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The CASSCF and DFT methods have been used to determine geometric and electronic structures of the
benzoic acid monomer in the S0, S1, S2, T1, and T2 electronic states. The S1/T2/T1 three-surface intersection
was found by the state-averaged CASSCF calculations, which, in combination with features of the five lowest
electronic states, provides new insights into photophysical processes of the benzoic acid monomer. The potential
energy profiles of theR C-C and C-O bond fissions as well as decarboxylation reaction in different electronic
states have been determined for the benzoic acid monomer. TheR C-O bond cleavage starts from the T2

state and leads to the fragments of C6H5CO(X̃2A′) and OH(X̃2Π) in the ground state, which is predicted to be
the most possible channel upon photoexcitation of the benzoic acid monomer at 270 nm or shorter wavelengths.

Introduction

Benzoic acid is the simplest aromatic carboxylic acid and its
dimer is established as the benchmark system for studying
proton transfer in the hydrogen bonds in the condensed phase.
The proton transfer dynamics in the dimer has been extensively
investigated with NMR,1-5 vibrational spectroscopy,6-10 optical
spectroscopy,11,12 and diffraction techniques.13,14 Tunneling
dynamics of double proton transfer in benzoic acid dimer in
the gas and condensed phases have been explored from the
theoretical viewpoint.15 A semiclassical method was developed
and applied to determine the ground-state tunneling splittings
of carboxylic acid dimers and their fully deuterated analogues.16

Benzoic acid dimer serves as a prototypical system for
modeling the unusual spectral behavior of the hydride stretch
fundamental. High-resolution ultraviolet spectroscopy has been
used to investigate the rotationally resolved excitation spectrum
of the first singlet-singlet transition in the benzoic acid dimer.17

The structure of the dimer in the ground state is determined to
be linear, while in the excited S1 state it is slightly bent.
Vibrational spectra of several isotopomers of benzoic acid
crystals have been recorded by inelastic neutron scattering and
are compared with spectra calculated for different potential
energy surfaces.10 Large anharmonic effects associated with the
pair of cooperatively strengthened OH‚‚‚OdC hydrogen bonds
produce complicated infrared spectra in which the OH stretch
oscillator strength is spread over hundreds of wavenumbers,
resulting in a complicated band sub-structure.18 The IR absorp-
tion spectrum of the jet-cooled benzoic acid monomer and dimer
have been recorded throughout the 500-1900 cm-1 range via
ion dip spectroscopy.19 Laser-induced dispersed fluorescence
spectra of the benzoic acid dimer in the cold environment of
supersonic jet expansion have been reinvestigated with improved
spectral resolution of measurements.20

Derivatives of benzoic acid and its complexes with water or
other organic acids have been the subject of numerous experi-

mental and theoretical studies. The permanent dipole moment
of π-aminobenzoic acid has been measured21 and calculated at
various theoretical levels.22 Supersonically cooledp- and
m-aminobenzoic acids were studied using one-color resonantly
enhanced multiphoton ionization and two-color zero kinetic
energy (ZEKE) photoelectron spectroscopy.23,24 Two confor-
mational isomers of 3-fluorobenzoic acid dimer have been
identified in a supersonic jet expansion by use of laser-induced
fluorescence excitation (FE), UV-UV hole-burning, and dis-
persed fluorescence (DF) spectroscopic methods.25 A 1:1 mixed
dimer between acetic acid and benzoic acid has been chosen as
the molecular model to investigate the influence of the methyl
rotation on vibrational dynamics in the phenyl ring over a long
range mediated by the hydrogen-bonded interface.26 Spectro-
scopic properties of thep-, o-, and m-aminobenzoic acid
complexes with water have been characterized by two-color
resonantly enhanced multiphoton ionization spectroscopy.27,28

