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The photodissociation of phenol at 193 and 248 nm was studied using multimass ion-imaging techniques and
step-scan time-resolved Fourier-transform spectroscopy. The major dissociation channels at 193 nm include
cleavage of the OH bond, elimination of CO, and elimination of H2O. Only the former two channels are
observed at 248 nm. The translational energy distribution shows that H-atom elimination occurs in both the
electronically excited and ground states, but elimination of CO or H2O occurs in the electronic ground state.
Rotationally resolved emission spectra of CO (1e V e 4) in the spectral region of 1860-2330 cm-1 were
detected upon photolysis at 193 nm. After a correction for rotational quenching, CO (V e 4) shows a nascent
rotational temperature of∼4600 K. The observed vibrational distribution of (V ) 1)/(V ) 2)/(V ) 3)/(V ) 4)
) 64.3/22.2/9.1/4.4 corresponds to a vibrational temperature of 3350( 20 K. An average rotational energy
of 6.9( 0.7 kcal mol-1 and vibrational energy of 3.8( 0.7 kcal mol-1 are observed for the CO product. The
dissociation channels, translational energy distributions of the photofragment, and vibrational and rotational
energies of product CO are consistent with potential energy surfaces from quantum chemical calculations
and the branching ratios from an RRKM calculation.

1. Introduction

Because of its antioxidative properties, the photophysics and
photochemistry of phenol (C6H5OH) are of great interest to
various fields of science and technology. The following paths
of a phenol molecule excited to its first excited singlet state
(S1) in the condensed phase have been suggested1,2

Laser flash photolysis of phenol at 253 nm with detection by
both picosecond and nanosecond emission and absorption has
been performed to reveal information of the deactivation
channels of the first excited singlet state.1 The fluorescence
lifetime on phenol near 295 K was found to be a few

nanoseconds. The photodissociation yield of phenol was found
to be∼0.1, nearly independent of solvent, but the quantum yield
of intersystem crossing varied between 0.2 and 0.3, with smaller
values in nonpolar media and larger ones in polar media. No
dissociation occurred upon excitation at 266 nm in the con-
densed phase because the photon energy was insufficient for
direct fission of the OH bond.

Most research on gaseous phenol in its S1 state has been
focused on its spectroscopy. Phenol and various phenol-
containing clusters have been investigated. For instance, phenol-
ammonia clusters have been studied extensively by fluorescence
and multiphoton ionization.3-10 Accordingly, this system was
considered to be a model system to investigate proton-transfer
reactions in the excited state in molecular clusters, but further
experiments indicate that, instead of proton transfer on the
excited-state surface, transfer of a H atom occurs on the S1

surface.11-15 Quantum chemical calculations show that an
excited singlet state ofπσ* character, being repulsive with
respect to stretching of the OH bond, intersects the bound state
S1(ππ*) near an energy level of 5 eV (∼248 nm).16-18 Hydrogen
transfer in phenol-ammonia clusters was explained as pre-
dissociation of the S1(ππ*) state via this low-lyingπσ* state.
The role of a repulsiveπσ* state in dissociation is consistent
with the large release of translational energy in the channel
involving H-atom elimination observed in the photodissociation
of phenol in a molecular beam.19,20

The excitation of phenol to the S2 excited state has also been
investigated, but varied conclusions have been derived. For
phenol in solution, Dellonte et al.21,22 studied the temperature
dependence of internal conversion (IC) from S2 to S1, competing
electron-solvation processes, and the cleavage of the OH bond
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C6H5OH (S1) f C6H5OH (S0) + hν (fluorescence)

f C6H5OH (S0) + E (internal conversion)

f C6H5OH (T1) + E (intersystem crossing)

f C6H5O + H (photodissociation)

f [C6H5OH+‚‚‚e-]aq f C6H5O + H

(photoionization in aqueous
solution at high pH)
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by observing fluorescence quantum yields. A rate coefficient
of kIC ) 3 × 1011 s-1 was determined, and the intersystem
crossing (ISC) to a dissociative triplet state withkISC ) 7 ×
1011 s-1 was suggested. In contrast, time-resolved photoelectron
spectra after two-photon ionization showed that the internal
conversion from S2 to S1 is the dominant pathway, with a time
scale in the range of 150-350 fs.23 It also showed no evidence
of competing processes, such as intersystem crossing to a triplet
surface, as previously postulated, or an intramolecular vibrational
energy redistribution (IVR) process within S2. Absorption
spectra of the gaseous phenoxyl radical were recorded upon
excitation of phenol to the S2 state at 193 nm.24 The dissociation
was explained in terms of predissociation. Photodissociation of
phenol at 193 in a condensed phase studied by Fourier-transform
electron paramagnetic resonance and transient absorption spec-
troscopy also produced cleavage of the OH bond.2

