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Resonance Raman spectra were obtained for 2-hydroxybenzaldehyde (OHBA) in cyclohexane solution with
excitation wavelengths in resonance with the first charge-transfer/proton-transfer (CT/PT) band absorption.
These spectra indicate that the Franck-Condon region photodissociation dynamics have multidimensional
character with motion predominantly along the nominal CdCH in-plane bend+ ring deformation modes (ν9,
ν10, ν14, ν16, ν18, ν19, ν20, ν26, ν30, ν31, andν35) accompanied by a smaller amount of motion along the nominal
CdO stretch mode (ν7), the nominal CdC-C(dO) in-plane bend modes (ν33 andν37), and the nominal ring
C-O-H in-plane bend modes (ν9 andν14). A preliminary resonance Raman intensity analysis was done, and
these results for the OHBA molecule were compared to results previously reported for the 2-hydroxy-
acetophenone (OHAP) molecule. Several proton-transfer tautomers in the ground and excited states were
predicted from the results of B3LYP/cc-PVTZ, UB3LYP/cc-PVTZ, and CASSCF/cc-PVDZ level of theory
computations. The differences and similarities between the CT/PT band resonance Raman spectra and the
vibrational reorganizational energies for the OHBA molecule relative to those for the OHAP molecule are
briefly discussed.

Introduction

Since Weller discovered the excited-state intramolecular
proton-transfer (ESIPT) reaction of methyl salicylate (MS),1

ESIPT reactions have been observed to play an important role
in many chemical and biological systems.2-4 ESIPT reactions
have also found many important applications in laser materials,5-7

in information storage devices and optical switching,8-10 in hard-
scintillation counters,11 and as polymer photostabilizers.12,13 A
number of experimental and theoretical studies have investigated
the types of ESIPT reactions14-16 and the subsequent compli-
cated reaction mechanisms17-42 that may take place for a range
of molecular systems. Many aspects of the reaction mechanisms
of ESIPT processes in a variety of chemical and biological
species have been elucidated by various time-resolved spectro-
scopic measurements and quantum mechanical studies. The
ESIPT reaction rates (or the time required for conversion of
the enol to its keto tautomer) have been measured using a variety
of ultrafast laser spectroscopy methods, and these experiments
have shown that the rates of reaction can be very fast (most of
them are within 100 fs).17-25 For example, femtosecond
fluorescence depletion experiments determined a 60( 10 fs
lifetime for methyl salicylate.19 Similarly, ultrafast pump-probe
spectroscopic studies determined ESIPT time constants of 35
fs for 3-hydroxyflavone in methyl cyclohexane or acetonitrile
solutions (and a 60 fs time constant in ethanol solution20), 55

fs for 2-(2′-hydroxy phyenyl)benzothiazole (HBT) in cyclohex-
ane solution,22 ∼100 fs for 2-(2′-hydroxy-5′-methyl phenyl)-
benzotriazole in nonpolar solvents,23 less than 50 fs for [2,2′-
bipyridyl]3,3′-diol,24 and 110( 15 fs for 2,5-bis(2′-benzoxazolyl)
hydroquinone in tetrahydrofuran.25 Very fast ESIPT reactions
have also prompted a number of theoretical and computational
studies to gain further insight into their basic mechanisms and
possible methods for controlling ESIPT reactions.26-32 Subse-
quent reactions taking place after ESIPT were also studied for
several molecules. For example, Mitra and Mukherjee33 studied
the ESIPT photophysical properties of 4-methyl-2,6-diformylphe-
nol and 4-methyl-2,6-diacetylphenol using time-resolved fluo-
rescence spectroscopy and ab initio calculations. This work
found that the ultrafast ESIPT process was followed by a rapid
intramolecular vibrational relaxation (IVR) with a time constant
of few picoseconds before fluorescence emission occurred from
their keto tautomer on the excited-state potential energy
surface.33 Cho et al. investigated the relaxation processes of the
excited-state intramolecular reverse proton transfer (r-ESIPT)
in the excited triplet state of 1-hydroxyanthraquinone by using
transient Raman spectroscopy and ab initio calculations.34 Stock
et al. studied the ESIPT reaction and the subsequent internal
conversion (IC) of the 2-hydroxybenzaldehyde (OHBA) mol-
ecule by employing transient absorption measurements with 30
fs time resolution and quantitative fluorescence spectroscopy.35

They showed that IC proceeds via a thermally activated process
over an energy barrier of about 200 meV caused by an avoided
crossing between theππ * and πσ * states.

