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Rovibronic bands of the Ã 2B2] X̃ 2B1 transition of C6H5O and C6D5O
detected with cavity ringdown absorption near 1.2 �m
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We recorded several rovibronic bands of C6H5O and C6D5O in their Ã 2B2← X̃ 2B1 transitions in the
range 1.14–1.31 �m with the cavity ringdown technique. While the electronic transition is
forbidden, several vibronic bands are observed. By comparison of rovibronic contours of observed
and simulated bands to determine their types of transition, and by consideration of vibrational
wavenumbers of the upper state based on quantum-chemical calculations, we were able to provide
vibronic assignments of observed bands and derive several experimental vibrational wavenumbers

�given as � in unit of cm−1 in this paper� for the Ã 2B2 state, namely, �12=947, �13=793, �14

=417, �15=964, �16=866, �17=723, �18=680, and �19=499 for C6H5O, and �12=772, �13=626,
�14=365, �15=812, �17=599, �18=532, and �19=436 for C6D5O. Transitions involving vibrationally

excited levels of �20 were also observed; �20 of the Ã state is greater by 50 cm−1 than the X̃ state

of C6H5O. A weak origin at 7681 cm−1 for the Ã← X̃ transition of C6H5O �7661 cm−1 for C6D5O�
with a c-type contour was observed. Observed isotopic ratios of vibrational wavenumbers for the Ã
state of C6H5O to those of C6D5O are in good agreement with the predictions from
quantum-chemical calculations at the B3LYP/aug-cc-pVTZ level. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2992077�

I. INTRODUCTION

The phenoxy �C6H5O� radical is an important interme-
diate in the oxidation of small aromatic compounds that are
important constituents of fuels.1–4 Kinetics for reactions of
C6H5O with O2, O3, NO, NO2, and CH3 have been investi-
gated in detail.5–9 Most investigations on kinetics of gaseous
C6H5O utilized broad electronic absorption bands of C6H5O
in the UV or visible region. Popular methods for production
of C6H5O include laser or flash photolysis of phenol
�C6H5OH� or anisol �C6H5OCH3�.

C6H5O has a ground electronic state designated as

X̃ 2B1. The C�O bond was indicated to have a double-bond
character, based on the results of electron spin resonance
�ESR� spectroscopy.10–15 Several vibrational modes of
C6H5O were identified with resonance-enhanced Raman
spectroscopy,16–20 but most vibration fundamentals of
C6H5O remained unknown. The infrared analysis of gaseous
C6H5O is unreported, only matrix-isolated C6H5O, produced
upon photolysis of nitrobenzene or nitrosobenzene at 308
nm, has been reported; 26 of the 30 fundamental vibrational
modes were identified.21

Electronically excited states of B̃ 2A2, C̃ 2B1, D̃ 2A1, and

Ẽ 2B1 have been characterized with absorption bands in re-
gions of 510�640 nm,8,21–26 370�400 nm,9,21,22,25–27 270
�300 nm,5,6,21,23,25,27–29 and 220�250 nm,5,6,25,29 respec-

tively. Only the B̃ 2A2← X̃ 2B1 transition shows a resolved
vibrational progression of spacing �480 cm−1.24,25

The Ã 2B2← X̃ 2B1 transition of C6H5O is symmetry for-
bidden but vibronically allowed. The weakness of this tran-

sition has precluded detailed investigation of the Ã 2B2 state.
Gunion et al.30 observed a band near 1170 nm �8550 cm−1�
in the photoelectron spectrum upon photodetachment of gas-

eous C6H5O− and assigned it as the Ã← X̃ transition of
C6H5O. Radziszewski et al.25 employed ultraviolet-visible
polarization absorption spectroscopy and determined direc-
tions of transition dipole for several low-lying electronic
states of C6H5O isolated in solid Ar. They reported an ex-
tremely weak band near 1123 nm �8900 cm−1� with undeter-
mined direction of the transition dipole and assigned it as the

Ã← X̃ transition. If the observed bands in these experiments
are associated with the same transition, the blueshift of
350 cm−1 for matrix-isolated C6H5O seems to be
uncommon.

Most theoretical calculations on the ground electronic

state of C6H5O indicate that C6H5O is planar with a X̃ 2B1

ground state.21,31–34 The predicted bond length of C�O is
�1.24 Å, closer to the length of a CO double bond of
1.215 Å for acetone than that of a CO single bond of
1.364 Å for phenol,35 consistent with the results from ESR.
To our knowledge, quantum-chemical calculations on only
vertical excitations but not on the adiabatic excitation energy
of electronic excited states of C6H5O are reported. The re-

ported vertical excitation energy of the Ã 2B2 state varied
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from 5322 to 12685 cm−1.9,25,33,34,24,36–40 The predicted CO
bond length of C6H5O increases from �1.24 Å in its ground

state to �1.35 Å in its Ã 2B2 state, indicating a single-bond

character for the Ã state.
We have recently successfully employed the cavity ring-

down technique near the 1.2–1.4 �m region to investigate
weak rovibronic bands of gaseous CH3OO and CD3OO in

their Ã← X̃ transitions and reported several vibrational fre-

quencies of the Ã state.41 The high sensitivity of the cavity
ringdown technique is suitable to investigate electronically
forbidden transitions of free radicals. We report here the first

observation of the Ã 2B2← X̃ 2B1 vibronic system and iden-

tification of several vibrational wavenumbers of the Ã 2B2

state of C6H5O using the cavity ringdown technique.