In this work, we investigated the photodissociation of gaseous
phenol at 193 and 248 nm. Distributions of the translational
energy of photofragments and of the vibrational and rotational
states of CO were measured. We characterized the potential
energy hypersurfaces with quantum chemical calculations and
evaluated the branching ratios for various dissociation channels
with Rice-Ramsperger-Kassel-Marcus (RRKM) calculations.

2. Experiments Section

A. Multimass Ion Imaging. As the experimental techniques
have been described in detail,25-27 only a brief description is
given here. Phenol vapor was prepared on flowing ultrapure
He (or Ne) at a pressure of 400 Torr through a reservoir
containing solid phenol at 323 K. The phenol/He mixture was
then expanded through a pulsed nozzle (diameter 500µm)
maintained at 353 K to form a molecular beam. Molecules in
that beam were photodissociated with a pulsed UV laser,
followed by ionization with a pulsed VUV laser at 118 nm; a
pulsed electric field served to extract the ions into a mass
spectrometer. At the exit port of the mass spectrometer, a two-
dimensional ion detector was used to detect the ion positions
and intensity distribution. In this two-dimensional detector, one
axis pertained to the recoil velocity and the other to the mass.

B. Step-Scan Time-Resolved Fourier-Transform Spec-
troscopy. The apparatus employed to obtain step-scan time-
resolved Fourier-transform spectra (TR-FTS) has been de-
scribed;28-30 only a brief summary is given here. A lens mildly
focused the photolysis beam from an ArF laser at 193 nm (Gam
Laser, EX100H/60) to∼6 × 15 mm2 at the reaction center with
a fluence of∼24 mJ cm-2. A filter passing 1860-2330 cm-1

was employed. We used an InSb detector with a rise time of
0.22µs, of which the transient signal was preamplified with a
gain factor of 8× 105 V A-1, followed by amplification by a
factor of 100 (Stanford Research Systems, SRS560, 1 MHz)
before being digitized with an external data acquisition board
(PAD1232, 12-bit ADC) at 50 ns resolution. Data were typically
averaged over 27 laser pulses at each scan step; after under-
sampling, 3781 scan steps were performed to yield an inter-
ferogram, resulting in a spectrum with a resolution of 0.3 cm-1.
To improve the ratio of signal-to-noise (S/N) of the spectrum,
10-30 consecutive time-resolved spectra were subsequently
summed to yield a satisfactory spectrum representing emission
at intervals of 0.2-1.2 µs.

C6H5OH was injected into the vacuum chamber as a diffusive
beam through a slit-shaped inlet. The sample was heated to
∼318 K; the vapor pressure of C6H5OH is 1.67 Torr at this
temperature.31 The partial pressure of C6H5OH in the chamber
was∼0.080 Torr. He (Scott Specialty Gases, 99.999%), in a

minimal amount (∼0.080 Torr), was added near the entrance
port for the photolysis beam to suppress formation of a solid
deposit on the quartz window. C6H5OH (Aldrich, 99%) was
used without purification except for degassing; no impurity was
detected in its IR spectrum.

3. Results

A. Photofragments and Translational Energy Distribu-
tions at 193 nm.Figure 1 depicts the photofragment ion images
obtained upon photodissociation of phenol at 193 nm. Fragments
with m/z ) 93, 76, 66, 65, 64, and 63 were observed; images
with m/z ) 94, 95, and 96 correspond to phenol and its13C
isotopes in natural abundance. The power dependence of the
photolysis laser in the range of 0.43-3.43 mJ cm-2 showed
that fragments withm/z ) 63 and 64 were produced via two-
photon dissociation, whereas all other fragments were from one-
photon dissociation. Fragments resulting from multiphoton
dissociation are not discussed here.