The structure and properties of the benzoic acid monomer is
basic, but important, for understanding the complex proton
dynamics of the benzoic acid dimer and its complexes with other
molecules. However, there is a general lack of information on
structure and reactivity of the benzoic acid monomer, especially
for the monomer in the excited electronic states. It is surprising
that only a few theoretical and experimental studies have been
devoted to the benzoic acid monomer, and most of them predate
1991. The monomer of benzoic acid was found to show
phosphorescence alone with a high quantum yield.29 It was
inferred that intersystem crossing to the lowest triplet occurs
very efficiently in the benzoic acid monomer. Sensitized
phosphorescence excitation spectroscopy was used to observe
the electronic excited states of the benzoic acid monomer in
supersonic jets.30 The two sharp bands at 35 923 and 35 943
cm-1 were assigned to the origins of the two rotational isomers
of the benzoic acid monomer. The technique of laser desorption
followed by jet cooling has been used to identify the S0 f S1

absorption spectrum of the benzoic acid monomer in the gas
phase.31 The S0 f S1 band origin was determined to locate at
35 960 cm-1 and the rate of the intersystem crossing to triplet
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state was inferred to be 1.2× 1012 s-1. Frequencies and
intensities of the IR active modes for the monomer were
determined from ion dip spectroscopy and density functional
calculation.19 In addition, a few experimental and theoretical
investigations32,33have been performed to probe the decarbox-
ylation mechanisms of benzoic acid and its complexes with
water.

In the present work, we report a complete active space self-
consistent-field study on structures and reactivity of the benzoic
acid monomer in the ground and excited states, which enable a
fuller understanding of the complex proton-transfer dynamics
in the benzoic acid dimer. An intersection structure of the1nπ*,
3nπ*, and 3ππ* states was determined, which gives a clear
explanation on photophysical processes of the benzoic acid
monomer. Three reaction channels,

have been explored for benzoic acid in the ground and excited
states, which is the extension of our previous studies on
photodissociation dynamics of formic and acetic acids.34-36 A
phenyl substitution may change the dissociation mechanism of
aliphatic carboxylic acids, due to the conjugation interaction
between the phenyl ring and the carboxylic group in aromatic
carboxylic acids. We believe that the present study provides
new insights into photophysics and photochemistry of aromatic
carboxylic acids.

Computational Details

The five lowest electronic states (S0, T1, T2, S1, S2) of the
benzoic acid monomer have been studied with different ab initio
methods. The stationary structures on the S0 and T1 surfaces
were optimized at the MP2, B3LYP, and CASSCF levels of
theory, while only the CASSCF method was used to determine
the stationary structures on the potential energy surfaces of the
T2, S1, and S2 states. Once convergence has been reached, the
harmonic frequencies were examined at this point to confirm
the optimized geometry to be a true minimum or first-order
saddle point. The selection of the active space is a crucial step
for the CASSCF calculation. From the viewpoint of the localized
picture of molecular orbitals, the active space should be
composed of the threeπ and threeπ* orbitals in the aromatic
ring, the CdO π andπ* orbitals, and the oxygen nonbonding
orbital in the CdO group. An active space with 10 electrons in
8 orbitals is employed for the present CASSCF calculations,
referred to as CAS(10,8) hereafter, with one of theπ* orbitals
excluded from the active space. All the calculations were carried
out with the Gaussian 03 program package.37

On the basis of the calculated relative energies and frequen-
cies for the stationary structures, as well as the energy gradients
and spin-orbit coupling matrix element at the intersection
structure, the rate constants for the adiabatic and nonadiabatic
unimolecular processes are calculated with the RRKM theory
of rate. The rate constant of the adiabatic unimolecular reaction
can be expressed as38,39

whereE is the total energy of an isolated molecule,εn
q andεn

are respectively the vibrational energy levels of the transition
state and the reactant molecule, andh(x) is the usual step-
function

A simple way to include the nonadiabatic effect is to consider
it as a factor of transition probability, just like Miller dealing
with the tunneling effect.40 The expression for the nonadiabatic
unimolecular rate constant is in form of

The hopping probabilityP is calculated with the expression
developed by Delos,41

whereV12 is the matrix element that couples the two adiabatic
surfaces,µh is the effective reduced mass,∆F is the norm of
difference of the gradients on the two crossing surfaces,|∂V1/
∂q - ∂V2/∂q|, andF is the geometric mean of the norms of the
two gradients,x|∂V1/∂q|×|∂V2/∂q|.