II. EXPERIMENTS

The principles and techniques of cavity ringdown have
been discussed extensively.42 For absorption spectra based
on cavity ringdown one measures the decay of intensity of a
laser pulse trapped in an optical cavity formed between two
highly reflective mirrors.41,43 When the cavity contains an
absorbing medium, which for these experiments is C6H5O or
C6D5O, the ringdown period is decreased at those wave-
lengths at which absorption occurs. The ringdown period � is
defined as the temporal interval required for the intensity to
decay to 1 /e of its initial value. In the presence of an absorb-
ing species the ringdown period �� becomes

�� = L/�c�1 − R + �l�� , �1�

in which c is the speed of light, R is the reflectivity of the
mirror, l is the path length �in cm� of the absorbing medium,
L is the length of the cavity, and �=�N is the absorption
coefficient, in which � is the cross section of absorption in
cm2, and N is the number density of absorbing molecules in
cm−3. The absorption per unit length is hence simply related
to the difference in cavity ringdown periods of �� determined
when the absorption species was present and � when the
absorption species was absent,

� = � 1

��
−

1

�
� L

cl
. �2�

The laser radiation employed for cavity ringdown was
generated by shifting the output of a dye laser �Spectra Phys-
ics, Model Sirah, with a mixture of exciton dyes LDS 867,
LDS 821, and LDS 765� with a single-pass Raman shifter
employing gaseous H2 at �15 bars to produce emission near
1.2 �m with energy �1 mJ pulse−1. The dye laser was
pumped with a Nd:YAG �yttrium aluminum garnet� laser
�Spectra Physics, PRO-270, 10 Hz� to generate output of
20�40 mJ in the range 765�860 nm. The spectral width of
this laser system is �0.06 cm−1 and the wavelength scan-
ning steps were 0.05 nm ��0.7 cm−1�. The ringdown signal
was recorded with an InSb detector �Kolmar, KISDP-1-LJ2,
rise time of 520 ns� cooled to 77 K. The signal was amplified
�1 MHz bandwidth� and recorded with a digital computer
oscilloscope �14 bits, Gage Applied Technologies, Compus-
cope 14100�, and subsequently processed with a personal

computer. Typically the waveform was averaged over 30 la-
ser pulses at each wavelength. We calibrated the wavelength
of the dye laser with a wavemeter �Burleigh, 4500� and the

lines of the ã 1�g← X̃ 3�g
− system of molecular oxygen ac-

cording to the HITRAN database.44 The accuracy of measure-
ments of wavelength is estimated to be 	0.012 nm.

A flowing system was employed to achieve steady-state
conditions of C6H5O. The flow reactor has two rectangular
�2.5
15 cm2� quartz �S1UV� plates on the side for photoly-
sis. The length of the cavity, formed between two highly
reflective mirrors �Los Gatos Research, R�0.999 95 near
1.2 �m and R�0.9999 near 1.3 �m�, is 63 cm. The cavity
mirrors were purged with N2 to avoid possible damage by
the reactants. C6H5O was produced by photolysis of anisol
�C6H5OCH3, Aldrich, 99%� or phenetole �C6H5OC2H5, Ald-
rich, 99%� at 193 nm �Lambda Physik, LPX110i, 10 Hz, 45
mJ�. The total pressure of the system was typically 220 Torr
with C6H5OCH3:N2�1:72. C6D5O was produced from
fully deuterated anisol �Aldrich, 98%�.

III. THEORETICAL CALCULATIONS

Detailed calculations on the geometry, energy, and vibra-
tional frequencies of C6H5O and C6D5O in their electronic
ground and first excited states have been reported

previously.31 The geometry and energy of C6H5O in its Ã and

X̃ states were calculated with unrestricted hybrid density
functional method �B3LYP�, complete active space self-
consistent-field �CASSCF�, and complete active space
second-order perturbation theory �CASPT2� methods; nine
active electrons distributed among eight orbitals, designated
as �9,8�, were used for the latter two methods. Various basis
sets were tested; predicted vibrational wavenumbers and
electronic excitation energy show little dependence on the
basis sets. We employ results using the aug-cc-pVTZ basis
set for comparison with experiments.

The ground electronic state of C6H5O has a C2v symme-
try; we define the molecular plane as the yz plane and the
direction of the CO bond as the z-axis. The rotational a-, b-,
and c-axis coincide with the z-, y-, and x-axis, respectively.

Rotational constants of the Ã and X̃ states based on the pre-
dicted geometries are listed in Table I; these values vary less
than 1.6% between various basis sets and methods. The re-
sults from B3LYP/aug-cc-pVTZ are used in the spectral
simulation.