The image form/z ) 93 corresponds to the phenoxyl radical.
The images at two delay intervals between pump and probe
laser pulses are shown in Figure 1a and b. As the interval
between pump and probe laser pulses was increased, the length
of the image increased rapidly. This observation indicates that
phenoxyl radicals are produced from the dissociation of excited
phenol via elimination of a H atom. Both fragments withm/z
) 76 and 66, corresponding to elimination of H2O and CO
molecules, respectively, have images of linear shape.

The image of the fragment withm/z ) 65 possesses two
components. A linearly shaped component is superimposed on
a disk-like component at the center; the latter component resulted
from the dissociative ionization of a heavier fragment by VUV
photoionization because of the small ionization threshold of this
fragment. There are only three possible fragments,m/z ) 93,
76 and 66, which are heavier thanm/z ) 65. The fragment with
m/z ) 76 cannot crack into one withm/z ) 65 because the
difference of these two masses matches no observed or
conceivable masses of atoms or molecules. Because the mass
difference is small, fragment cracking from one withm/z ) 66
into another withm/z ) 65 would have insufficient recoil
velocity to produce such a large disk-like image. As a result,
the most likely fragment to generate the disk-like image has
m/z ) 93; the image at the center spreading fromm/z ) 93 to
65 represents the dissociation of an ion withm/z ) 93 into
another withm/z) 65 during the flight in the mass spectrometer.
The translational energy distribution of the H-elimination
channel, illustrated in Figure 2a, has taken the disk-like image
for m/z ) 65 into account. The slow component in the
distribution of translational energy in the H-elimination channel
results from only the disk-like component form/z ) 65, but

Figure 1. Images of photofragment ions upon photodissociation of
phenol at 193 nm. The delays between pump and probe laser pulses
are (a) 49, (b) 81, and (c) 10µs.
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the rapid component in the distribution of translational energy
in the H-elimination channel results from ions with bothm/z )
65 and 93.

The linearly shaped component withm/z ) 65 corresponds
to the fragment C5H5, but its corresponding fragmentation
partner HCO was undetected. The translational energy (>30
kcal mol-1) obtained from the image is greater than the available
energy for the channel to produce C5H5 + CO + H. The most
likely explanation is that it results from dissociative ionization
of the central image corresponding to an ion withm/z ) 66;
that is, C5H6 with large internal energy. Unlike the disk-like
image from other fragments, the image ofm/z ) 65 is linear
because of the large mass ratio between C5H5 and H. We cannot
exclude the possibility of a three-body dissociation channel to
form C5H5 + CO + H, which has a small translational energy
located at the central part of the linearly shaped image for an
ion with m/z ) 65.

The translational energy distributions for photofragments in
various channels are shown in Figure 2. Except for the slow
component in the H elimination (Figure 2a), all distributions
of translational energy show a large release of translational
energy. The observed maximum translational energy almost
attains the maximum available energy of each channel.

The photodissociation of phenol-1-13C was also studied. For
the channel involving elimination of CO, we observed only13CO
but no12CO from phenol-1-13C. This result indicates that carbon
atoms of the aromatic ring do not exchange before dissociation
occurs.

B. Photofragments and Translational Energy Distribu-
tions at 248 nm.The images of photofragment ions obtained

upon irradiation of phenol at 248 nm are similar to those
obtained at 193 nm, as shown in Figure 3. Fragments withm/z
) 93, 76, 66, and 65 were observed, but only ions withm/z )
93 and 66 and a disk-like component form/z ) 65 were from
one-photon dissociation. At this wavelength, elimination of H2O
was unobserved in the one-photon process. The proportion of
fragments withm/z ) 93 cracking into the disk-like image with
m/z ) 65 due to dissociative ionization is much smaller than
that observed at 193 nm. The distributions of translational energy
of these dissociation channels are shown in Figure 4.

