (504.8 nm)) (3.6( 1.6)× 10-19

cm2 molecule-1. Interestingly, the cross section reported by
Radziszewski19 at the maximum of the UV absorption band,σ
(235.1 nm)) 8.4× 10-19 cm2 molecule-1, is approximately a
factor of 40 times less than that observed in the gas phase;σ
(240 nm) ) 3.6 × 10-17 cm2 molecule-1.17 The UV-vis
absorption observed in low-temperature argon matrixes by
Radziszewski19 appears to be uniformly 30-40 times less
intense than that observed in the gas phase. The UV-vis
absorption of species in low temperature argon matrixes is
usually comparable to that observed in the gas phase and it is
difficult to understand why the spectrum of Radziszewski19 is
a factor of 30-40 times less intense than that measured herein.

3.3. Cavity Ring-down Study ofk(C6H5+Cl2). The kinetics
of the reaction of phenyl radicals with molecular chlorine were

Figure 5. Plots of calculated absorption cross-section at 504.8 nm as
a function of [C6H5]o in experiments using (4-12) × 1014 molecules
cm-3 of chlorobenzene (top part) or (2-5) × 1014 molecules cm-3 of
bromobenzene (bottom part) with laser photolysis energies of 0.8-7.5
mJ cm-2 pulse-1.

[C6H5]0 ) Np[C6H5X]σC6H5X
193

φ

〈A〉0 ) σC6H5
[C6H5]0ls
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studied at Kyoto University using CRDS. Phenyl radicals were
produced by the 266 nm photolysis of C6H5NO (1.8-3.9 ×
1014 molecules cm-3)8 in 15 Torr of N2 diluent at 280-330 K
in the presence and absence of Cl2 ((0-5) × 1014 molecules
cm-3). Using our absorption cross section for C6H5, σ (504.8
nm)) (3.6( 1.6)× 10-19 cm2 molecule-1, the temporal decay
curves of the absorbance at 504.8 nm were measured at various
Cl2 concentrations and temperatures (T ) 280-330 K).

Figure 6 shows plots of the absorption at 504.8 nm following
266 nm photolysis of C6H5NO/Cl2/N2 mixtures with [Cl2] 0,
1.3 × 1014, 2.6× 1014 molecules cm-3 at 300 K. Under these
conditions, there are five possible chemical loss mechanisms
for phenyl radicals in the system:13,45

where the rate constants of those reactions are reported to bek9

) (8.14 ( 0.33) × 10-12 exp[(34 ( 16)/T] cm3 molecule-1

s-1,45 k3 ) (2.31 ( 0.18) × 10-11exp[(56 ( 36)/T] cm3

molecule-1 s-1,45 k10 ) 4.47× 10-12 exp[(433( 111)/T] cm3

molecule-1 s-1,13 and our rate constant of reaction 11:k11 )
(1.2 ( 0.4) × 10-10 cm3 molecule-1 s-1 (assumed to be
temperature independent). The observed decay of phenyl radicals
was simulated using a model consisting of reactions 3 and 8-11,
with k8 adjusted to give the best fit (shown by solid curves in
Figure 6). The result of the fitting procedure gavek8 ) (2.96
( 0.53)× 10-11 cm3 molecule-1 s-1 at 300 K.

The reaction of phenyl radicals with molecular chlorine
generates Cl atoms which raises the possibility that phenyl
radicals could be regenerated by reaction of Cl atoms with C6H5-
NO.

To explore this possibility experiments were performed to
quantify the generation of phenyl radicals following reaction
of Cl atoms with C6H5NO. In these experiments Cl atoms were
produced by the 355 nm photolysis of Cl2 (5-500 × 1013

molecules cm-3) in the presence of C6H5NO (1-230 × 1014

molecules cm-3) at a total pressure of 15 Torr with N2 diluent
at 298 K. Evidence of phenyl radical formation was sought by
monitoring at 504.8 nm. In these experiments there was no
observable formation of phenyl radicals with our CRDS study
(maximum detection limit is 5.6× 1012 molecules cm-3). We
conclude that generation of phenyl radicals via reaction of Cl
atoms with C6H5NO is not a significant complication in the
present work. Using the detection limit for phenyl radicals (5.6
× 1012 molecules cm-3), the photolysis laser photon number
density (4.55× 1017 photons cm-2), the concentration of Cl2