Related molecular orbitals of the Ã and X̃ states of
C6H5O are shown in Fig. 1; SOMO indicates the singly oc-
cupied molecular orbital, HOMO indicates the highest dou-
bly occupied molecular orbital, and HOMO�n indicates the
nth lower doubly occupied molecular orbital. The transition

Ã 2B2← X̃ 2B1 involves excitation of an electron from the
third highest doubly occupied molecular orbital �HOMO�2�
to the SOMO. In the ground electronic state, orbitals of the O
atom are extensively involved with bonding of the benzene
ring. The HOMO�2 involves approximately a nonbonding
orbital of O atom, whereas the SOMO has a �� character for

the O atom and the benzene ring. Upon the Ã← X̃ transition,
the latter orbital becomes doubly occupied and changes its

154307-2 Cheng, Witek, and Lee J. Chem. Phys. 129, 154307 �2008�
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nature and energy substantially, as shown in Fig. 1. The ap-
proximate n→�� excitation implies that the CO bond length

of the X̃ state �1.26 Å� becomes greater in the Ã state

�1.32 Å�. The bond lengths of C1-C2 and C2-C3 in the X̃

state vary from 1.46 to 1.38 Å, whereas those in the Ã state
are similar �1.41 and 1.39 Å�; the equilibrium ring structure

of the Ã state of C6H5O is similar to that of benzene in its
ground electronic state.

Previous calculations provided only vertical excitation
energy with values ranging from 5322 to 12 685 cm−1. The

vertical and adiabatic excitation energies of the Ã← X̃ tran-
sition calculated with B3LYP/aug-cc-pVTZ, CASSCF�9,8�/
aug-cc-pVTZ, and CASPT2�9,8�/aug-cc-pVTZ methods are
compared with previous results in Table II. The adiabatic
excitation energy �zero-point energy corrected�, with values
7242, 6694, and 8339 cm−1 from B3LYP/aug-cc-pVTZ,

CASSCF�9,8�/aug-cc-pVTZ, and CASPT2�9,8�/aug-cc-
pVTZ, respectively, are all smaller than the energy of the
observed band at 8550 or 8900 cm−1.25,30

Scaled harmonic vibrational wavenumbers of C6H5O

and C6D5O in their Ã state predicted with the B3LYP/aug-
cc-pVTZ method are compared with experimental results in
Table III; the ordering of vibrational modes follows that of
Herzberg.45 The vibrational wavenumbers scaled by single
scaling factors of 0.967 and 0.970 for C6H5O and C6D5O,
respectively, are listed in Table III; the scaling factors were
derived by comparison of calculated and experimental values

of phenol.31 The predicted vibrational wavenumbers of the X̃
state �not listed� are similar to those reported previously for
C6H5O and C6D5O isolated in solid Ar;21 the deviations are
less than 8% and 6%, respectively.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Vibronic bands of C6H5O

Upper traces in panels �A�–�D� of Fig. 2 present ob-
served spectra in the region 7660–8760 cm−1

�1.14–1.31 �m� upon photolysis of a flowing mixture of

TABLE I. Rotational constants A, B, and C �in cm−1� of the X̃ and Ã states of C6H5O and C6D5O calculated
with various methods.

Molecule State Rotational constant
B3LYP

/aug-cc-pVTZ
B3LYP

/aug-cc-pVDZ
CASSCF

/aug-cc-pVDZ

C6H5O X̃ A� 0.184 9 0.182 8 0.182 0
B� 0.093 39 0.092 43 0.093 28
C� 0.062 05 0.061 39 0.061 67

Ã A� 0.190 4 0.188 1 0.188 6
B� 0.092 46 0.091 55 0.091 55
C� 0.062 24 0.061 57 0.061 63

C6D5O X̃ A� 0.153 4 0.151 7 0.151 2
B� 0.086 10 0.085 18 0.085 97
C� 0.055 00 0.054 55 0.054 80

Ã A� 0.157 5 0.155 5 0.156 1
B� 0.085 30 0.084 47 0.084 50
C� 0.055 35 0.054 74 0.054 83

(1) ground state X~ 2B1

HOMO–3 HOMO–2 HOMO–1 HOMO SOMO

(-0.5340) (-0.4990) (-0.4497) (-0.3511) (-0.1538)

(2) first excited state A~ 2B2

HOMO–3 HOMO–2 HOMO–1 HOMO SOMO

(-0.5451) (-0.4974) (-0.3382) (-0.3175) (-0.2477)

FIG. 1. �Color online� The first few highly occupied molecular orbitals
�HOMOs� and singly occupied molecular orbitals �SOMOs� of C6H5O in

their Ã and X̃ states predicted with CASSCF�9,8�/cc-pVDZ. The energies in
hartree are listed in parentheses. See details in the Supporting Information
�Table K� of Ref. 31.

TABLE II. Adiabatic and vertical excitation energies of the Ã← X̃ transition
of C6H5O derived with various methods.

Method
Adiabatic

�cm−1�
Vertical
�cm−1� Ref.

