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The electronic absorption spectrum of the benzyl radical (C6H5CH2
•) has been measured in the region of the

vibrationally mixed 12A2-22B1 excited states near 450 nm by cavity ring-down spectroscopy (CRDS) in 20
Torr of argon or nitrogen diluents at 298 K. The absorption cross section was determined from the CRDS
absorption and the rates of radical-radical cross reactions. At 447.7 nm,σbenzyl ) (2.2 ( 0.8) × 10-18 cm2

molecule-1 (base e). The rate constant for the reaction of benzyl radicals with Cl atoms was derived during
the modeling:k(C6H5CH2 + Cl) ) (2.5( 1.0)× 10-10 cm3 molecule-1 s-1. Time-dependent density functional
theory calculations support the interpretation of the absorption spectrum of the benzyl radical.

Introduction

Aromatic compounds such as benzene, toluene, and the
xylenes are of great interest in the chemistry of the urban
atmosphere because of their abundance in motor vehicle
emissions and because of their reactivity with respect to ozone
and organic aerosol formation. Of the aromatic compounds,
toluene has the highest typical ambient concentration (∼100
ppb) in urban areas.1 Toluene is degraded in the troposphere
via reaction with OH radicals, and about 10% of the reaction
proceeds via H-atom abstraction from the methyl group, leading
to the formation of the benzyl radical (C6H5CH2

•). Benzaldehyde
and benzyl nitrate are produced after benzyl formation by
following reactions involving the benzyl peroxy radical.
Spectroscopic and kinetic data concerning benzyl radicals are
needed to understand the environmental impact of vehicle
exhaust.

In a pioneering gas-phase flash photolysis study, Porter and
Ward established that benzyl radicals have weak absorption
bands in the visible region (430-455 nm).2 There are two
degenerate low-lying excited states of A2 and B1 symmetry near
450 nm.3 Using a two-mode vibronic coupling model, Cossart-
Magos and Leach4 carried out a rotational contour analysis of
the emission spectra at room temperature that clearly assigned
these to an excitation from the zero vibrational level of the 22B1

state to a vibrational level of the 12A2 state. Cossart-Magos and
Goetz5 reported the rotational analysis of the visible absorption
bands and a determination of the variations of the rotational
constants accompanying the vibronic transitions corresponding
to each band. Laser-induced fluorescence (LIF) and multiphoton
ionization (MPI) methods have been applied to study the
vibronic coupling mechanism in the 12A2-22B1 excited states
of the benzyl radical.6-15 Eiden and Weisshaar14 have compiled
most of the available experimental and theoretical data and have
modeled a scheme for the vibronic coupling mechanism in the
12A2 and 22B1states of the benzyl radical. The visible and UV
absorption spectra of benzyl radicals in low-temperature rare-
gas matrices have been the subject of several experimental
investigations.16-18

The geometric and electronic structure of the ground and
lower excited states of the benzyl radical has been the subject
of theoretical studies. Rice et al.19 performed multiconfigura-
tion ab initio calculations on ground and lower excited
states of the benzyl radical. Hiratsuka et al.20 reported energy
levels and oscillator strengths of the benzyl radicals by CNDO/S
CI calculations. Negri et al.21 studied the absorption and
emission spectra including the effects of vibronic coupling by
semiempirical theory. Gunion et al.22 reported the geometry
and harmonic frequencies for the benzyl radical at the HF/
6-31G(d,p) level of theory.

Despite numerous studies, significant uncertainties remain in
our understanding of the spectroscopy and kinetics. For example,
the absolute strength of the visible absorption spectrum is
unknown. In this study, we present the absolute absorption
spectrum of the benzyl radical in the visible region measured
by cavity ring-down spectroscopy (CRDS). The kinetics of
reaction of benzyl radicals and Cl atoms was also investigated.
Time-dependent density functional theory (TD-DFT) calcula-
tions were performed to support the spectroscopic work.