Resonance Raman intensity analysis (RRIA) studies have
been reported for the ESIPT reactions of 2-hydroxyacetophenone
(OHAP)36 and 2-nitrophenol (ONP)37 and for the photochemical
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reactivity of some nucleobases.38-40 The results reveal that
ESIPT reactions evolve rapidly along a large number of skeletal
coordinates and without including substantial O-H stretch
motion initially.36-37 These studies also showed that the
vibrational reorganizational energies for these molecules vary
significantly from one another and indicate that their ESIPT
dynamics are very different in terms of the geometry structural
changes that initially take place.36,37 The differences in the
photochemical reactivity between thymine and uracil have been
correlated with their very different vibrational reorganization
energy distribution among the various modes in these molecules,
especially among the photochemically relevant modes.38-40

OHBA is the smallest aromatic molecule displaying ESIPT
and is an attractive prototypical molecular system to study.
Theoretical studies on OHBA have predicted a small32 or
nonexistent barrier41-42 for the proton transfer and suggested
that similar reaction dynamics may occur for many other ESIPT
systems. The ESIPT was found to take place in less than 50 fs
over the whole absorption range of the S1(ππ*) state for both
OHBA and its monodeuterated analogue, and this suggests that
there is either a very small or nonexistent barrier to reaction.18

The excited-state geometry structural dynamics for the OHBA
molecule have not yet been reported to our knowledge. In this
paper, we report a preliminary resonance Raman intensity
analysis study of the short-time ESIPT dynamics of OHBA in
its charge-transfer/proton-transfer (CT/PT) absorption band.
Resonance Raman spectra and absolute Raman cross-section
measurements were obtained with 319.9 and 341.5 nm excitation
wavelengths, and these data were then simulated using time-
dependent wave packet calculations employing a simple model.
Density functional theory and complete active space self-
consistent field (CASSCF) computations have been carried out
to predict the ground-state and the excited-state proton-transfer
isomerization reactions for OHBA. The results for OHBA
obtained here are compared to results obtained from previous
studies of OHAP to examine the differences and/or similarities
in their Franck-Condon region dynamics.

Experimental and Computational Methods

A. Resonance Raman experiments.The methods and
experimental apparatus used for the resonance Raman experi-
ments have been described elsewhere,43-50 so only a short
account will be given here. The harmonics of a nanosecond
Nd:YAG laser and their hydrogen Raman shifted laser lines
were used to generate the 319.9 and 341.5 nm excitation
wavelengths employed in the resonance Raman experiments.
The solution-phase samples used concentrations of approxi-
mately 0.003-0.010 M OHBA (99% purity) in spectroscopic
grade cyclohexane (99.5+% purity) solvent. The power de-
pendent on the resonance Raman spectra was tested (Figure S1
in Supporting Information), and a lower power was used during
the resonance Raman measurements to avoid saturation effects
and other problems associated with high peak powers. Depletion
of the ground-state species could lead the Raman band intensities
of the sample relative to those of the solvent to changes as the
laser power increases. High peak power can also produce more
photochemical intermediates or cause the two-photon ionization
processes to occur during the laser pulse. These may possibly
interfere with the absolute Raman cross-section measurements.
The excitation laser beam used a∼100µJ loosely focused to a
0.5-1.0 mm diameter spot size onto a flowing liquid stream of
sample so as to ensure that all of the Raman peaks belong to
the OHBA compound. A backscattering geometry was used for
sample excitation and for collection of the Raman scattered light