Cavity ringdown 7681 This work
Matrix isolation 8900 25
Photoelectron 8550 30
CNDO 5 322 36
TD-B3LYP/aug-cc-pVTZ �8 400 9, 25, and 40
CASSCF�9,8� /6-31G� 10 564 34
MRSDCI 12 685 33
B3LYP/aug-cc-pVTZ 7242 8 548 31
B3LYP/aug-cc-pVDZ 7323 8 605 31
CASSCF�9,8�/aug-cc-pVTZ 6694 10 927 31
CASPT2�9,8�/aug-cc-pVTZ 8339 9 952 31

154307-3 Rovibronic bands of C6H5O and C6D5O J. Chem. Phys. 129, 154307 �2008�
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C6H5OCH3 /N2

�1/72, 220 Torr�. These figures represent difference spectra
between those recorded before laser irradiation and 2 �s
after laser irradiation at 193 nm; the scan steps are 0.05 nm.
Similar spectra were recorded when a flowing mixture of
C6H5OC2H5 /N2 �1/145, 220 Torr� was used; observed ratio
of signal to noise was smaller with this precursor, so we used
data from photolysis of C6H5OCH3 for discussion. Because
identical spectra were recorded from both precursors, the
carrier of the spectrum should be resulted from C6H5,
C6H5O, or their reaction products; the latter is less likely
because the intensity of the spectrum was the greatest at
near-zero delay after photolysis and decreases slightly at
longer delays. According to experimental observations46 and
theoretical calculations,47 there is no electronic state of C6H5

near the 1240 nm ��8066 cm−1� region; the most likely car-
rier of the observed spectrum is thus C6H5O.

The Ã 2B2← X̃ 2B1 transition is electronically forbidden,
but some vibronic transitions are allowed due to the
Herzberg–Teller effect.48 Vibrationally excited states of the

Ã 2B2 state with a2, b1, and b2 symmetries may be directly

excited from the ground vibronic state X̃ 2B1, showing a-, b-,

and c-type rotational contours, respectively, but modes with
a1 symmetry are forbidden. Rotational contours of the a-, b-,
and c-type bands simulated with the PGOPHER program49

show distinct band shapes, as indicated in Fig. 2. The a-type
band shows P and R branches of approximate equal inten-
sity, whereas the b-type band shows a prominent Q branch
overlapped with the P branch; the c-type band reveals only
narrow Q branches. By comparison of the observed band
contours with simulations, the band type may be assigned
readily. Observed bands were fitted with calculated rotational
parameters predicted with B3LYP/aug-cc-pVTZ �Table I�,
Jmax=200, T=330 K, and spectral width=1.0 cm−1 �full
width at half maximum for Gaussian functions� to derive the
band origins, as listed in Table IV. The spectral width is
comparable to the step size �0.05 nm� of laser scanning.

Because the band origin of the Ã← X̃ transition of
C6H5O is expected to be missing due to its symmetry-
forbidden nature, and because the electronic transition en-
ergy calculated quantum chemically is not accurate enough
to predict the exact position of vibronic bands, it is difficult
to assign these bands by direct comparison of band positions
between experiments and calculations. However, we can

TABLE III. Comparison of scaled harmonic vibrational wavenumbers �in cm−1� of C6H5O and C6D5O in their

Ã states calculated with various methods.

Mode Sym.

C6H5O C6D5O

Calc.a Calc.b This work Calc.a Calc.b This work

�1 a1 3100 3107 2306 2312
�2 a1 3091 3098 2295 2301
�3 a1 3062 3070 2266 2272
�4 a1 1556 1556 1521 1525
�5 a1 1410 1393 1274 1269
�6 a1 1202 1201 1183 1179
�7 a1 1152 1143 930 922
�8 a1 1011 1008 862 853
�9 a1 961 953 824 816
�10 a1 802 797 744 738
�11 a1 505 501 495 491
�12 a2 941 928 947	2 768 758 772	2
�13 a2 799 787 793	6 624 615 626	3
�14 a2 416 414 417	2 364 361 365	2
�15 b1 955 943 964	5 804 799 812	7
�16 b1 861 847 866	3 726 716
�17 b1 710 697 723	2 585 576 599	2
�18 b1 673 674 680	2 544 539 532	2
�19 b1 496 490 499	5 429 424 436	5
�20 b1 219 218 208 206
�21 b2 3099 3106 2301 2307
�22 b2 3067 3075 2273 2279
�23 b2 1529 1529 1493 1498
�24 b2 1408 1395 1312 1314
�25 b2 1304 1291 1218 1228
�26 b2 1222 1232 1014 996
�27 b2 1139 1130 829 820
�28 b2 1058 1052 809 801
�29 b2 604 599 581 576
�30 b2 358 354 346 343

aScaled vibrational wavenumbers calculated with B3LYP/aug-cc-pVTZ. See text and Ref. 31.
bScaled vibrational wavenumbers calculated with B3LYP/aug-cc-pVDZ. See text and Ref. 31.
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identify the band type by its rotational contour to provide
additional information. There are only three and six vibra-
tional modes of C6H5O with a2 and b1 symmetries, respec-
tively. By positive identification of some a-type bands char-
acteristic of the a2 vibrational modes and b-type bands
characteristic of the b1 vibrational modes of C6H5O, vibronic
assignments are possible.