Experimental and Computational Details

CRDS has been well established in the field of chemical
kinetic study.23 The laser photolysis/CRDS apparatus that was
used is described in detail elsewhere.24 The system employs
two pulsed lasers. The first laser (193.3-nm output of an excimer
laser, Lambda Physik COMPex 110) was used to photolyze a
suitable precursor to generate benzyl radicals. The photolysis
laser was 3 cm wide, and the average photon flux across the
entire sample was uniform within 10%. The photolysis laser
was 3 cm wide. The second laser (Lambda Physik LPD 3002;
coumarin 450, pumped by the 308-nm output of an excimer
laser Lambda Physik LPX 110) was used to probe the absorption
of the benzyl radical. 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 beam was injected
through one of two high-reflectivity mirrors that made up the
ring-down cavity. The mirrors (Research Electro Optics) had a
specified maximum reflectivity of 0.9995 at 457 nm, a diameter
of 25.4 mm, and a radius of curvature of 1.2 m and were* Corresponding author. E-mail: tonokura@reac.t.u-tokyo.ac.jp.
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mounted 0.625 m apart. Light leaking from one of the mirrors
of the ring-down cavity was detected by a photomultiplier tube
(PMT; Hamamatsu R955). The decay of the light intensity was
recorded using a digital oscilloscope (Tektronix TDS 520C) 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 (4µs at
447 nm),LR is the length of the reaction region (3 cm),L is the
cavity length (0.625 m), andτ is the measured cavity ring-down
time.n andσ are the concentration and absorption cross sections,
respectively, of the species of interest, andc is the velocity of
light. Absorption spectra were obtained by scanning the
wavelength of the probe laser with a spectral resolution of 0.1
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). The initial
benzyl concentrations were typically in the range of (1-10) ×
1013 molecules cm-3 with precursor concentrations on the order
of 1014 molecules cm-3 and a laser photon density of∼5 ×
1015 photons cm-2. The detection limit of the benzyl radical
with the present apparatus is estimated to be∼1011 molecules
cm-3.

The reaction cell was evacuated by a combination of an oil
rotary pump with a liquid-nitrogen trap. The pressure in the
cell was monitored by an absolute pressure gauge (MKS
Baratron 622A). Gas flows were measured and regulated by
mass flow controllers (Kofloc 3650). A slow flow of nitrogen
or argon diluent gases was introduced at both ends of the ring-
down cavity close to the mirrors and photolysis-beam entrance
windows to minimize deterioration caused by exposure to
reactants and products. Ethylbenzene (Aldrich, 99.8%) and
benzyl chloride (Aldrich, 99%) were used as the photolytic
precursor for benzyl radicals and were introduced into the
reaction cell by passing a diluent gas. The total flow rate was
kept constant at 1000 sccm. Reagent concentrations were
calculated from the flow rates and total pressure. Spectroscopic
and kinetic experiments were performed using a laser repetition
of 1-5 Hz to ensure the removal of the reacted mixture and
the replenishment of the gas sample between successive laser
shots. Ethylbenzene and benzyl chloride were freeze-pump-
thawed in liquid nitrogen to remove volatile contaminants.

The equilibrium geometry of the ground state of the benzyl
radical was optimized by employing hybrid density functional
theory B3LYP based on Becke’s three-grid integration25 and
exchange functional and the correction functional of Lee, Yang,
and Parr26 with Dunning’s correction-consistent aug-cc-pVDZ
basis set.27 Electronic transitions of the benzyl radical
were investigated by employing TD-DFT calculations.28,29

The calculations were based on the2B1 ground-state equi-
librium.3 C2V molecular symmetry was assumed for the equi-
librium geometry of the ground state. Calculations were
carried out using the Gaussian 9830 and Q-Chem program
packages.31

Results and Discussion

The laser photolysis experiments were performed to produce
benzyl radical and to characterize its absorption spectrum in
the spectral range 445-455 nm. In these experiments benzyl

radicals were generated from the 193 nm excimer laser
photolysis of C6H5CH2X.

The dominant channel of ethylbenzene following the 193-nm
photoexcitation is the C-C bond cleavage,32 and the dissociation
rate is 2× 107 s-1 at 0 Torr.33,34The H-atom elimination channel
is negligibly small.35 Hippler et al.34,36,37reported the pressure
dependence of the quantum yield for benzyl formationφ(p) in
the 193.3-nm photolysis of ethylbenzene. Under our experi-
mental conditions (p ) 20 Torr), φ is 0.6.38 Ichimura et al.39

reported that the quantum yield of photodissociation of benzyl
formation in the photoexcitation of benzyl chloride to the S3

state at 184.9 nm was 0.9. Because benzyl chloride is also
excited to the S3 state at 193.3-nm photoexcitation, the quantum
yield for benzyl formation can be assumed to be 0.9. They also
estimated the photodissociation rate to be 1010 s-1. The initial
benzyl concentration in the photolysis experiments is estimated
from the relation

where [C6H5CH2X] andσ are the benzyl precursor concentration
and absorption cross-section (σC6H5CH2CH3 ) 1.9 × 10-17 cm2

molecule-1,37 σC6H5CH2Cl ) 2.7 × 10-17 cm2 molecule-1 40),
respectively, andNp is the number density of laser photons as
determined from laser-pulse energy measurements.

