J. Phys. Chem. R004,108, 7801-7805 7801
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Cavity ring-down spectroscopy combined with pulsed laser photolysis has been used to study the near-ultraviolet
absorption spectrum (37310 nm, 2B, — X2B; transition) of the phenoxyl radical §8:0%) in 10—20 Torr

of nitrogen diluent at 298 K. By using a numerical fitting routine on the basis of a modeling of chemical
reaction system, the absorption cross section of the phenoxyl radical was obtaindd,7 4= 2.3) x 1078

cn? molecule’ (base e) at 394.4 nm. A spectrum simulation was carried out using available Fi@ookon
integrals with a 400 cmi Lorentzian line width, which suggests a short-lived excited state. Time-dependent
density functional theory (TD-UB3LYP/aug-cc-pVTZ) calculations supported the interpretation of the absorption
band for the phenoxyl radical. The rate constant of the phenoxyl radicals with methyl radicals was derived,
K(CeHsO + CHz) = (6.2 4 2.6) x 107 cm® molecule® s, at 298 K in 20 Torr of nitrogen diluent.

1. Introduction under pulse radiolysis experiments in the gas phase. Radzisze-
i 14,15 it i i
Phenoxy! radical (§HsO") is an important intermediate in wski et al*'> reported transition symmetries and absorption

the high-temperature hydrocarbon combustion and low-temper- coefhments of the phenoxyl absorpt|0n§ in the entire 1600
ature atmospheric oxidation of small aromatic compounds suchM M the low-temperature argon matrices. Resonar}ce Raman
as benzene and toluene, which are important constituents ofSPectroscopy has been _appl_led ;g gain information about
automotive gasoline. In combustion systems, the phenoxyl MPlecular structure and wbra_uoﬁ@: _
radical is formed via the reaction of phenyl radical with oxygen 10 improve our understanding of phenoxyl radical spectros-
molecule and decomposes into cyclopentadienyl radical andCOPY, we studied the near-UV absorption spectrum using cavity
carbon monoxide. The self-reaction of the cyclopentadienyl fng-down spectroscopy. Time-dependent density functional
radicals leads to the naphthalene formation. Therefore, thetheory calculations were performed to support the spectroscopic
phenoxyl radical is an important intermediate in the formation Work. Reaction of phenoxyl radical with methyl radicals is
of soot and polycyclic aromatic hydrocarbons (PAMH$) has important in the combustion system, since t_he methyl radical
been postulated that the phenoxyl radical plays an importantiS one of the most abundant radical species in the hydrocarbon
role in the formation of ozone and secondary organic aerosol Combustiort. Kinetic data for the reaction of the phenoxyl
particles in urban ait. radicals with methyl radicals was also examined in this study.
Recognition of the importance of the phenoxyl radicals has
led to numerious experimental and computational studies of its 2. Experimental and Computational Details
spectroscopy and kinetics. Electronic absorption spectra of the ] . ]
phenoxyl radicals have been studied both in 3gasand All experiments were carried out by using the CRDS
condensed phasE¥-15 and discussed by several ab initio combllned.wr[h pulsed laser photply5|s in a floyv reactor
calculationg6-2! The UV absorption spectra of the phenoxyl described in detail elsewhei® 2 The ring-down cavity is 0.625
radical between 220 and 300 nm have been widely studied in™ long with a pair of high reflectance mirrors (Los Gatos
the gas phas&= In the ultraviolet photoelectron spectroscopy ReésearchR > 0.9997 at 390 nm), wit a 6 mradius of
study of the phenoxide, Gunion et Zl.observed a new  curvature, a diameter of 20 mm, and a usable bandwidth of
absorption of the phenoxyl radical at..06 eV (1170 nm). This ~ @Pproximately+20 nm.
absorption band has been assigned to the lowest excited state The system employs two pulsed lasers. The pulsed ArF
by quantum chemical calculatio&$16:21.23The visible absorp- excimer laser (193.3 nm, Lambda Physik COMPex 110) was
tion bands of the phenoxyl radical have been observed aroundused to photolyze a suitable precursor to generate phenoxyl
600 nm® Yu et al® measured the absorption spectrum of the radicals. The photolysis laser power used wa$inJ cn?
phenoxyl radical using cavity ring-down spectroscopy (CRDS) per pulse. The average photon flux across the entire sample
in the region of 556-602 nm and studied the kinetics of the was uniform within 10%. The excimer pumped dye laser
phenoxyl radical. Platz et &imeasured the absorption spectrum (Lambda Physik LPX 116~ Lambda Physik LPD 3002510