For the three a-type bands in the region
8080–8220 cm−1 �Fig. 2�B��, the spacing of 50 cm−1 does
not correspond to differences among predicted vibrational
wavenumbers, 941, 799, and 416 cm−1�after scaling, Table

III�, for the three vibrational modes of the Ã state with a2

symmetry. The separation of �50 cm−1 agrees satisfactorily
with the energy difference of 38 cm−1 between the vibra-

tional modes of the Ã state ��20=219 cm−1� and the X̃ state
��20=181 cm−1� with the least energy. The observed relative
intensities of 1.00:0.54:0.14 for these three bands also agree
satisfactorily with a Boltzmann distribution at 298 K for lev-
els with energy separation �200	70 cm−1. Hence, we ten-
tatively assigned bands near 8148	1 and 8199	2 cm−1 as
hot bands involving one and two vibrational quanta of �20,
whereas the band near 8098	1 cm−1 is a pure vibronic tran-

sition from the ground level of the X̃ state. Similar hot bands

were also observed for other vibrational modes with a similar
spacing and relative intensity, as discussed in following
paragraphs.

The next intense a-type band was observed at
8628	1 cm−1; hot bands involving transitions 201

1 and 202
2

were observed at 8678	3 and 8728	3 cm−1, respectively
�Fig. 2�D��. Observed a-type bands at 8098 and 8628 cm−1

may be tentatively assigned to 140
1 and 120

1, respectively, be-
cause the separation between these two a-type bands,
530 cm−1, is close to the difference in quantum chemically
calculated vibrational wavenumbers of �14=416 cm−1 and
�12=941 cm−1. The bands at 8678 and 8728 cm−1 are as-
signed as hot bands 120

1201
1 and 120

1202
2, respectively.

The remaining a-type band 130
1, expected to lie �8098

+799−416=8481 cm−1, is partially overlapped with other
b-type bands, but observed contour suggests that this a-type
band might lie near 8474	5 cm−1 �Fig. 2�C��.

The four prominent b-type bands lie at 8361	1,
8404	1, 8451	2, and 8500	3 cm−1 �Fig. 2�C��. The
separation of �48 cm−1 for the last three bands also indi-
cates that bands at 8451 and 8500 cm−1 are hot bands in-
volving transitions 201

1 and 202
2, respectively, whereas the

bands at 8361	1 and 8404	1 cm−1 are associated with
two separate b1 vibrational modes. The intensity of the band
at 8404 cm−1, which is greater than that of the band at
8361 cm−1, also supports that the former is not a hot band of
the latter transition. The six b1 vibrational wavenumbers,
�15–�20, were predicted to be 955, 861, 710, 673, 496, and
219 cm−1, respectively �Table III�. The separation of these
two b-type bands, 43 cm−1, is close to the difference in vi-
brational wavenumbers of �18=673 cm−1 and �17

=710 cm−1. The separations of these bands from the tenta-
tively assigned 140

1 band at 8098, 306 and 263 cm−1, respec-
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FIG. 2. Comparison of experimental spectra and simulated spectra of
C6H5O in the region 7660–8760 cm−1. The notation of the assignments is
described in the text.

TABLE IV. Assignments for observed vibronic bands of the Ã← X̃ transi-
tion of C6H5O in the 7650–8750 cm−1 region. The experimental shifts from
the origin band �00

0� are compared with those calculated quantum-
chemically.

Assignment Band type
Obs.
�cm−1�

Expt. shift
�cm−1�

Calc. shift
�cm−1�

00
0 c 7681	1 0 0

201
1 c 7732	1 51 38

140
1 a 8098	1 �14=417 416

140
1201

1 a 8148	1 467 454
190

1 b 8180	4 �19=499 496
140

1202
2 a 8199	2 518 492

180
1 b 8361	1 �18=680 673

170
1 b 8404	1 �17=723 710

170
1201

1 b 8451	2 770 748
130

1 a 8474	5 �13=793 799
170

1202
2 b 8500	3 819 786

160
1 b 8547	2 �16=866 861

160
1201

1 b 8595	10 914 899
120

1 a 8628	1 �12=947 941
150

1 b 8645	4 �15=964 955
120

1201
1 a 8678	3 997 979

150
1201

1 b 8694	4 977 993
120

1202
2 a 8728	3 1047 1017

150
1202

2 b 8744	4 1028 1031
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tively, are also close to the quantum-chemically predicted
differences of 294 and 257 cm−1 in harmonic vibrational
wavenumbers. Hence the observed b-type bands at 8361 and
8404 cm−1 may be tentatively assigned to 180

1 and 170
1, re-

spectively. The bands at 8451 and 8500 cm−1 are assigned as
170

1201
1 and 170

1202
2, respectively.

Additional b-type bands were observed at 8547	2 and
8595	10 cm−1 �Fig. 2�D��; the latter is a hot band involv-
ing 201

1. Following a similar argument, the bands at 8547 and
8595 cm−1 are tentatively assigned as 160

1 and 160
1201

1, re-
spectively, because the vibrational wavenumber of 866 cm−1

for the former is close to the predicted value of �16

=861 cm−1.
These five tentatively assigned bands of 140

1 at
8098 cm−1, 120

1 at 8628 cm−1, 180
1 at 8361 cm−1, 170

1 at
8404 cm−1, and 160

1 at 8547 cm−1 imply a band origin at
7682, 7687, 7688, 7694, and 7686 cm−1, respectively; the
average value of 7688	4 cm−1 shows a standard deviation
within expected error of predicted vibrational wavenumbers.
Based on the predicted origin of electronic transition at
7688	4 cm−1, we performed a careful search near this re-
gion and observed a weak narrow line at 7681	1 cm−1

showing a c-type contour �Fig. 2�A��. Consideration of pos-
sible hot bands with c-type contours, such as 191