Results and Discussion

Geometric and Electronic Structures.Geometric structures
of the C6H5COOH molecule in the lowest five electronic states
(S0, S1, T1, S2, and T2) were optimized at the CAS(10,8)/cc-
pVDZ level. Meanwhile, the S0 and T1 structures were
determined by the MP2 and B3LYP optimizations with the cc-
pVDZ basis set. The optimized structures are shown in Figure
1 where the atom labeling scheme and the key bond parameters
are given. Detailed structural parameters are available in the
Supporting Information. Two minimum-energy structures, re-
ferred to as C6H5COOH(S0)-a and C6H5COOH(S0)-b hereafter,
were found for benzoic acid in the ground state. All the atoms
in C6H5COOH(S0)-a are coplanar, while C6H5COOH(S0)-b has
a nonplanar geometry with the H15-O14-C12-C1 dihedral
angle of 11.5° at the MP2/cc-pVDZ level. The C-C bond
lengths in the aromatic ring are predicted to be almost equal
with a value of about 1.40 Å for C6H5COOH(S0)-a and
C6H5COOH(S0)-b, which shows that the conjugation interaction
in the aromatic ring is well described by the MP2, B3LYP, and
CAS(10,8) calculations. There exists a strong p-π conjugation
interaction in the carboxylic group of C6H5COOH(S0)-a, but
the interaction between the aromatic ring and the carboxylic
group is weaker in the C6H5COOH(S0)-a and C6H5COOH(S0)-b
structures. C6H5COOH(S0)-a is more stable with the relative
energy of 6.6 kcal/mol for C6H5COOH(S0)-b. A transition state
of TSab(S0) was found on the isomerization pathway from
C6H5COOH(S0)-a to C6H5COOH(S0)-b and the barrier height
is 11.6 kcal/mol at the MP2/cc-pVDZ level of theory. The
intramolecular hydrogen bond in the C6H5COOH(S0)-a structure
is mainly responsible for the relatively high barrier on the OH
rotational isomerization pathway from C6H5COOH(S0)-a to
C6H5COOH(S0)-b.

C6H5COOHf C6H6 + CO2 (1)

f C6H5CO + OH (2)

f C6H5 + COOH (3)
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One minimum-energy structure, C6H5COOH(T1), was found
on the lowest triplet surface of benzoic acid by the B3LYP and
CAS(10,8) calculations. C6H5COOH(T1) has a planar geometry,
which is similar to the C6H5COOH(S0)-a structure. The struc-
ture of the carboxylic group is nearly unchanged from
C6H5COOH(S0)-a to C6H5COOH(T1). The C3-C2 and C6-
C5 bond lengths in C6H5COOH(T1) are 1.330 and 1.358 Å,
respectively, indicating CdC double bond character, while the
other C-C bonds in the aromatic ring are mainly of single bond
character. Actually, the T1 state of C6H5COOH is a diradical
with the two singly occupied electrons distributed on the C1
and C4 atoms. The CAS(10,8) wave functions and their electron
populations clearly show that the T1 state of C6H5COOH
originates from theπ f π* excitation in the aromatic ring. This
confirms the experimental speculation31 that the lowest triplet
state is a3ππ* state for the benzoic acid monomer. With respect
to the S0 zero level, the T1 state has a relative energy of 73.8
and 75.5 kcal/mol at the CAS(10,8)/cc-pVDZ and B3LYP cc-
pVDZ levels, respectively.