of the phenoxyl radical in the wavelength range 2200 nm uJ pulse’) was used to probe absorption of the phenoxyl
radical. The photolysis laser entered the flow cell at a right angle
* Corresponding author. E-mail: tonokura@esc.u-tokyo.ac.jp. Fedd- to the cavity and overlapped the probe laser beam at the center
3-5841-2119. of the flow cell. The probe laser was injected through one of
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TABLE 1: Absorption Cross-Sections of the Phenoxyl Wavelength (nm)
Radical 410 400 390 380 a
calculated observed £ 1500 T ' ' ' 10 3,
energy oscillator energy o(10*®cn? % 1000f  Experimental 3
states  (10°cm™?) strength  (10°cm™?) molecule'?) e 5 57
8 =3
1%B, 8.4 0.0000 8. £ S0 g
1A, 18.9 0.0048 160 0.6' 2 o 5.
2°B; 28.8 0.0328 25.2 1£2.3 ~-
5.0
22A, 36.0 0.0399 33.9 142
9.7 Simulated
7h
4B, 431 0.1624 41.8 382 . | - ol
38.® 24500 25000 25500 26000 26500
24 Wavenumber (cm’)

Figure 1. Experimental (top) and simulated (bottom) absorption spectra
of the phenyl radical.

aTD-UB3LYP/aug-cc-pVTZ calculation®.Reference 225 Refer-
ence 59In an Ar matrix. Reference 14.This work.f Reference 8.

9 Reference 7" Reference 6. ] ) ]
radical. Figure 1 shows the absorption spectrum of the phenoxyl

a cutoff filter (BG24A) and a diffuser with a photomultiplier  radical in the spectral region between 375 and 410 nm. The
tube (PMT; Hamamatsu R955) mounted behind another mirror. same absorption spectrum was observed with two different
The output of the signal from the PMT was fed to a 500 MHz precursors, which is a strong evidence for the production and
digital oscilloscope (Tektronix TDS 520C) and transferred to a detection of the same spectral carrier in these systems. The
personal computer (PC). The intensity decay rate was obtainedabsorption spectrum exhibits no fine structure within the probe

by fitting the ring-down waveform to a single-exponential decay
function. Absorption spectra were obtained with a spectral
resolution of 0.2 cmt. Typically, ring-down waveforms were

laser bandwidthAv = 0.2 cnT!) and no dependence on total
pressure (1650 Torr, 1 Torr~ 133.322 Pa). The absorption
spectra were measured by recording the initial absorbance

averaged over 25 laser shots for each spectral point before beindollowing pulsed photolysis of the precursor molecules. The time

transferred to the PC. The decay of the light intensity is given
by the expression:

[(t) = I, exp(t/t) = |, exp(—t/ty — ond(Lg/L)t)

Here lp and I(t) are the intensities of light at time 0 arid
respectively.zrp is the empty cavity ring-down time (2s at
400 nm).Lr is the length of the reaction region (30 mrh)is

the cavity length (0.625 m}.is the measured cavity ring-down
time.n ando are the concentration and absorption cross section
of the species of interest, amds the velocity of light.

Gas flows were regulated by calibrated mass flow controllers
(Kofloc 3650). Anisole (Aldrich, 99.9%) and phenol (Aldrich,
>99.9%) were freezepump—thaw degassed in liquid nitrogen
to remove any volatile contaminants., NNippon Sanso,

between the photolysis and probe laser beams was 5

The typical dependences of absorbance vs photolysis laser
power exhibit slopes of 1.0 0.03 and 1.03: 0.03 for anisole
and phenol, respectively, indicating that it is a one-photon
absorption process. The dependences of absorbance vs precursor
concentration were also unity. Multiphoton excitation of the
parent molecule and secondary photodissociation of primary
products are not significant. The peak positions in the spectrum
agree with the electronic absorption spectrum ascribed to the
phenoxyl radical with a band origin at 25 320 chreported
by Land et al* and Platz et aB,indicating the production and
detection of the phenoxyl radical in the present study. Takahashi
et al1® calculated the vertical transition energy of the electronic
absorption of the phenoxyl radical by MRCI—SD calculations
with the DZV basis set. The excitation energy for {#82—

>09.9999%) at 760 Torr passed through a bubbler containing X2B; transition was expected to be 26 340 GmLiu et al2!
sample at room temperature. The total pressure was measured s, caicylated the vertical excitation energy of 27 142tm

at the center of the flow cell with a capacitance manometer ¢, o 2B,

(MKS Baratron 622). All experiments were carried out at room
temperature (298 5 K). Quoted uncertainties are one standard
deviation from regression analyses.