0200
1, does

not yield satisfactory assignment for this band; hence we
tentatively assign this band at 7681 cm−1 to the origin of the

Ã← X̃ transition. It is unclear how this band derives its in-
tensity. The possibility of this band being induced by mag-
netic dipole transition or Coriolis-induced transition may be
ruled out because an extremely weak a-type band is expected
from such a mechanism. Based on the assignment of �0

=7681 cm−1 for C6H5O, we derived �12=947	2 cm−1,
�13=793	6 cm−1, �14=417	2 cm−1, �16=866	3 cm−1,
�17=723	2 cm−1, and �18=680	2 cm−1.

The P branches of the 150
120n

n �n=0–2� series b-type
bands overlapped with the R branches of the 120

120n
n �n

=0–2� series; hence the overlapped regions appear to have
more intensity than expected �Fig. 2�D��. We were able to
derive bands at 8645	4, 8694	4, and 8744	4 cm−1 by
curve fitting and assign them to 150

1, 150
1201

1, and 150
1202

2,
respectively. The observed vibrational wavenumber of
964	4 cm−1 is consistent with the predicted value of �15

=955 cm−1.
Another b-type band, 190

1, expected to lie near 7681
+496=8177 cm−1, might be attributed to the weak band near
8180	4 cm−1 that overlapped with the 140

1202
2 band near

8199 cm−1. The last b-type band, 200
1, is expected to lie near

7681+219=7900 cm−1. We did not observe this band, pre-
sumably due to poor Frank–Condon overlap and poor signal-
to-noise ratio in this region.

We present in Fig. 3 an overview spectrum of the Ã

← X̃ transition of C6H5O �panel �A��, and stick diagrams
showing tentatively assigned vibronic bands excluding hot
bands �top of panel �B�� and predicted vibrational energy

levels of the Ã state and their band types �bottom of panel
�B�� for comparison; the band types are represented with
different line types. Ignoring the weak origin band, we varied
the calculated wavenumbers relative to experimental values

to obtain the best overall match and concluded that the only
satisfactory match is to assign the aforementioned a-type
bands at 8098 and 8629 cm−1 to 140

1 and 120
1, respectively, as

indicated in Fig. 3�B�. All a-type and b-type bands except
200

1 were observed.
The intensity borrowing of a-type and b-type bands re-

quires interaction of the Ã state with nearby B1 and A2 elec-

tronic states, respectively. The X̃ 2B1, B̃ 2A2, and C̃ 2B1 states
might just serve the purpose. The absence of c-type bands,

for transitions to vibrational modes �21–�30 of the Ã state
with b2 symmetry, may be explained by the absence of a
nearby A1 electronic state. The 2A1 state was predicted to
have a vertical excitation �4.88 eV �39 400 cm−1� above
the ground state;31 it might correspond to the absorption
band in the region 270�300 nm, but whether the symmetry
of the upper state is A1 or A2 remains to be
determined.5,6,21,23,25,27–29

The wavenumbers of the observed band origins, their
assignments, and the associated vibrational wavenumbers are
summarized in Table IV; the latter are also compared with
scaled harmonic vibrational wavenumbers calculated
quantum-chemically in Table III. All observed vibrational
wavenumbers agree with the calculations to less than 4.4%
�without scaling� and 1.8% �with scaling�.

One would expect to observe vibrational progressions
associated with the CO stretching mode of C6H5O because

the Ã← X̃ electronic transition involves a substantial change
in the length of a CO bond. However, the CO stretching ��6�
mode at 1202 cm−1 has an a1 symmetry and is vibronically
forbidden. Combination bands associated with �6 are likely
to be observed, but they are outside of our range of detection.

B. Vibronic bands of C6D5O

Upper traces in panels �A�–�D� of Fig. 4 present the
observed difference spectra in the region 7600–8620 cm−1
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FIG. 3. �Color online� Comparison of experimental spectrum and calculated
stick spectrum of C6H5O �panels �A� and �B�� and C6D5O �panels �C� and
�D�� in the region 7660–8900 cm−1. The stick spectra on top are experi-
mental data and those at the bottom are harmonic vibrational wavenumbers,
predicted with the B3LYP/aug-cc-pVTZ method, built upon the experimen-
tal transition origin at 7681 cm−1 of C6H5O �7661 cm−1 for C6D5O�; a-, b-,
and c-type bands are indicated with solid, dashed, and short solid lines,
respectively.
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�1.16–1.32 �m� upon photolysis of a flowing mixture of
C6D5OCD3 /N2 �1/72, 220 Torr�. Observed bands were fitted
with calculated rotational parameters of C6D5O listed in
Table I, Jmax=200, T=330 K, and width =1.0 cm−1 using
the PGOPHER program49 to derive the band origins, as listed
in Table V. Simulated spectra thus obtained are also shown
in Fig. 4 for comparison.