The CAS(10,8) optimized structure of the first excited singlet
state, C6H5COOH(S1), is plotted in Figure 1, from which one
can see that the S1 state is quite different from the T1 state in
structure. The C-C bond lengths in the aromatic ring are less
influenced by an electronic excitation from S0 to S1. The largest
change is associated with the C12-O13 bond, which is a double
bond in S0 and T1 and becomes a single bond in the S1 structure.
The CASSCF wave functions and their electron populations
clearly show that the S1 state arises from an electronic excitation
located in the CdO group and is of1nπ* character. The
adiabatic excitation energy from S0 to S1 was predicted to be
32 002.6 cm-1 (91.5 kcal/mol) at the CAS(10,8)/cc-pVDZ level

and the energy difference between S1 and T1 is 17.7 kcal/mol.
Unlike the T1 state, the T2 structure is similar to that of the S1

state. The structural similarity between T2 and S1 predicts that
the T2 state is of3nπ* character, which is confirmed by the
CASSCF wave functions and their electron populations for the
T2 state. With respect to the S0 zero level, the T2(3nπ*) state
has a relative energy of 90.0 kcal/mol at the CAS(10,8)/cc-
pVDZ level, which is 16.2 kcal/mol higher than the T1(3ππ*)
state, but 1.5 kcal/mol lower than the S1(1nπ*) state in energy.
The T2 state of the benzoic acid monomer was experimentally
inferred to be3nπ* in nature, which lies between the S1 and T1

states in energy.30,31

A planar S2 structure, C6H5COOH(S2), was optimized and
confirmed to be minimum by the CAS(10,8) calculations. In
comparison with the S0 structure, the carboxylic group is nearly
unchanged in C6H5COOH(S2), but the C-C bond lengths in
the aromatic ring are increased to∼1.44 Å in C6H5COOH(S2)
from ∼1.40 Å in the S0 structure. The structural features of
C6H5COOH(S2) reveal that the S2 state is1ππ* in nature. The
further evidence for this comes from the CASSCF wave
functions and their electron populations for the S2 state. Theπ
f π* excitation is mainly localized in the aromatic ring, and
the lengthening of the C-C bonds in the ring exhibits
characteristics of aπ f π* transition, where the aromatic ring
attempts to reduce itsπ-bonding character upon excitation. The
adiabatic excitation energy from S0 to S2 is calculated to be
35 220.3 cm-1 (100.7 kcal/mol) at the CAS(10,8)/cc-pVDZ
level, which is comparable to the bond origin of 35 923-35 960
cm-1 (∼102.7 kcal/mol) observed experimentally for the benzoic
acid monomer.30,31 The S2(1ππ*) state is 10.8 kcal/mol higher
than the S1(1nπ*) state in energy.

Figure 1. Schematic structures of the stationary and intersection points on different electronic states, along with the selected MP2 bond parameters
for the S0 structures and the CAS(10,8) bond parameters for the excited-state structures (bond lengths in Å). The atom labeling is given in the
C6H5COOH(S0)-a structure.
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All the experimental efforts to find the1nπ* state in the
energy region below the1ππ* state were in vain for the benzoic
acid monomer.30,31 The lack of experimental evidence led to
the assumption that there is no1nπ* state below the1ππ* state
and the latter is the lowest singlet excited state. This assumption
is not supported by the present calculations, which show that
the1nπ* minimum is lower in energy than the1ππ* minimum.
The S1 state was assigned to1ππ* in nature for the monomer
in the previous studies,30,31,42,43which is based on the absorption
or fluorescence excitation spectroscopy in the Franck-Condon
(FC) region. The vertical excitation energies from the ground
state to the three lowest excited singlet states were calculated
to be respectively 39 522.3, 40 886.3, and 45 573.0 cm-1 with
the time-dependent DFT method, in conjugation with the cc-
pVDZ basis set. Again, the lowest excited singlet state in the
FC region is predicted to be the1nπ* state with an oscillator
strength of 0.0002. The other two excited singlet states are of
1ππ* nature with oscillator strengths of 0.015 and 0.18. The
oscillator strength of the S0 f 1ππ* transition is 75-900 times
larger than that for the S0 f 1nπ* absorption, which is probably
the reason the1nπ* state was not observed experimentally in
the energy region below the1ππ* state.