The equilibrium geometry of the ground state of the phenoxyl
radical was optimized employing a hybrid density function
theory B3LYP, based on Becke’s three-grid integratteand
exchange functional and the correction functional of Lee, Yang,
and Pare® with Dunning’s correction consistent aug-cc-pVTZ
basis set® Electronic transitions of the phenoxyl radical were
investigated employing time-dependent density functional theory
(TD-DFT) calculations$’ The calculations were based on the
2B, ground-state equilibriur® C,, molecular symmetry was
assumed for the equilibrium geometry of the ground state.

Calculations were carried out using the Gaussian 98 program

package® Table 1 shows the predicted electronic transitions.

3. Results and Discussion

3.1. Near-UV Absorption Spectrum in the 375-410 nm
Wavelength Range.The 193.3 nm photolysis of anisole and

— X2B; transition by state-averaged CASSCF-
(9,8)/6-31G* level of theory. The present TD-UB3LYP/aug-
cc-pVTZ calculations showed a vertical excitation energy of
28 800 cn! for the 2B, — X2B; transition (Table 1). These
computational results are quite close to the absorption band
observed around 26 400 cf More recently, Radziszewski et
al.** studied the transition symmetries from polarization mea-
surements on photooriented samples in low-temperature argon
matrices. As the transition around 400 nm was long-axis (
axis) polarized, they assigned this absorption band to e 2

— X2B; transition @r—x* transition). The spectral features
measured in low-temperature argon matri%é$ and in an
aqueous phastare indistinguishable from those found in the
present gas-phase spectrum.

Bottom panel of Figure 1 shows the simulated absorption
spectrum for the 2B;~—X2B; transition using FranckCondon
integrals calculated by Takahashi et'&lThe 0-0 band was
adjusted to the experimental value (25 320 &mand the final
contour was obtained by convoluting the calculated stick
spectrum with a 400 cmt Lorentian line shape. This broadening

phenol was used to record the near-UV spectrum of the phenoxylof the band would be the lifetime broadening. The vibronic
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1500 TABLE 2: Reactions Used in the Modeling of the Phenoxyl
Radical Kinetics in the 193 nm Photolysis of Anisole
13 -3
[CeHsOp = 4.3 x 10 molecules cm rate const (cth

’g 1000 reaction molecule* s™1) ref

% CeHsOCHs + 193.3 nm— C¢HsO + CH; ¢ = 0.75+ 0.15 6

Q CesHsO + CsHsO — products 1.2« 101 7

8 CHs+ CHs— C;He 5.2x 10711(20 Torr) 41

2 500 CsHsO + CHz — products (6.2£2.6)x 1011 a

= aThis work.

12
0 | ] | ] (@)
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Time (us) ‘i’; 8 = 0 o 8 o)
Figure 2. Decay trace of the phenoxyl radical produced in the 193.3 Ng 6
nm photolysis of anisole, monitoring at 394.4 nm. The solid curve is & °© o
the best fit of the data. © 4+
o
structure of the spectrum observed experimentally is well © 2[°
reproduced by the calculations. This result also supports that 0 L I L 1 L
the absorption spectrum measured in the spectral range ef 375
410 nm is assigned to thé@, — X?B, electronic transition of P (b)
the phenoxyl radical. The second absorption peak at 26 400 iw 10 -
cmtis a convoluted band with some vibronic bands assigned 2 o
to CO stretching and ring breath/CCC bending mddes. % 8 g ©
3.2. Determination of 6(Ce¢HsO) and k(CeHsO + CHas). JE 6F 5 S

Figure 2 shows a decay trace of the phenoxyl radical absorption § . o
produced from the 193.3 nm photolysis of anisole monitored =_ o
at 394.4 nm. The circles represent the absorbance of the T 2r
phenoxyl radical as a function of delay time between the | A | | |

photolysis laser and the probe laser. The quantum yigla{ 00 2 4 5 8 10 12
the phenoxyl radical formation following the—s* transition

13 -3
of the anisole at 193.3 nm was determined to be G5 15% [CeHsOlo (10 molecules cm )