C. Infrared Emission of CO at 193 nm. In TR-FTS
experiments, to approach a nearly collisionless condition within
a 1.0µs period, we decreased the partial pressures of C6H5OH
(0.080 Torr) and He (0.080 Torr) as much as practicable while
maintaining a satisfactory ratio of signal-to-noise. C6H5OH has
an absorption cross section of∼3.8 × 10-17 cm2 at 193 nm.32

An investigation of the dependence of signal intensity on the
fluence of the photolysis laser indicates that the signal intensity
deviates from linearity when the laser fluence exceeds 30 mJ
cm-2. To determine the internal energy of CO, we hence
performed experiments only with a photolysis fluence less than
30 mJ cm-2.

Figure 5 shows partial emission spectra of CO, at a resolution
of 0.3 cm-1, recorded 0.2-1.2 and 1.2-2.2µs after photolysis
of C6H5OH in He. Vibration-rotational assignments were made
based on spectral parameters reported by Ogilvie et al.33 The
spectrum exhibits emission from CO withJ up to 70 andV up
to 4. Each line in theR branch was normalized with the
instrument response function and divided by its respective
Einstein coefficient34 to yield a relative populationPv(J).
Partially overlapped lines were deconvoluted to yield their

Figure 2. Distributions of translational energy for photofragments from
(a) C6H5OH + hν (193 nm)f C6H5O + H. Open triangles show the
contribution from ions withm/z) 93, open circles show the contribution
from the disk-like image for ions withm/z ) 65, and solid squares
denote the sum of these two, (b) C6H5OH + hν (193 nm)f C6H4 +
H2O, and (c) C6H5OH + hν (193 nm)f C5H6 + CO. Open circles
show the contribution from ions withm/z) 66, open triangles are from
the line shape image for ions withm/z ) 65, and solid squares denote
the sum of these two. Arrows indicate the maximum available energy.

Figure 3. Images of photofragment ions upon the photodissociation
of phenol at 248 nm. The delays between pump and probe laser pulses
are (a) 95 and (b) 10µs.

Figure 4. Distribution of translational energy for photofragments from
(a) C6H5OH + hν (248 nm)f C6H5O + H. Open triangles denote the
contribution from ions withm/z ) 93, open circles are from the disk-
like image of ions withm/z ) 65, and solid squares denote the sum of
these two, (b) C6H5OH + hν (248 nm)f C5H6 + CO. Arrows indicate
the maximum available energy.
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intensities. Semilogarithmic plots ofPv(J)/(2J + 1) versus the
rotational energy for CO (V ) 1-4) recorded 0.2-1.2 µs after
photolysis of C6H5OH are shown in Figure 6. Slightly enhanced
populations at smallJ values are likely due to quenching and
were excluded from the fitting. Fitted Boltzmann-like rotational
distributions of CO, derived from the spectrum recorded in the
range of 0.2-1.2 µs, yielded rotational temperatures of 4380
( 90, 4090( 240, 3990( 300, and 3940( 670 K for V )
1-4, respectively; unless specified, listed error limits represent
one standard deviation in fitting. The average rotational energy
Er ) 6.4 kcal mol-1 for CO (V ) 1-4) observed 0.2-1.2 µs
after photolysis was derived. Similar procedures were under-
taken for spectra averaged over 1.2-2.2, 2.2-3.2, and 3.2-

4.2 µs. With a short extrapolation, we estimate the nascent
rotational temperature to be 4610( 60 and 4450( 90 K for V
) 1 and 2, respectively. After applying a correction factor of
1.07 (average of 4610/4380) 1.05 and 4450/4090) 1.09) for
rotational quenching, we derived a nascent rotational energy of
6.9 ( 0.7 kcal mol-1; the listed uncertainty represents an
estimated error after considering the quenching effects.

We assumed a Boltzmann rotational distribution and associ-
ated an interpolated population for overlapped lines. Relative
populations obtained on counting levels up to the observedJmax

in each vibrational level were normalized to yield relative
vibrational populations (V ) 1)/(V ) 2)/(V ) 3)/(V ) 4) ) (64.3
( 0.5)/(22.2( 0.3)/(9.1( 0.4)/(4.4( 0.5), which correspond
to a vibrational temperature of 3350( 30 K. Assuming a
Boltzmann distribution, we estimate the population ofV ) 0
relative toV ) 1 to be 2.26. The vibrational distribution of CO
normalized forV ) 0-4 is thus (V ) 0)/(V ) 1)/(V ) 2)/(V )
3)/(V ) 4) ) 59.2/26.2/9.1/3.7/1.8. The average vibrational
energy of CO thus derived isEv ) 3.8 kcal mol-1. Considering
errors in estimating the population ofV ) 1, we reportEv )
3.8 ( 0.7 kcal mol-1.