The benzoic acid monomer is nonfluorescent but phospho-
rescent. However, the dimer is fluorescent and phosphorescent.
The emission properties of the monomer and dimer were
explained with a simple energy level diagram in the previous
studies.30,31 The basic idea is that the first excited singlet state
is 1ππ* in nature, which is nearly degenerate with the3nπ*
state. This makes the1ππ* f 3ππ* intersystem crossing via
the3nπ* state very efficient in the monomer.31 In the dimer, on
the other hand, the3nπ* state is pushed up in energy whereas
the1ππ* state is pushed down in energy relative to the situation
in the monomer. As a result, the1ππ* f 3ππ* intersystem
crossing rate is largely reduced for the dimer. The above
explanations are based on the assignment of the S1 state as1ππ*
in nature for the monomer. However, the S1 state is confirmed
to be 1nπ* in nature by the present calculations. Thus, it is
necessary to carry out further study to elucidate the emission
properties of the benzoic acid monomer and dimer.

The S1/T1/T2 Three-Surface Intersection.To explore photo-
physical processes of the benzoic acid monomer, we searched
for the surface crossing points between the singlet and triplet
states as well as the crossing points of two triplet states. The
T1 and T2 surface intersection (T1/T2) in the Franck-Condon
(FC) region was optimized with the state-averaged CAS(10,8)
approach, while the S1 and T1 crossing (S1/T1) structure was
determined by using Slater determinants in the state-averaged
CAS(10,8) calculations. It was found that T1/T2 and S1/T1

crossing points are indistinguishable in structure and the two
crossing points are almost equal in energy. Actually, the S1,
T1, and T2 surfaces intersect at the same region, referred to as
S1/T1/T2. The optimized S1/T1/T2 structure is shown in Figure
1 along with the selected CAS(10,8) bond parameters. The
detailed structures and energies for the intersections are available
in the Supporting Information. A comparison reveals that the
S1/T1/T2 geometric structure lies between the T1(3ππ*) and
S1(1nπ*) geometric structures. The CAS(10,8) wave functions
and their electron populations show that the S1/T1/T2 structure
is a diradical in nature and the two unpaired electrons are mainly
distributed on the C1 and O13 atoms, respectively. As pointed
out before, the T1 state of C6H5COOH is a diradical with the
two singly occupied electrons distributed on the C1 and C4
atoms, respectively. The S1 and T2 states are also of diradical
nature, but the two unpaired electrons are located on the C12

and O13 atoms, respectively. The localized pictures of the
S1(T2), S1/T1/T2, and T1 electronic structures are summarized
in Scheme 1. It is obvious that the S1/T1/T2 three-surface
intersection is a bridge that connects the S1(1nπ*) state on one
side and the T1(3ππ*) state on the other side.

The π f π* transition for benzoic acid is mainly localized
in the aromatic ring with a deep potential well, and the S2 direct
dissociation proceeds with little probability upon interaction with
ultraviolet light. As discussed before, the S2(1ππ*) state is 10.8
kcal/mol higher than the nonplanar S1(1nπ*) state in energy.
The relatively small electronic energy gap between the S2(1ππ*)
and the S1(1nπ*) states leads to a favorable Franck-Condon
factor for the S2 f S1 internal conversion. Vibrational analysis
shows that there are a number of promoting and accepting modes
that couple the S2(1ππ*) and the S1(1nπ*) states, indicating that
the internal conversion from S2(1ππ*) to S1(1nπ*) takes place
with high efficiency. There exists a small difference in the S1

and S1/T2/T1 structures, which results from the redistribution
of the conjugationπ electrons in the aromatic ring and the
carbonyl group. This will not give rise to a substantial change
in the energy. The CAS(10,8)/cc-pVDZ calculations predict that
the S1/T2/T1 structure is 4.7 kcal/mol in energy above the S1

minimum. In view of the similar structures and small energy
difference, the relaxation from the S1 geometry to the S1/T2/T1

region is expected to occur in a vibrational period. The spin-
orbit interaction at the S1/T2/T1 structure was calculated by using
a one-electron approximation for the spin-orbital coupling
operator with the effective nuclear charges of Koseki et al.44