The weak band origin of the Ã← X̃ transition is shifted
from 7681	1 cm−1 for C6H5O to 7661	1 cm−1 for
C6D5O �Fig. 4�A��. The shift of −20 cm−1 is consistent with
the quantum-chemical predictions of −15 cm−1 based on the
scaled harmonic vibrational wavenumbers calculated with
B3LYP/aug-cc-pVTZ.31 The a-type 140

1 band of C6D5O
shifted from that of C6H5O toward smaller wavenumbers by
�72 cm−1; bands at 8026	1, 8074	2, and 8114	5 cm−1

are assigned to 140
1 and its associated hot bands 140

120n
n �n

=1,2� of C6D5O �Fig. 4�B��. The spacing of �50 cm−1 for
these a-type bands of C6H5O decreases slightly to
44	4 cm−1 for C6D5O; the latter separation agrees satisfac-
torily with the calculated energy difference between �20

=208 cm−1 of the Ã state and �20=171 cm−1 of the X̃ state.
We thus derived �14=365 cm−1 for C6D5O, consistent with
the harmonic vibrational wavenumber of �14=364 cm−1 pre-

dicted quantum chemically. The experimental isotopic ratio
of 365 /417=0.875 for C6D5O /C6H5O is nearly identical to
the ratio of 364 /416=0.875 derived from the scaled har-
monic vibrational wavenumbers. These bands are not as well
resolved as those of C6H5O, indicating that an additional
band near 8097	4 cm−1, 436 cm−1 above the origin, and
its associated hot bands might overlap with these bands. Ac-
cording to quantum-chemical calculations, the only b1 vibra-
tional mode that has vibrational wavenumbers �436 cm−1 is
�19 �429 cm−1�. We thus tentatively assign this band at
8097	4 cm−1 to 190

1 of C6D5O. The isotopic ratio of
436 /499=0.874 for 190

1 is close to the ratio of 429 /496
=0.865 from the scaled harmonic vibrational wavenumbers.

The second a-type band at 8630	1 cm−1, 120
1 of

C6H5O, shifted to 8433	1 cm−1 for C6D5O; hot bands of
120

1201
1, 120

1202
2, and 120

1203
3 were observed at 8480	2,

8527	5, and 8573	8 cm−1, respectively �Fig. 4�D��. The
value of �12=772 cm−1 implies an isotopic ratio of
772 /947=0.815, which agrees with the ratio of 768 /941
=0.816 calculated from the scaled harmonic vibrational
wavenumbers for �12 of C6D5O /C6H5O. The b-type 150

120n
n

�n=0–2� series of C6D5O overlapped with the 120
120n

n series,
with the 150

1 band separated from the 120
1 by �36 cm−1,

according to calculated harmonic vibrational wavenumbers;
this separation is close to the separation from the hot band
involving 201

1. With spectral simulation, we were able to lo-
cate the 150

1 band at 8473	6 cm−1, yielding �15

=812 cm−1, similar to the predicted value of 804 cm−1. The
isotopic ratio of 812 /964=0.842 for 150

1 is nearly identical to
the ratio of 804 /955=0.842 from the scaled harmonic vibra-
tional wavenumbers. The 160

1 band was predicted to have
wavenumbers �42 cm−1 smaller than that of the 120

1 band,
but we were unable to provide a positive identification of this
band.
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FIG. 4. Comparison of experimental spectra and simulated spectra of
C6D5O in the region 7600–8620 cm−1. The notation of the assignments is
described in the text.

TABLE V. Assignments for the observed vibronic bands in the

7650–8600 cm−1 region for the Ã← X̃ transition of C6D5O. The experimen-
tal shifts from the origin band �00

0� are compared with those calculated
quantum chemically.

Assignment Band type
Obs.

�cm−1�
Expt. shift

�cm−1�
Calc. shift

�cm−1�

00
0 c 7661	1 0 0

201
1 c 7710	1 49 37

140
1 a 8026	1 �14=365 364

140
1201

1 a 8074	2 413 401
190

1 b 8097	4 �19=436 429
140

1202
2 a 8114	5 453 438

180
1 b 8193	1 �18=532 544

170
1 b 8260	1 �17=599 585

170
1201

1 b 8305	1 644 622
130

1 a 8287	2 �13=626 624
170

1202
2 8351	5 700 659

150
1 b 8473	6 �15=812 804

120
1 a 8433	1 �12=772 768

150
1201

1 b 8518	3 857 841
120

1201
1 a 8480	2 819 805

150
1202

2 b 8560	8 899 878
120

1202
2 a 8527	5 866 842

120
1203

3 a 8573	8 912 879
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According to calculations, the third a-type band is ex-
pected to lie near 7661+624=8285 cm−1. In this region a
band near 8287	2 cm−1 was observed to lie between two
b-type bands �assigned as 170

1 and 170
1201

1 in the next para-
graph�. We thus tentatively assign this band to 130

1 of C6D5O.
The 130

1 band of C6H5O was estimated to lie
�8474	5 cm−1, 793	6 cm−1 from the origin. The corre-
sponding experimental isotopic ratio of 626 /793=0.789
agrees with the ratio of 624 /799=0.781 calculated from the
scaled harmonic vibrational wavenumbers.