4. Discussion

A. Dissociative Channels.The results of the experiments
are describable according to the following reactions

Although a small contribution of the following reaction cannot
be positively ruled out experimentally, theoretical calculations
suggest that the contribution of this channel is small (see below).

The UV irradiation of phenol at 248 and 193 nm is expected to
excite phenol to its S1 and S2 (or S3) states, respectively. As
these states are stable, dissociation must occur through the

Figure 5. Infrared emission spectra of CO in spectral region of 2130-2320 cm-1 recorded 0.2-1.2 µs after photolysis of C6H5OH (0.080 Torr)
in He (0.080 Torr) at 193 nm. The spectral resolution is 0.3 cm-1; 27 laser pulses were averaged at each scan step of the interferometer, and three
spectra recorded under similar experimental conditions were averaged. Assignments are shown as stick diagrams.

Figure 6. Semilogarithmic plots of relative rotational populations of
CO (V ) 1-4) upon photolysis of C6H5OH (0.080 Torr) in He (0.080
Torr) at 193 nm. Solid lines represent least-squares fits; data for small
J values were excluded from the fitting because of interference due to
quenching.

C6H5OH + hν (193 or 248 nm)f C6H5O + H

C6H5OH + hν (193 or 248 nm)f C5H6 + CO

C6H5OH + hν (193 nm)f C6H4 + H2O

C6H5OH + hν (193 nm)f C5H5 + HCO f

C5H5 + H + CO
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coupling of these bound states with a repulsive state or via
internal conversion or intersystem crossing to a lower electronic
state, followed by dissociation. For the H-elimination channel,
previous quantum chemical calculations show that an excited
singlet state ofπσ* character, which is repulsive with respect
to the stretching of the OH bond, intersects both the S1 and S2

states.16-18 H elimination at 248 nm was interpreted as involving
predissociation via this repulsive state.19 H elimination upon
excitation at 193 nm might also be interpreted as a dissociation
via the πσ* state through a coupling between S2 and πσ* or
through a coupling between S1 andπσ* after internal conversion
from S2 to S1. The fast component in the distribution of
translational energy observed in the H-elimination channel must
correspond to dissociation via this repulsiveπσ* state. Although
dissociation through the triplet state has been suggested21,22and
the triplet potential energy surface correlating to dissociation
products H+ C6H5O might have an exit barrier leading to a
large translational energy release,35,36 the dependence of the
quantum yield on intersystem crossing and the independence
of the quantum yield on dissociation on solvents indicate that
dissociation of phenol in solution does not occur in the triplet
state.1 Furthermore, from studies of photodissociation of phenol
at 193 nm in a condensed phase with Fourier-transform electron
paramagnetic resonance and transient absorption spectra, the
results indicate that the triplet state is not involved in the
dissociative process.2

The slow component in the translational energy distribution
of the H-elimination channel must correspond to dissociation
from the ground state. The proportion of the slow component
that increases as the excitation varies from 248 to 193 nm
indicates the importance of H elimination from the electronic
ground state at shorter UV wavelengths. Perhaps the rate of
internal conversion to the ground state becomes very large at a
short UV wavelength. The analogous phenomena with a large
yield of internal conversion to the ground state upon excitation
at 193 nm, in contrast to the large yield of internal conversion
and/or intersystem crossing to the other electronic excited state
upon excitation at 248 nm, have been observed in similar
systems such as ethylbenzene and propylbenzene.35,36

The mechanisms for dissociation into CO and H2O differ from
that for elimination of a H atom. The average translational
energies in the CO-elimination and H2O-elimination channels
are large. The observed maximum translational energy nearly
attains the maximum available energy for both channels. The
difference between the observed maximum translational energy
and the maximum available energy is smaller than the energies
of the electronically excited states of these fragments. As a
result, fragments of both channels, C5H6 + CO and C6H4 +
H2O, were produced in their electronic ground states. As the
ground state of these closed-shell fragments correlates only with
the ground state of the parent molecule, the dissociation must
occur on the ground electronic surface.