The spin-orbit coupling matrix element was predicted to be
65.1 cm-1, which is used as theV12 for calculation of the
hopping probability. The nonadiabatic RRKM rate calculation
gives a value of 2.7× 1010 s-1 for the S1 f T1 ISC rate constant
at the intersection structure. From the observed width of the
peaks in the S0 f S1 gas-phase absorption spectrum, an
intersystem crossing rate of 1.2× 1012 s-1 was deduced
experimentally for the benzoic acid monomer.31 After photo-
excitation to the S2(1ππ*) state, the rapid radiationless processes
to the T1(3ππ*) state are summarized in Scheme 2 for
C6H5COOH, which gives a reasonable explanation why the
benzoic acid monomer is nonfluorescent but phosphorescent.

Decarboxylation. Examination of the C6H5COOH(S0)
structures in Figure 1 reveals that isomerization from
C6H5COOH(S0)-a to C6H5COOH(S0)-b takes place prior to
decarboxylation. The decarboxylation reaction involves a 1,3-H
shift of the H15 atom accompanied by a cleavage of the C-C
bond. Although a planar geometry was used as the initial guess,
the optimized structure of the transition state [TSCO2(S0)] is
nonplanar. As shown in Figure 1, the carboxyl group adopts a
nearly perpendicular conformation to the aromatic ring in
TSCO2(S0) structure with the O14-C12-C1-C6 dihedral angle
of 103.6°. The barrier to decarboxylation in the ground state
was calculated to be 60.6 kcal/mol at the MP2/cc-pVDZ level
of theory, including the vibrational zero-point energy correction
at the same level, which is close to that from the B3LYP

SCHEME 1

SCHEME 2
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calculations32 (58.8-62.0 kcal/mol). However, the barrier (103-
116 kcal/mol) was overestimated by the Hartree-Fock calcula-
tions with the 3-21G basis set.33 Due to a high barrier on the
pathway, there is little possibility that the decarboxylation of
benzoic acid occurs in the ground state at room temperature.
The decarboxylation reaction of C6H5COOH involves cleavages
of the C-C and O-H bonds, formation of the H-C bond, and
a large deformation of the O-C-O moiety, simultaneously. It
is reasonable to expect that on the excited electronic states the
decarboxylation reactions should not be in competition with the
photophysical processes discussed above. It can be concluded
that decarboxylation reaction does not play an important role
in the mechanistic photochemistry of the benzoic acid monomer.

The r C-O Bond Cleavage.C6H5COOH may dissociate
into C6H5CO + OH along the S0 pathway, which corresponds
to cleavage of the C-O bondR to the CdO group. We have
made efforts to optimize a transition state for the C-O bond
cleavage in the ground state, but optimizations always lead to
the dissociation limit of C6H5CO + OH. It is evident that no
potential barrier above endothermicity exists on the S0 pathway.
The energy of the separated fragments was determined from a
supermolecule optimization with the CAS(10,8)/cc-pVDZ ap-
proach, which is the same as that for the bound fragments. In
this way, the C-O bond cleavage is predicted to be endothermic
by 98.7 kcal/mol. On the basis of thermochemical data, the C-O
bond cleavage was estimated to be endothermic by 96.8 kcal/
mol for HCOOH.45