Figure 1 shows the absorption spectrum of the benzyl radical
produced in the 193.3-nm photolysis of ethylbenzene. The same
absorption spectrum was observed following the 193.3-nm
photolysis of benzyl chloride. The spectrum feature did not vary
on the time scale of the measurements. Plots of absorbance
versus photolysis laser power had a slope of 1.0( 0.1, indicating
that the absorbing species is formed in a one-photon process.
The peak positions in the spectrum agree with the electronic
absorption spectrum ascribed to a visible electronic transition
of the benzyl radical with a band origin at 22 002 cm-1 reported
by Porter and Ward.2 This absorption band has been assigned
to the excitation of vibrationally mixed 12A2-22B1 excited
states. Table 1 shows the calculated and observed electronic
transitions of the benzyl radical. Two close-lying electronic
states (12A2 and 22B1) in the visible region and two intense
transitions (22A2 r 12B1 and 42B2 r 12B1) in the UV region
are calculated at the TD-B3LYP/aug-cc-pVDZ level of theory.
The TD-DFT energies agree remarkably well with experimental
values.

Figure 2a and b shows the transient absorption at 447.7 nm
observed as a function of time following the 193.3-nm photolysis
of mixtures containing either C6H5CH2CH3 or C6H5CH2Cl in
20 Torr of nitrogen diluent at 298 K. The transient absorption

TABLE 1: Benzyl Radical Excitation Energies, Oscillator
Strengths, and Absorption Cross Sections

calculated observed

state
energy

(103 cm-1) f a
energy

(103 cm-1) σ (10-18cm2 molecule-1)

12A2 25.4 0.0004 22.4 2.2( 0.8b

22B1 27.2 0.0024
22A2 30.4 0.0258 32.8 35( 9,c 28 ( 6d

32B1 34.0 0.0035
42B1 38.1 0.2950 39.5 110( 30,c 107( 21d

a Oscillator strength for the electronic transition.b This work. c Ref-
erence 50.d Reference 51.

C6H5CH2X + 193.3 nmf C6H5CH2 + X X ) CH3, Cl
(R1)

[C6H5CH2]0 ) Np[C6H5CH2X]σC6H5CH2X
193

φ (1)

I(t) ) I0 exp(- t
τ) ) I0 exp(- t

τ0
- σnc(LR

L )t)
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profiles in Figure 2 can be used to extract information
concerning the absorption cross section and reaction kinetics
of benzyl radicals.24 When the probe-laser bandwidth is narrower
than the width of the absorption feature of interest, the
absorption measurements in CRDS provide accurate measure-
ments of the number densities.41 Because the probe-laser
bandwidth is less than one tenth of the width of the absorption
feature at 447.7 nm, accurate measurements of benzyl radical
concentration should be provided in the present experiments.
As mentioned above, the benzyl radical quantum yields fol-
lowing the 193.3-nm photoexcitation of C6H5CH2CH3 and C6H5-
CH2Cl are 0.6 (20 Torr) and 0.9, respectively. Photolyzing
C6H5CH2X (X ) CH3 or Cl) gives rise to equal concentrations

of benzyl radicals and methyl radicals or chlorine atoms, which
can then undergo self-reaction, cross reaction, and reaction with
C6H5CH2X.

Tables 2 and 3 present the reaction mechanisms of the benzyl
radicals following 193-nm photolysis of ethylbenzene and benzyl
chloride. Recombination rate constants of the benzyl radicals
have been measured over the range of 400-520 K and were
found to be independent of temperature over the range;k2 )
(2.9 ( 0.3)× 10-11 cm3 molecule-1 s-1.42 We used this value
in the kinetic model. Benzyl radicals react very slowly with
aromatic compounds such as C6H5CH2CH3 and C6H5CH2Cl;34,43

reaction (R5) is not important in the present work.

The cross reaction of benzyl with methyl (reaction R3)
proceeds with a rate constant of 1.4× 10-11 cm3 molecule-1

s-1.37 The recombination of methyl radicals via reaction R4 is
well established: k4,methyl (20 Torr) ) 5.2 × 10-11 cm3

molecule-1 s-1.44 Methyl radicals react very slowly with
aromatic compounds such as benzene and toluene (rate constants
are less than 10-16 cm3 molecule-1 s-1 at 298 K45,46); reaction
R6 would be not significant in the ethylbenzene system.