B. Potential-Energy Surface and Branching Ratios from
Calculations. Table 1 lists the vertical excitation energies of
phenol for the singlet and triplet states, calculated with time-
dependent density functional theory (TD-B3LYP)37 using
Gaussian 0338 and complete active space second-order perturba-
tion theory (CASPT2)39 using MOLPRO40 with the 6-311G(d,p)
basis set. Eight active orbitals and eight active electrons were
specified in the CASPT2 calculation. Comparison with experi-
mental data41-45 indicates that the excited singlet energies
predicted with CASPT2 are better than those with TD-B3LYP,
particularly in the first excited state S1; the errors in predicted
energy of S1 are -3.1 kcal mol-1 at CASPT2 and 14.6 kcal

mol-1 at TD-B3LYP. According to Figure 7, we predict that
light at 248 nm is able to excite a phenol molecule from the
ground state to the first exited state S1 for the isomerization
and decomposition reactions to proceed. Apparently because
of the spin-forbidden nature of the transition from S0 to T1, the
reaction seems not to occur in the triplet excited state, despite
the energies of the first three triplet states being less than those
of photons corresponding to laser lines at 248 or 193 nm.

Various dissociation channels of phenol in its ground
electronic surface have already been calculated with the G2M//
B3LYP/6-311G(d,p) method.46 Figure 7 shows a simplified
potential energy diagram for these channels. Most structures of
intermediates (M1-M8) and transition states (TS1-TS15)
except those (M9, M10, TS16, and TS17) involving the C5H5

+ HCO channel have been published in this previous study;46

they are given in the Supporting Information. If we neglect
contributions of the channels via transition states TS1, TS9,
TS10, TS16, and TS17 due to their higher barriers, the accessible
paths are describable as follows

Direct dissociation of phenol to form C6H5O + H, reaction
1a, requires 89.1 kcal mol-1. The H atom might migrate from
the OH group to formortho- cyclohexadienone (M1), followed
by H elimination, reaction 1b. The CO elimination might
proceed via several dissociative pathways; the most feasible
pathway, reaction 2a, begins with migration of the H atom from
the OH group to form M1, followed by further H-atom migration
along the six-membered ring to formmeta-cyclohexadienone
(M3); M3 then isomerizes to a bicyclic isomer (M7) before
decomposition intocyclo-C5H6 + CO via TS14. Although this
path includes three intermediates and four transition states, the
largest barrier height is only 75.8 kcal mol-1. Reaction 2b
proceeds similarly to reaction 2a except for the last step, in
which M7 decomposes via TS15 with a barrier height of 84.0
kcal mol-1. The third channel, reaction 2c, has a barrier height
of 86.1 kcal mol-1. In principle, CO can also be produced from

TABLE 1: Vertical Excitation Energies of Phenol in Both
Singlet and Triplet States (in Units of kcal mol-1)

TD-B3LYP CASPT2 exptl data

S0 0 0 0
S1 118.5 100.8 103.9a

104.0b

S2 138.1 142.4 133.1b

137.9c

S3 138.9 147.9 153.6b

T1 80.3 86.3
T2 109.5 98.9
T3 121.6 103.9
T4 138.3 134.5

a Refs 41-43. b Ref 44.c Ref 45.

C6H5OH f C6H5O + H (1a)

C6H5OH98
TS3

M1 f C6H5O + H (1b)

C6H5OH98
TS3

M198
TS6

M398
TS13

M798
TS14

C5H6 + CO (2a)

C6H5OH98
TS3

M198
TS6

M398
TS13

M798
TS15

C5H6 + CO (2b)

C6H5OH98
TS3

M198
TS4

M298
TS5

C5H6 + CO (2c)