A nonplanar transition state on a triplet pathway, referred to
as TSC-O(T2) in Figure 1, was determined by the CAS(10,8)/
cc-pVDZ optimizations. The IRC calculations were done with
the TSC-O(T2) structure as the starting point, which confirms
that TSC-O(T2) connect C6H5COOH(T2) on the reactant side
and the fragments of C6H5CO(X̃2A′) and OH(X̃2Π) on the
product side. The barrier height for theR C-O bond fission
starting from the T2 state is 12.2 kcal/mol at the CAS(10,8)/
cc-pVDZ level of theory with the zero-point energy correction
included at the same level. As shown in Figure 1, a nonplanar
transition state, TSC-O(S1), was found on the excited singlet
surface. TSC-O(S1) and TSC-O(T2) are very similar in structure.
This predicts that TSC-O(S1) is the transition state governing
the C6H5COOH(S1) dissociation into C6H5CO(X̃2A′) and
OH(X̃2Π), which is confirmed by the IRC calculations at the
CAS(10,8)/cc-pVDZ level. TheR C-O bond cleavage starting
from the S1 state has a barrier of 15.7 kcal/mol at the CAS(10,8)/
cc-pVDZ level, which is 3.5 kcal/mol higher than that on the
T2 pathway. The barrier height of the C-O single bond cleavage
was not measured for C6H5COOH in the low-lying electronic
states. The C-O single bond cleavage of CH3COOH was
experimentally estimated to have a barrier of 13-14 kcal/mol
on the S1 pathway,46-48 which gives us reason to expect that
the C-O single bond cleavage for C6H5COOH is well described
by the present calculations. The potential energy surfaces for
the C-O bond cleavages on different electronic states are plotted
in Figure 2.

The r C-C Bond Fission.Like theR C-O bond cleavage,
no potential barrier above endothermicity exists on the S0

pathway of theR C-C bond fission. TheR C-C bond
dissociation energy was predicted to be 109.0 kcal/mol from a
supermolecular calculation at the CAS(10,8)/cc-pVDZ level. On
the basis of thermochemical data,49 theR C-C bond cleavage
was estimated to be endothermic by 105.2 kcal/mol for
C6H5COOH. The C-C bond dissociation energy of CH3COOH
was estimated to be 90.2 and 96.3 kcal/mol from heats of
formation at 0 K and the CAS(8,7)/cc-pVDZ calculations,50

respectively. Because of the conjugation interaction between
the aromatic ring and the carboxylic group, theR C-C bond
in C6H5COOH is stronger than the C-C bond in CH3COOH.
This is the reason theR C-C bond fission in the ground state
has higher endothermicity in C6H5COOH than in CH3COOH.

A transition state was optimized at the B3LYP and CAS(10,8)
levels of theory with the cc-pVDZ basis set, which is confirmed
to be the first-order saddle point on the triplet surface. The IRC
calculations at the B3LYP and CAS(10,8) levels show that the
optimized transition state connects C6H5COOH(T1) in the
reactant side and the fragments of C6H5(X̃2A′) and COOH(X̃2A′)
on the product side. This transition state is labeled by TSC-C(T1)
in Figure 1. With respect to the zero-point level of the T1 state,
the R C-C bond fission on the T1 pathway has a barrier of
35.4 kcal/mol at the B3LYP/cc-pVDZ level and 47.4 kcal/mol
at the CAS(10,8)/cc-pVDZ level. TheR C-C bond fission along
the S1 pathway leads to the fragments of C6H5(X̃2A′) and
COOH(Ã2A) in the excited state, which is about 70.7 kcal/mol
higher than the fragments of C6H5(X̃2A′) and COOH(X̃2A′) in
the ground state.51,52Therefore, theR C-C bond fission along
the S1 pathway is inaccessible in energy upon photoexcitation
of C6H5COOH in the UV region.