molecules (2.0× 1015 molecules cm-3) and C6H5NO (2.3 ×
1016 molecules cm-3), the absorption cross section of Cl2 at
355 nm (σCl2 (300 K)) 1.57 × 10-19cm2 molecule-1),47 the
Cl2 photodissociation quantum yield at 355 nm (assumed to be
unity), and the second-order decay rate constant of the reaction
of phenyl radical with Cl2 (2.96× 10-11 cm3 molecule-1 s-1),
an upper limit value ofk12 < 1.0 × 10-14 cm3 molecule-1 s-1

was determined.
To determine the Arrhenius expression for the reaction of

phenyl radical with Cl2, values ofk8 were determined at various
temperatures over the range (280-330 K). The results are listed
in Table 2 and plotted in Figure 7. The line through the data in
Figure 7 is a fit of the Arrhenius expression to the data which
gives k8 ) (1.0-0.5

+3.4) × 10-12 exp[(1000 ( 470)/T] cm3

molecule-1 s-1.
It can be argued that the data in Figure 7 suggest that the

Arrhenius plot for reaction 8 is curved. For completeness, a
modified Arrhenius expression with a temperature-dependent
preexponential factor,k ) BTnexp(Ea/RT), was fit to the data
in Figure 7. This analysis returned a value of n which was
indistinguishable from zero. We conclude that the kinetics of

Figure 6. Decay of absorption at 504.8 nm as a function of time
following the 266 nm photolysis of C6H5NO in the presence of different
concentrations of Cl2. The solid lines are fits to data.

Figure 7. Arrhenius plot for C6H5 + Cl2 reaction.

TABLE 2: Values of k(C6H5 + Cl2) Measured in the Present
Work

temperature (K) k(C6H5 + Cl2) (cm3 molecule-1 s-1)

280 (3.18( 0.32)× 10-11

290 (3.13( 0.48)× 10-11

300 (2.96( 0.53)× 10-11

310 (2.71( 0.23)× 10-11

320 (2.32( 0.24)× 10-11

330 (1.80( 0.35)× 10-11

C6H5 + Cl2 f C6H5Cl + Cl (8)

C6H5 + C6H5NO f (C6H5)2NO (9)

C6H5 + C6H5 f (C6H5)2 (3)

C6H5 + NO f C6H5NO (10)

C6H5 + Cl f products (11)

Cl + C6H5NO f C6H5 + NOCl (12)
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reaction 8 are adequately described by the simple Arrhenius
expressionk8 ) (1.0-0.5

+3.4) × 10-12 exp[(1000( 470)/T] cm3

molecule-1 s-1. The negative activation energy suggests that
the reaction of phenyl radicals with Cl2 proceeds via an
associated complex as shown below.

3.4. Relative Rate Study ofk(C6H5+Cl2)/k(C6H5+O2). The
rate constant ratiok8/k1 was measured using a FTIR smog
chamber system at Ford by irradiating C6H5CHO/O2/Cl2/N2

mixtures and observing the dependence of the C6H5Cl yield on
the concentration ratio [Cl2]/[O2].

Phenyl radicals were generated via the Cl atom initiated
oxidation of benzaldehyde.

Experiments were performed at total pressures of 10-700
Torr of N2 diluent with the concentration ratios [Cl2]/[O2] of
0.028-0.124. Figure 8 shows typical IR spectra obtained before

Figure 8. IR spectra obtained before (A) and after (B) a 7 sirradiation of a mixture of 9.92 mTorr C6H5CHO, 5.52 Torr O2 and 557 mTorr Cl2
in 700 Torr of N2 at 296 K. Parts D and E are reference spectra of C6H5C(O)Cl and C6H5Cl, respectively.

C6H5 + Cl2 f [C6H5-Cl2] f C6H5Cl + Cl (8)

C6H5 + Cl2 f C6H5Cl + Cl (8)

C6H5 + O2 + M f C6H5O2 + M (1)

Cl2 + hV(λg290 nm)f 2 Cl (13)

Cl + C6H5CHO f C6H5C(O) + HCl (14)

C6H5C(O) + Cl2 f C6H5C(O)Cl + Cl (15)

C6H5C(O) + O2 + M f C6H5C(O)O2 + M (16)

C6H5C(O)O2 + C6H5C(O)O2 f 2C6H5C(O)O+ O2 (17)

C6H5C(O)Of C6H5 + CO2 (18)
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(A) and after (B) a 7 sirradiation of a mixture of 9.92 mTorr
C6H5CHO, 5.52 Torr O2 and 557 mTorr Cl2 in 700 Torr of N2

at 296 K. Subtraction of features attributable to C6H5CHO from
part B gives the product spectrum shown in part C. Comparison
of the IR features in part C with reference spectra of C6H5C(O)Cl
and C6H5Cl in parts D and E shows the formation of these
compounds.