In the benzyl chloride photolysis, the recombination of Cl
atoms via reaction R4 in 20 Torr of diluent gases proceeds
slowly (pseudo-second-order rate constants of approximately
10-14 cm3 molecule-1 s-1 47); reaction R4 is not important on
the time scale of the present experiments (<1 ms). The reaction
of Cl atoms with C6H5CH2Cl via reaction R6 proceeds with a
rate constant of (9.6( 0.6)× 10-12 cm3 molecule-1 s-1.48 There
are two reported values ofk3(C6H5CH2 + Cl): 2.1 × 10-10

cm3 molecule-1 s-1 49 and (6.9(1.4)× 10-10 cm3 molecule-1

s-1.50

To derive the value forσ(447.7 nm), the observed benzyl
radical decays such as those shown in Figure 2; the coupled

Figure 1. Absorption spectrum of the benzyl radical observed from the 193.3-nm photolysis of ethylbenzene. The time delay between the photolysis
and probe laser beams was 10µs. The lower stick spectrum shows the positions and relative intensities of the benzyl radical absorption peaks
reported by Porter and Ward.2

Figure 2. Absorbance at 447.7 nm by benzyl radicals following the
193.3-nm photolysis of (a) ethylbenzene and (b) benzyl chloride in 20
Torr of nitrogen diluent versus the time delay between photolysis and
the probe laser. The solid curves are fits to the data. (See the text for
details.)

C6H5CH2 + C6H5CH2 f products (R2)

C6H5CH2 + X f products (R3)

X + X f X2 (R4)

C6H5CH2 + C6H5CH2X f products
(R5)

X + C6H5CH2X f products (R6)
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differential equations describing the loss of C6H5CH2 radicals
and CH3 radicals in the ethylbenzene system were solved by
numerical integration routines.24 Two parameters were varied
simultaneously to provide the best fit: [C6H5CH2]o ) [CH3]o

and σ(447.7 nm). The rate constant ofk3(C6H5CH2 + Cl) is
added as a fitting parameter in the benzyl chloride system. The
curves in Figure 2 are fits to the data that show that the model
provides a good description of the experimental observations.
Experiments employing C6H5CH2CH3 photolysis gave a value
of σ(447.7 nm) ) (1.9 ( 0.4) × 10-18 cm2 molecule-1.
Experiments employing C6H5CH2Cl photolysis gave values of
k3(C6H5CH2 + Cl) ) (2.5 ( 1.0)× 10-10 cm3 molecule-1 s-1

andσ(447.7 nm)) (2.6 ( 0.4) × 10-18 cm2 molecule-1. The
values ofσ(447.7 nm) derived from experiments employing
C6H5CH2CH3 and C6H5CH2Cl photolysis were indistinguishable
within the experimental uncertainties. The variation of the initial
radical concentration by an order of magnitude had no discern-
ible impact on the values ofk3(C6H5CH2 + Cl) or σ(447.7 nm)
(see Figure 3) that were returned from the fitting procedure.
As another approach, the absorption cross section can be
estimated directly from the initial absorbanceA0, [C6H5CH2]0,
andLR:

[C6H5CH2]0 can be estimated from eq 1. Using this approach,
we derived values ofσ(447.7 nm)) (1.7 ( 0.4) × 10-18 cm2

molecule-1 for the ethylbenzene precursor and (2.8( 1.0) ×
10-18 cm2 molecule-1 for the benzyl chloride precursor. The
values of σ (447.7 nm) obtained using the two different
approaches are indistinguishable within the experimental un-
certainties. We recommend quoting the mean value of the two
approaches,σ (447.7 nm) ) (2.2 ( 0.8) × 10-18 cm2

molecule-1, as the best working value of the benzyl absorption
cross section at 447.7 nm. Because this is the first determination
of an absolute absorption cross section of the benzyl radical in
the visible region in the gas-phase, comparable literature values
are not obtained.

The A1 and A2 bands in the visible absorption region (Figure
1) gain their intensity through the mixing of certain b2 symmetry
modes of the 12A2 state with the nearby 22B1 00 state (zero
vibrational level).4,5,11,12The oscillator strength of the 22B1 r
12B1 transition is 1 order of magnitude larger than that of the
12A2 r 12B1 transition (Table 1). This is consistent with the
relative electronic transition strength factor ofS2

B-X/S2
A-X )

15 estimated by Eiden and Weisshaar.14 The absorption cross
section in the visible band can be roughly estimated from the
oscillator strength in the UV and visible bands and the
absorption cross sections of the UV bands.

where σ is the absorption cross section at the absorption
maximum andf is the oscillator strength. The absorption cross
sections in the UV band are listed in Table 1. Using eq 3,
σ(22B1) ) 2.6 × 10-18 and 0.9× 10-18 cm2 molecule-1 are
derived on the basis of the 22A2 and 42B1 bands, respectively.
The values estimated from the oscillator strengths and UV
absorption cross sections are consistent with the value of
σ(447.7 nm)) (2.2 ( 0.8) × 10-18 cm2 molecule-1.