by reflective optics that imaged the Raman scattered light
through a polarizer and entrance slit of a 0.5 m spectrograph.
The grating of the spectrograph dispersed the light onto a liquid
nitrogen cooled charge coupled device (CCD) mounted on the
exit of the spectrograph, and the CCD acquired the Raman signal
for about 90-120 s before being read out to an interfaced
personal computer. About 10-30 of these scans were summed
to obtain the resonance Raman spectrum. The Raman shifts of
the resonance Raman spectra were calibrated using the known
vibrational frequencies of the cyclohexane solvent Raman bands.
The solvent Raman bands were subtracted from the resonance
Raman spectra using an appropriately scaled solvent spectrum.
Spectra of an intensity calibrated deuterium lamp were used to
correct the resonance Raman spectral intensities for the variation
in the detection efficiency as a function of wavelength. Sections
of the resonance Raman spectra were fit to a baseline plus a
sum of Lorentzian bands to obtain the integrated areas of the
Raman bands. The absolute Raman cross-sections of the OHBA
resonance Raman spectra were determined relative to the
absolute Raman cross-sections of the 802 cm-1 Raman band
of the cyclohexane solvent, and the depolarization ratioF of
the all Raman fundamental for OHBA was estimated to be1/3
because the A-band absorption is mainly a single nondegenerate
electronic state that is well-separated from the B-band absorp-
tion. (For details, see discussion in the Results and Discussion
section.) The Fourier transform (FT) IR and FT-Raman spectra
of OHBA in the neat solid phase were acquired to help assign
the resonance Raman spectra.

B. Time-Dependent Wave Packet Calculations To Model
the Resonance Raman Intensities and Absorption Spectrum.
The absorption spectrum and resonance Raman intensities were
modeled using Heller’s time-dependent wavepacket approach
to resonance Raman scattering51-54 with the absorption spectrum
calculated using the following expression

and the resonance Raman intensities were calculated using the
following formula

whereEL is the incident photon energy,M0 is the transition
length evaluated at the equilibrium geometry,f is the final state
for the Raman scattering, andn is the solvent index of refraction.
The term exp[-Γt/p] is a homogeneous damping function that
has contributions from the excited-state population decay and
pure dephasing.G(δ) is some normalized inhomogeneous
distribution of electronic zero-zero frequency shifts centered
atδ ) 0, usually taken to be Gaussian.|0(t)〉 ) e-iHt/p|0〉, which
is |0〉 propagated on the excited-state surface for a timet, and
H is the excited-state vibrational Hamiltonian.

The ground- and excited-state potential energy surfaces were
simulated using harmonic oscillators with their minima set apart
by an amount∆ (with dimensionless units for the ground-state
normal coordinates). The simple model used here did not employ
Duschinsky rotation53,54of the normal modes, and the ground-
and excited-state harmonic oscillators had the same vibrational
frequency. The resonance Raman intensities of the first several
overtones as well as the combination bands and the absorption
spectrum are determined mainly by the slope of the excited-

σA(EL) ) (4πeELM0
2/3npc) ∫-∞

∞ G(δ) dδ Re∫0
∞

dt 〈0|0(t)〉 exp[i(EL + ε0)]t/p] exp[-Γt/p]

σR(EL) ) (8πe4ES
3ELM0

4/9p6c4) ∫-∞
∞ G(δ) dδ |∫0

∞

dt 〈f|0(t)〉 exp[i(EL + ε0)]t/p] exp[-Γt/p]|2

Photodissociation Dynamics of (E)-â-Nitrostyrene J. Phys. Chem. A, Vol. 111, No. 50, 200713183



state surface in the Franck-Condon region in the absence of
any vibrational recurrences, and the featureless solution-phase
A-band absorption spectra of OHBA suggests that the total
electronic dephasing and/or population decay occurs before the
first vibrational recurrence of any Franck-Condon active modes.
For the resonance Raman bands observed in our experimental
spectra, the〈f| I(t)〉 overlaps decay and have a negligible value
after about 30 fs, and the effects of solvent dephasing used a
simple exponential decay term (exp[-t/τ]). OHBA displayed a
barrierless or nearly barrierless proton-transfer reaction. Thus
the bound harmonic oscillator model used here only provides a
convenient method to simulate the Franck-Condon region
portion of the excited-state surface that determines the resonance
Raman intensities and absorption spectrum and does not in any
way imply that the excited state is actually bound.