C6H5OH98
TS2

C6H4 + H2O (3)
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fragmentation of the internally excited C6H5O formed in
reactions 1a and 1b. The theoretical barrier for the fragmentation
of C6H5O to give C5H5 + CO has been computed at the G2M
level of theory to be 52 kcal mol-1 with a very tight transition
state.47 The total barrier for the formation of C5H5 + H + CO
is 141 kcal mol-1, which is almost twice that of TS14.
Accordingly, the contribution of this route to CO should be
negligible. The channel to eliminate H2O, reaction 3, proceeds
via the four-center elimination via TS2 with a barrier height of
86.4 kcal mol-1. Elimination of HCO is predicted to occur
through TS16 and M9 from M1 and through TS17 and M10
from M6. The barriers for these two channels are 98.5 and 95.8
kcal mol-1, respectively, which are greater than that of the CO-
elimination pathway by about 20 kcal mol-1. In the isomeriza-
tion and decomposition from M1, elimination of CO is hence
most favorable. Although phenol can isomerize to a seven-
membered ring isomer (M6) with a barrier of only 83.4 kcal
mol-1, our experiment on phenol-1-13C shows that this isomer-
ization is unimportant in CO elimination under our experimental
conditions.

To elucidate the contribution of each product channel of C5H6

+ CO, C6H5O + H, and C6H4 + H2O upon excitation of phenol
at 193 and 248 nm, we calculated the microcanonical rate
coefficients k(E) over a wide range of energies with the
microcanonical RRKM theory and the stationary-state treatment
to the multiwell product channels. The rate coefficients and
branching ratios for these three product channels as a function
of energy are plotted in Figure 8. The curve ofkCO(E) intersects
kH(E) andkH2O(E) at ∼120 and 200 kcal mol-1, respectively.
The major products are hence predicted to be C5H6 + CO at
energies under 120 kcal mol-1 and C6H5O + H for E > 120
kcal mol-1. At 248 nm (E ) 115 kcal mol-1), the predicted
values ofkCO(E), kH(E), andkH2O(E) are 1.7× 105, 1.5× 105,
and 1.4× 103 s-1, respectively, withkCO(E) being slightly
greater thankH(E). In contrast,kCO(E), kH(E), andkH2O(E) are
1.1 × 107, 2.2 × 108, and 1.0× 106 s-1, respectively, at 193
nm (E ) 148 kcal mol-1), with kCO(E) being less than one
twentieth ofkH(E). AlthoughkH2O(E) is the smallest for the three
product channels, it might attain the observable value at 193

nm. These theoretically predicted rates are in satisfactory
agreement with the large fragment ion intensities ofm/e ) 93,
66, and 65 in our experimental measurements.

The branching ratios for various paths in product channels
C5H6 + CO and C6H5O + H are shown in Figure 9a and b,
respectively. In Figure 9a, reaction 2a is preponderant among
the three channels of the products C5H6 + CO upon photolysis
at 193 nm because of its small barrier (75.8 kcal mol-1)
associated with TS14; its branching ratio decreases with
increasing energy and equals the branching ratio for channel
2c at 260 kcal mol-1. Channel 2b has the smallest branching

Figure 7. Schematic diagram of the energy for isomerization and dissociation reactions of C6H5OH at the G2M//B3LYP/6-311G(d,p) level of
theory and the excited energy levels of C6H5OH at the CASPT2 level of theory.

Figure 8. (a) Microcanonical rate coefficients versus energy for
production of C5H6 + CO, C6H5O + H, and C6H4 + H2O on the singlet
potential energy surface. (b) Branching ratios of individual products
versus energy.
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ratio throughout the calculated energy range. The branching
ratios of the channels 2a, 2b, and 2c are 0.93, 0.04, and 0.03,
respectively, at 248 nm and 0.76, 0.10, and 0.13 at 193 nm.
Notice that the RRKM calculation only takes the dissociation
channels in the ground state into account. The H-atom elimina-
tion from the excited state is not taken into consideration.

For the H-elimination channel, the point of intersection of
the branching ratios of channels 1a and 1b is about 105 kcal
mol-1, as shown in Figure 9b, with reaction 1b dominating at
smaller energies. At∼250 kcal mol-1, the branching ratio of
reaction 1a approaches unity. The branching ratios of the
channels 1a and 1b are 0.55 and 0.45, respectively, at 248 nm
and 0.78 and 0.22 at 193 nm.