The b-type bands 180
1, 170

1, and 170
1201

1 of C6D5O were
readily identified at 8193	1, 8260	1, and 8305	1 cm−1,
respectively �Fig. 4�C��. Hence �18=532 cm−1 and �17

=599 cm−1 for C6D5O, consistent with the values of �18

=544 cm−1 and �17=585 cm−1 from the calculations. The
corresponding experimental isotopic ratios of 532 /680
=0.782 and 599 /723=0.828 agree with the ratios of
544 /673=0.808 and 585 /710=0.824 calculated from the
harmonic vibrational wavenumbers �Table III�.

We also presented in Fig. 3 an overview spectrum of the

Ã← X̃ transition of C6D5O �panel �C��, and two stick dia-
grams showing assigned vibronic bands with hot bands ex-

cluded and predicted vibrational energy levels of the Ã state
and their band types �panel �D�� for comparison. The satis-
factory agreement of the band type and positions between
experiments and calculations provides further support for the

assignments of observed bands to the Ã← X̃ transition of
C6H5O and C6D5O. The wavenumbers of the observed band
origins, their assignments, and the associated vibrational
wavenumbers of C6D5O are listed in Table V to compare
with harmonic vibrational wavenumbers calculated quantum
chemically. All observed vibrational wavenumbers agree
with calculations to within 2.4%.

C. Electronic transition energy and the transition
origin

High-level calculations predicted the origin to be 7242
and 8339 cm−1 at the B3LYP/aug-cc-pVTZ and
CASPT2�9,8�/aug-cc-pVTZ level of theory. Experimentally

observed origin of the Ã← X̃ transition of C6H5O at
7681 cm−1 deviates from these values by 439 and
−658 cm−1, respectively, but is close to their average value
�Table II�. The �0 value of 7323 cm−1 predicted with
B3LYP/aug-cc-pVTZ is the closest to our experimental
value.

The value of 8550 cm−1 reported from photoelectron
experiments30 corresponds approximately to the average
value of the two most prominent bands, 170

1 at 8404 cm−1

and 120
1 at 8629 cm−1; an unresolved broadband spectrum in

this region would show a peak near 8530 cm−1. This value is
also consistent with the vertical excitation energy of
8548 cm−1 predicted with the B3LYP/aug-cc-pVTZ method,
but much smaller than a value of 9952 cm−1 predicted with
the CASPT2�9,8�/aug-cc-pVTZ method. It is unclear why
the matrix experiment25 yielded a band at 8900 cm−1 as it is
outside our detection region.

Observation of the origin band of the symmetry-

forbidden Ã 2B2← X̃ 2B1 transition at 7681 and 7661 cm−1

for C6H5O and C6D5O, respectively, is unexpected. Al-
though we could not positively rule out the possibility that
these bands are due to impurity bands, we favor our present
tentative assignments because these bands were observed for
both C6H5O and C6D5O, with a deuterium isotopic shift of
−20 cm−1 close to the value of −15 cm−1 predicted from
quantum-chemical calculations. However, it should be noted
that if the observed c-type band for the origin is true, it
implies that the electronic transition �direct product of

Ã 2B2← X̃ 2B1� might have a relatively strong b1 character.
Consequently the original a-type band �excitation to the a2

vibrational mode of the Ã state� would have some b-type
character, the b-type band �excitation to the b1 vibrational

mode of the Ã state� would have some a-type character, the
originally forbidden transitions to the a1 vibrational modes of

the Ã state would have some c-type character, and excitation

to the b2 vibrational modes of the Ã state might diminish in
intensity. Our observation of no band associated with excita-

tion to b2 vibrational modes of the Ã state is consistent with
such a scheme, but the mixing between a-type and b-type
bands are not obvious, and no c-type bands associated with
90

1, 100
1, and 110

1 �expected near 8641, 8482, and 8185 cm−1�
can be positively identified, even though they might be hid-
den among other bands. Further theoretical and experimental
investigations, such as high resolution spectroscopy, are de-
sired to decipher this problem.

V. CONCLUSION

We have recorded in the region 1.14–1.31 �m several
rovibronic bands of normal and perdeuterated phenoxy radi-

cals in their Ã← X̃ transitions with the cavity ringdown tech-

nique. For the Ã 2B2 state, vibrational wavenumbers �in
cm−1� of �12=947, �13=793, �14=417, �15=964, �16=866,
�17=723, �18=680, and �19=499 for C6H5O, and �12=772,
�13=626, �14=365, �15=812, �17=599, �18=532, and �19

=436 for C6D5O were determined. Transitions from vibra-

tionally excited levels of �20 in the X̃ state were also ob-

served; �20 of the Ã state is greater by 50 cm−1 than the X̃
state. These experimental results are all in agreement with
the quantum-chemical predictions using B3LYP/aug-cc-

pVTZ. A weak origin at 7681 cm−1 for the Ã← X̃ transition
of C6H5O �7661 cm−1 for C6D5O� with a c-type contour was

observed. Quantum-chemically calculated Ã← X̃ electronic
transition energies using various methods deviate from ex-
periments; the closest value, 7323 cm−1 with a deviation of
�5%, was derived with the B3LYP/aug-cc-pVDZ method.

Note added in proof. Our recent MRCI/aug-cc-pVTZ
calculations of the 0-0 adiabatic A←X excitation energy of
C6H5O yielded a value of 7243 cm−1, similar to the B3LYP
value reported in Ref. 31
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