The molar yield of C6H5Cl, YC6H5Cl, provides a measure of
the importance of reaction 8 as a fate of phenyl radicals. The
molar yield of CO2, YCO2, provides a measure of the yield of
phenyl radicals. Assuming that phenyl radicals are lost by
reaction with either Cl2 or O2, then a plot ofYC6H5Cl/(YCO2 -
YC6H5Cl) versus [Cl2]/[O2] should be linear, pass through origin,
and have a slope) k8/k1. Using similar logic, a plot of
YC6H5C(O)Cl/(1 - YC6H5C(O)Cl) should be linear, pass through origin,
and have a slope) k15/k16.48 Figure 9 shows a plot ofYC6H5C(O)Cl/
(1 - YC6H5C(O)Cl) versus [Cl2]/[O2] for experiments conducted
in 10, 100, or 700 Torr of N2 diluent. By analogy to the reactions
of other alkyl radicals with Cl2, it is expected that the kinetics
of reaction 8 will not be dependent on total pressure. As seen
from Figure 9, there was no observable effect of total pressure
over the range studied suggesting that reaction 1 is at or near
the high-pressure limit for total pressures>10 Torr of N2 diluent.
Linear least-squares analysis of the data in Figure 9 givek8/k1

) 2.1 ( 0.4 andk15/k16 ) 8.7 ( 1.8. Quoted errors include
two standard deviations from the regression analysis and
uncertainties associated with the reference spectra. The value
of k15/k16 is consistent with that reported previously.48 Com-
bining k8/k1 ) 2.1 ( 0.4 withk8 ) (2.96( 0.53)× 10-11 (see
section 3.3) givesk1 ) (1.4 ( 0.4) x 10-11 cm3 molecule-1

s-1.
There have been three previous measurements ofk1 in the

gas phase. Preidel and Zellner8 monitored the phenyl radical
using absorption at 488 nm following the photolysis of C6H5Cl
in the presence of O2 and derived an upper limit ofk1 < 2.0×
10-17 cm3 molecule-1 s-1. As discussed in section 3.3, it is
now understood that phenyl radicals do not absorb at the
monitoring wavelength employed by Preidel and Zellner8 and
their value fork1 does not need to be considered further. Yu
and Lin conducted two studies ofk1. In their first study the
loss of phenyl radicals in the presence of O2 was monitored at

504.8 nm and a value ofk1 ) (3.87 ( 0.43) × 10-15 cm3

molecule-1 s-1 was derived.10 In their second study it was found
that absorption by C6H5O2 radicals was substantial at 504.8 nm
and that this interference led to a significant underestimation
of k1.11 By monitoring the rate of formation of C6H5O2 radicals
using its absorption at 496.4 nm, a value ofk1 ) (1.81( 0.11)
× 10-11 cm3 molecule-1 s-1 was derived in 40 Torr of Ar at
297 K.11 The result from the present work,k1 ) (1.4 ( 0.4)×
10-11 cm3 molecule-1 s-1, is in agreement with that reported
by Yu and Lin11 and with that observed in the aqueous phase.49

The consistency between the values ofk1 derived from monitor-
ing the rise of absorption at 496.4 nm in real time over a period
of approximately 1 ms11 and by the FTIR relative rate methods
herein over much longer time scales (minutes) show that the
peroxy radical C6H5O2 formed in reaction 1 is a stable species.

4. Conclusions

We report herein the first absolute measurement of the visible
absorption spectrum of the phenyl radical in the region 490-
535 nm. The absorption cross sections reported here will
facilitate quantification of phenyl radicals in future spectroscopic
studies. Rate data concerning the reactions of phenyl radicals
with Cl, Br, and Cl2 are measured for the first time. At ambient
temperature and pressure the reaction of phenyl radicals with
O2 is shown to proceed with a rate constantk1 ) (1.4( 0.4)×
10-11 cm3 molecule-1 s-1. In one atmosphere of air the lifetime
of phenyl radicals with respect to addition of O2 to give C6H5O2

radicals is approximately 1.4× 10-8 s. Further studies are
needed to elucidate the atmospheric fate of C6H5O2 radicals.
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