Figure 3. Plots of calculated (a) absorption cross sections of the

C.H.OCH, + 193.3 nn— C.H.O + CH R1 phenoxyl radical at 394.4 nm and (b) rate constants of the reaction of
6HsOCH; 6 s (R1) the phenoxyl radical with methyl radical as a function o§H@O]o

following the 193.3 nm photolysis of anisole.
The main photoproducts are the phenoxyl radical and methyl
radical. The initial concentrations of phenoxyl and methyl radical Taple 2 presents the reaction mechanism of the phenoxyl
are the same. The initial concentration of the phenoxyl radical ragicals following the 193.3 nm photolysis of anisole. Rate

is estimated from the following relation: constants of the reactions R2 and R3lare= 1.2 x 10~ cm?
molecule! s 17 andks = 5.2 x 10711 ¢cm® molecule! s at
[CeH:O], = Np[C6H5OCI-Qa(1:i§,SOCF%¢ (1) 20 Torr* respectively. In analogy with the reaction oftzO

+ CgHsOH 8 the reaction of gHsO + C¢HsOCHs would be a

where [GHsOCHy] is the anisole concentrationy is the slow reaction. To our knowledge, the valuekghas never been

absorption cross section of anisolec§i.ock, = 5.4 x 10717 reported.
cm? moleculet 49, and N, is the number density of laser The value ofk, can be determined by fitting the calculated
photons as determined from laser pulse energy measurementgiecay rates to the decay traces. Three parameters were varied
Assuming the BeerLambert law, the initial absorband is simultaneously to provide the best fit; #850]o = [X], ks, and
given by 0(394.4 nm). The values of andk, were estimated indepen-
dently because of a week correlationkgfand 6(394.4 nm) in
A= OCGHSO[CGHSO]O Ly ) the curve fitting procedure. The curve in Figure 2 is fitted to

the data which show that the simple model provides a good
where is the absorption cross section of the phenoxvl description of the experimental observations. The values of
a dicaIO;iH\S/(\?avelen " anE)j L is the absorption athplen thy [CeHsO]o obtained from the curve-fitting procedure agree with
induced by photol?/sis IaserR beam (30 mr:n) Ir? the an%sole those determined from eq 1, indicating no interference by minor
photolysis system, the time dependence 61‘ the phenoxyl photodissopiation channels such aie+ OCHs exists in the
concentration WouI’d be governed by the phenexpfienoxyl analysis. Figure 3 shows the results of the analyses(ﬁﬁ4.4
methymethyl, and phenoxytmethyl bimolecular reactions. nm) of the phenoxyl radical arid(CeHsO + CHs) as a function

of [CeHs0]o. Average values in parts a and b of Figure 3 are
_ 0(394.4 nm)= (7.7 £ 2.3) x 10718 cn? molecule* andks-
CeHsO + CeH:O — products (R2)  (CH:O + CHs) = (6.2 + 2.6) x 10~ cm? molecule™ s,
CH; + CH; +M — products (R3) respectively. The value d§y(CeHsO + CH3) = (6.2 + 2.6) x

10 cm® molecule* s™1is close to the rate constant for @Bl
CgHsO + CH; — products (R4) + CHjs reaction, 2.62x 10711 cm® molecule’® s71.42
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We need to consider interference by the products of recom-
bination reactions R2R4 in the spectroscopic and kinetic
studies. The final product in the self-reaction of methyl radicals
is ethaneé’! The phenoxyl radical takes the following resonance
structures:

é é (Oj é
Mulliken spin densities predicted by the density functional

calculations at UB3LYP/aug-cc-pVTZ level of theory &r8.42,
+0.27,—0.12, andt0.36 electrons at the phenoxyl oxygen and

ortho, meta, and para carbon positions, respectively. Therefore,

3! = 6 products are possible in a self-reaction of the phenoxyl
radical. Platz et al. identified the major product of the self-
reaction of the phenoxyl radicals as 4-phenoxylphenol {4s€

OCeH4OH) .2 The rate constant of the self-reaction of phenoxyl

radicals exhibits a negative temperature dependence in the

temperature range of 28@123 K, k, = (1.444+ 0.16) x 10711
exp[(631=% 37)/T] cm® molecule! s71.7 This negative temper-

Tonokura et al.