C. Distribution of CO States. Reaction 2a is predicted to
be the major channel upon photolysis of phenol at 193 nm; it
proceeds via TS14 before the CO molecule is eliminated. The
observed average translational energy for the CO-elimination
channel is∼45 kcal mol-1, consistent with the exit barrier of
53.6 kcal mol-1 calculated for reaction 2a. The internal energy
of the two photofragments is hence∼81 kcal mol-1; only 10.6
kcal mol-1 goes to CO. This is conceivable because the other
fragment C5H6 is more complex. In preceding work, we
employed a revised impulse model to satisfactorily explain the
rotational energy of HX (X) F, Cl, and Br) produced upon
photolysis of halocompounds at 193 nm via four-center
elimination.30,48-50 For reaction 2a, TS14 undergoes a simple
bond rupture to form CO and C5H6. We employed a modified
impulse model for fragmentation of a triatomic molecule51 to
predict the rotational energy of CO to be 5.5 kcal mol-1

according to the bond angle of 167° of TS14 and the available
energy of 53.6 kcal mol-1. Similarly, rotational energies of 8.7
and 28.7 kcal mol-1 are predicted for reactions 2b and 2c,
respectively, with available energies and angles of 61.8 kcal
mol-1 and 164.5° and 63.9 kcal mol-1 and 143.3°. Using the
branching ratios of 0.76, 0.10, and 0.13 for channels 2a, 2b,

and 2c, an average rotational energy of 8.8 kcal mol-1 is derived.
If only reactions 2a and 2b are taken into account, an average
rotational energy of 5.9 kcal mol-1 is derived, consistent with
the observed rotational energy of 6.9 kcal mol-1.

The partition of vibrational energy depends on the deviation
of the distance between two bond-forming atoms from the
equilibrium bond length. The predicted distance between C and
O atoms for TS14 in the dissociation of C6H5OH is 1.163 Å.
Because the equilibrium bond distance of CO is 1.128 Å,52 the
vibrational excitation of CO is expected to be small. For
comparison, HF produced via the four-center elimination of
CH2CHF has greater vibrational energy (20( 2 kcal mol-1)49

than that (11.5( 1.4 kcal mol-1)50 from CF2CHCl because the
predicted bond distances in the transition structures are 1.28
and 1.18 Å, respectively, and that of HF is 0.917 Å.53 The small
vibrational energy of product CO due to the late-barrier character
of the transition structure is consistent with the large release of
translational energy in our measurement. If the available energies
above all three low-lying transition states (TS5, TS14, and TS15)
leading to the C5H6 + CO products are statistically distributed,
one can estimate the CO vibrational energy distribution by using
the predicted specific rate coefficients,ki[Ei - Ei(V)], in which
Ei and Ei(V) represent the available energy and the CO
vibrational energy at itsVth level, respectively. Using the
branching ratios for the three channels (2a, 2b, and 2c) given
above, we get (V ) 0)/(V ) 1)/(V ) 2)/(V ) 3)/(V ) 4)/(V ) 5)
) 39.5/26.1/16.2/9.9/5.5/2.8. The distribution is noticeably hotter
than the experimental result 59.2/26.2/9.1/3.7/1.8. Part of the
deviation might be due to the colder CO vibrational distributions
from several triple product fragmentation reactions giving C5H5

+ H + CO.

5. Conclusion

The major dissociation channels for phenol at 193 nm include
OH bond fission, CO elimination, and H2O elimination. Only
the former two channels are observed at 248 nm. The transla-
tional energy distribution indicates that H-atom elimination
occurs in both the electronically excited and ground states, but
elimination of CO or H2O occurs in the electronic ground state.
Upon photolysis of phenol at 193 nm, CO (ve 4) shows a
nascent rotational temperature of∼4600 K and a vibrational
temperature of∼3350 K; a relatively small fraction of available
energy goes to the internal energy of CO. The dissociation
channels, the translational energy distributions of the photo-
fragment, and the internal energy of product CO are consistent
with potential energy surfaces from quantum chemical calcula-
tions and the branching ratios from an RRKM calculation.
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Figure 9. (a) Branching ratios of channels 2a, 2b, and 2c relative to
the total rate of CO production. (b) Branching ratios of channels 1a
and 1b relative to the total rate of H production from the electronic
ground state.
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