It should be noted that UV-vis absorption spectrum of benzyl
radicals has been well studied in the condensed phase. Andrews
et al.17 studied the UV and visible absorption of benzyl radicals
in low-temperature (21 K) argon matrices. In the condensed
phase, these absorption bands shift to the red side of the gas-
phase bands. They measured the absorbance (A) in the UV and
visible regions:A(310.5 nm)) 0.18 andA(449.6 nm)) 0.010.
In the gas phase, the absorption cross section at 305.3 nm was
determined to be ca. 3× 10-17 cm2 molecule-1 (Table 1).50,51

Using these values, an absorption cross section ofσ(447.7 nm)
) 1.7× 10-18 cm2 molecule-1 is derived. This value supports
the value measured in the present work:σ (447.7 nm)) (2.2
( 0.8) × 10-18 cm2 molecule-1.

There have been two reported values ofk3(C6H5CH2 + Cl)
in the gas phase. Benson and Weissman49 estimated a rate

TABLE 2: Reactions Used in the Modeling of the Benzyl Radical Kinetics in the 193-nm Photolysis of Ethylbenzene

reaction rate constant (cm3 molecule-1 s-1) refs

C6H5CH2CH3 + 193.3 nmf C6H5CH2 + CH3 (2.3( 0.2)× 107 s-1, φ ) 0.6 (20 Torr) 34, 38
C6H5CH2 + C6H5CH2 f products (2.9( 0.3)× 10-11 42
C6H5CH2 + CH3 f products 1.4× 10-11 37
CH3 + CH3 f C2H6 5.2× 10-11(20 Torr) 44

TABLE 3: Reactions Used in the Modeling of the Benzyl Radical Kinetics in the 193-nm Photolysis of Benzyl Chloride

reaction rate constant (cm3 molecule-1 s-1) refs

C6H5CH2Cl + 193.3 nmf C6H5CH2 + Cl 1010 s-1, φ ) 0.9 39
C6H5CH2 + C6H5CH2 f products (2.9( 0.3)× 10-11 42
C6H5CH2 + Cl f products (2.5( 1.0)× 10-10 this study
C6H5CH2Cl + Cl f products (9.6( 0.6)× 10-12 48

Figure 3. Plots of calculated absorption cross sections at 447.7 nm as
a function of [C6H5CH2]o in experiments using (a) (3-10) × 1014

molecule cm-3 of ethylbenzene and (b) (1-3) × 1014 molecule cm-3

of benzyl chloride with laser photolysis energies of∼5.0 mJ cm-2

pulse-1.

A0 ) σC6H5CH2
[C6H5CH2]0LR (2)

σ(22B1) )
f(22B1)

f(22A2 or 42B1)
σ(22A2 or 42B1) (3)
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constant of 2.1× 10-10 cm3 molecule-1 s-1. Market and
Pagsberg monitored the loss of benzyl radicals in the
C6H5CH3/CCl4/Ar photolysis system, and a value of
k3(C6H5CH2 + Cl) ) (6.9 ( 1.4)× 10-10 cm3 molecule-1 s-1

was derived.50 The result from the present work,k3(C6H5CH2

+ Cl) ) (2.5 ( 1.0) × 10-10 cm3 molecule-1 s-1, is in
agreement with that reported by Benson and Weissman49 and
is almost identical to those of the reactions of other hydrocarbon
radicals with Cl atoms at 298 K (i.e.,k(CH3 + Cl) ) 2.6 ×
10-11 cm3 molecule-1 s-1,52 k(C2H5 + Cl) ) 2.4 × 10-10 cm3

molecule-1 s-1,53 k(C6H7 + Cl) ) 1 × 10-10 cm3 molecule-1

s-1,54 k(C6H5 + Cl) ) 1.2 × 10-10 cm3 molecule-1 s-1 24).

Conclusions

We report herein the first absolute measurement of the visible
absorption spectrum of the benzyl radical in the region of 445-
455 nm using the laser photolysis/cavity ring-down technique.
The absorption cross sections reported here will facilitate the
quantification of the benzyl radical in future kinetic studies.
Benzyl radicals react rapidly with Cl atoms with a rate constant
of k(C6H5CH2 + Cl) ) (2.5 ( 1.0) × 10-10 cm3 molecule-1

s-1. This value is in good agreement with the estimated value
reported by Benson and Weissman49 of 2.1 × 10-10 cm3

molecule-1 s-1.
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