1017 cn? molecule’. The small inconsistency between in the
gas-phase and in low-temperature argon matrices may be
ascribed to perturbations from argon atoms surrounding the
phenoxyl radicals. Strong absorptions have been observed in
the UV region. At 230 nm, the absorption band assigned to the
42B; — X?2B, transition, the absorption cross-section was well
established to be 3.8 1017 cnm? molecule*.”8 The absorption
cross section at 290 nm assigned to thi,2— X2B; transition

has been reported to be ca. 24 108 cn? molecule’®.8
Oscillator strengths for the electronic transitions around 230,
290, and 400 nm are evaluated to be 0.1624, 0.0399, and 0.0328,
respectively, by TD-UB3LYP/aug-cc-pVTZ calculations (Table
1). The absorption cross section in the near-UV band can be
roughly estimated from the calculated oscillator strengths and
the absorption cross sections in the UV absorption bands.

f(2’B
o(2°B) = %o(ZzAz or B))
f(2°A, or 4B,)

where ¢ is the absorption cross section at the absorption

ature dependence and the results of product analysis suggesnaximum of the band antlis the oscillator strength for each

that the self-reaction of phenoxyl radicals proceeds via an
associated complex and a hydrogen atom shift:

o o, —jort—
oo,

Buth et al*3 examined the reaction pathways ofHgO + CHs
reaction at room temperature.

C¢HzO + CH; — C;H-OCH,; (anisole)

C¢HzO + CH; — CH,C;H,OH (o- or p-cresol)

(R5a)
(R5b)

The channel ratio (R5a):(R5b) of 0.59:0.41 was deduced. In

higher temperature region; andp-cresol were detected as the

main products by Mulcahy and Williant4#> It has been

predicted that the 10 + CHs; reaction takes place via

vibrationally excited cyclohexadienone intermediates (e.g., the
o] OH

ortho casey:*6
o ) — | O — ™

The results of the population analyses are in reasonable
agreement with those of the product analyses gfi{O +
CsHsO and GHsO + CHjg reactions. The final products of above
three recombination reactions have no absorption in the near-
UV region and do not interfere in the spectroscopic and kinetic
studies.

Platz et af reported the absorption spectrum of the phenoxyl
radical at wavelengths from 220 to 400 nm in the gas-phase.
They estimated the absorption cross section of ca. 5018
cn? molecule’ at 394.4 nm. This result is in reasonable
agreement with our value of (74 2.3) x 10718 cm? molecule®
within experimental errors. Radziszewski et&dtudied the UV
and visible absorption of the phenoxyl radical in low-temper-
ature (7 K) argon matrices. From Figure 5 in ref 14, the
absorption cross-section at 394.4 nm is estimated to bex1.3

t

H
CHs

transition. From the above equatiar{2?B;) = 11 x 107'8and

7.9 x 10718 c? molecule® are derived on the basis of/,

and 4B, states, respectively. These values agree reasonably well
with our present valueg(394.4 nm)= (7.7 &+ 2.3) x 10718

cn? molecule’l. On the basis 0f(394.4 nm)= (7.7 £ 2.3) x
10718 cm? molecule’?, the absorption cross sections in the
wavelength range 375410 nm are obtained (Figure 1). The
oscillator strength of the2A, — X 2B, transition around 600
nm is predicted to be ca. one-seventh of that of TP, 2—
X2B; transition (Table 1). Using this value, an absorption cross
section of the visible band around 600 nm is roughly estimated
to be ca. 1x 10718 cm? molecule’®. This value is consistent
with the value, 0(12A;) = 0.6 x 10718 cm? molecule?,
estimated by Radziszewski et al. in the argon matrites.

4., Conclusions

We report herein the absolute measurement of the near-UVv
absorption spectrum of the phenoxyl radical in the region-375
410 nm. Our result foo(394.4 nm)= (7.7 + 2.3) x 107 18¢cn?
molecule® is in good agreement with the measurement of Plaz
et al® of 6(394.4 nm)x~ 5 x 108 cnm? molecule™. The diffuse
character of vibronic lines on the near-UV absorption band is
attributed to the lifetime broadening. Time-dependent density
functional theory calculations (TD-UB3LYP/aug-cc-pVTZ) sup-
port the estimate of the absorption cross section. Phenoxyl
radicals react rapidly with Ciwith rate constant of (6.2
2.6) x 1071 cm® molecule? s71. The absorption cross sections
of the phenoxyl radical measured in the near-UV region, and
the reaction rate constant ogldsO + CHs reaction reported
here will facilitate quantification of phenoxyl radicals in
combustion and in urban atmosphere.
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