Mechanistic Photodissociation.Irradiation of benzoic acid
at ∼270 nm leads to the molecules in the S2(1ππ*) state. The
main pathway for the C6H5COOH(1ππ*) deactivation is internal

Figure 2. Schematic potential energy surfaces of the decarboxylation
process (a), theR C-O fissions (b), and theR C-C bond cleavages
(c), along with the relative energies in parentheses (kcal/mol).
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conversion to the S1(1nπ*) state. From this state, there are two
possible routes, the direct C-O single bond cleavage through
the TSC-O(S1) transition state and intersystem crossing via the
S1/T1/T2 intersection. With respect to the S0 zero level, the
TSC-O(S1) transition state has its relative energy of 107.1 kcal/
mol, which is inaccessible in energy upon photoexcitation at
wavelengths longer than 267 nm. The S1/T1/T2 intersection is
98.1 kcal/mol above the S0 minimum and the ISC rate at the
intersection structure is predicted to be 2.7× 1010 s-1. It is
evident that the direct C-O bond dissociation is not in
competition with the ISC processes for the benzoic acid
monomer in the S1 state.

Relative to the S0 zero level, theR C-C bond cleavage has
a barrier of 121.2 kcal/mol on the T1 pathway, which is
inaccessible in energy even at photoexcitation at 248 nm. After
relaxation to the T1 state, the benzoic acid monomer emits
phosphorescence only. TheR C-C bond cleavage does not play
a role in the photochemistry of the benzoic acid monomer. The
S1 f T2 ISC can take place with high efficiency, because of
the existence of the S1/T1/T2 intersection. The C6H5COOH
molecules that decay to the T2 state are left with sufficient
internal energies to overcome the barrier (12.2 kcal/mol) to the
R C-O bond cleavage along the T2 pathway. On the basis of
the CAS(10,8)/cc-pVDZ frequencies and energies for the T2

minimum and TSC-O(T2) structures, the adiabatic RRKM theory
of rate38,39is employed to calculate the rate constant of the C-O
single bond cleavage along the T2 pathway. Only vibrational
degrees of freedom are considered in the present calculations
with a harmonic approximation. The RRKM rate constant is
computed to be 5.2× 1011 s-1 for the C-O bond cleavage
with a total angular momentum ofJ ) 0 and a total energy of
E ) 16.0 kcal/mol, which corresponds to an energy difference
between 270-nm photon and the T2 vibrational zero level. It
can be concluded that the most possible reaction channel is the
fission of theR C-O bond from the T2 state upon photo-
dissociation of the benzoic acid monomer at 270 nm or shorter
wavelengths.

Summary

The CASSCF and DFT methods have been used to optimize
equilibrium structures of the benzoic acid monomer in the S0,
S1, S2, T1, and T2 electronic states. On the basis of the calculated
adiabatic excitation energies, the CASSCF wave functions, and
their electronic populations, the S1, S2, T1, and T2 states were
respectively characterized as1nπ*, 1ππ*, 3ππ*, and 3nπ* in
nature. The S1/T2/T1 three-surface intersection structure was
found by the state-averaged CASSCF calculations, which, in
combination with properties of the S1, S2, T1, and T2 electronic
states, gives a reasonable explanation why the benzoic acid
monomer is nonfluorescent but phosphorescent. Since the S2

f S1 internal conversion and the S1 f T1 intersystem crossing
take place with high efficiency, there is little probability that
the excited-state C6H5COOH molecules relax to the ground state
via internal conversion or intersystem crossing. The decarbox-
ylation reaction that only can occur on the ground state does
not play an important role in the photochemical processes of
the benzoic acid monomer. The potential energy profiles of the
R C-C and C-O bond fissions in different states have been
determined for the benzoic acid monomer. TheR C-C bond
dissociations along the excited-state pathways are inaccessible
in energy upon photoexcitation at 270 nm or longer wavelengths.
The R C-O bond fission along the S1 pathway is not in
competition with the ISC processes from S1 to T1 or T2. The
C-O bond cleavage starts from the T2 state and leads to the

fragments of C6H5CO(X̃2A′) and OH(X̃2Π) in the ground state,
which is the most possible channel upon photoexcitation of the
benzoic acid monomer at 270 nm or shorter wavelengths.
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