C. Density Functional Theory and CASSCF Computa-
tions. Density functional theory (DFT) and CASSCF calcula-
tions55-57 were done to determine the optimized geometry and
vibrational frequencies as well as the electronic transition
energies for the ground or excited electronic states of OHBA.
Complete geometry optimization and vibrational frequency
determination were computed by using the B3LYP/cc-PVTZ
level of theory for the ground state of OHBA and the CASSCF-
(10,8)/cc-PVDZ level of theory for the excited-state of OHBA,
respectively, and employing aCs symmetry constraint. The
electronic transition energies were calculated using the B3LYP-
TD/cc-PVTZ level of theory. To describe the low-lying
electronic states of OHBA and OHAP, the active orbitals were
chosen according to the B3LYP-TD/cc-PVTZ orbital transition
calculations and the description of the localized molecular
orbital. The threeπ and threeπ* orbitals on the molecule should
be used as the active orbitals for the CASSCF calculations. In
addition, the two oxygen nonbonding orbitals are also included
in the active space. This leads to an active space with 10
electrons in 8 orbitals and is referred to as CASSCF(10,8)
hereafter. All of the transition state structures computed were
confirmed by using intrinsic reaction coordinate (IRC) methods.
All of the DFT and CASSCF calculations made use of the
Gaussian program software suite.58

Results and Discussion

A. Ground-State Proton-Transfer Isomerization Reac-
tions. 2-Hydroxybenzaldehyde has two possible primary in-
tramolecular proton-transfer isomers in the ground electronic
state called the facial keto tautomer FK(S0) and the backward
keto tautomer BK(S0). Density functional theory calculations
were done to determine their global minimum structures. While
the backward tautomer was found to have a direct primary
proton transfer, the facial tautomer does not exist on both the
B3LYP/cc-PVTZ or the MP2/cc-PVTZ potential energy sur-
faces. We note that a previous study using the HF/6-31+G-
(df,pd) level of theory for the ground-state proton-transfer
isomerization of OHBA predicted the facial tautomer as a global
minimum structure but not the backward tautomer.30 The
discrepancy between the results obtained from our present
B3LYP/cc-PVTZ or MP2/cc-PVTZ calculations and the previ-
ously reported HF/6-31+G(df,pd) computations can be ascribed
mostly to the differences in the level of theory used in the
computations. According to results from previous theoretical
studies, the calculation of intramolecular hydrogen-bonding
systems at the Hartree-Fock (HF) levels may not be accurate
enough to predict the details of molecular properties such as
the geometrical and conformational features.59-61 However, DFT
methods have been found to provide excellent agreement with

available experimental data for benzene derivatives containing
hydrogen bonding.62-64 We thus expect that the results obtained
using DFT or MP2 computations would be more reliable than
those from lower level of theory HF calculations.

Figure 1 shows simple diagrams of the structures for the
ground-state OHBA molecule and its proton-transfer tautomers.
By using the synchronous transit-guided quasi-Newton (STQN)
method and the B3LYP/cc-PVTZ level of theory computations,
the transition state structure (TS(E-BK)(S0)) between the ground-
state OHBA (E(S0)) and its backward tautomer (BK(S0)) was
determined, and its computed structure is also shown in Figure
1. BK(S0) is energetically 30.5 kcal/mol higher than E(S0). Table
1 lists the B3LYP/cc-PVTZ computed geometry parameters for
E(S0), BK(S0), and TS(E-BK)(S0). The structural parameters
found for E(S0) and BK(S0) are noticeably different from one
another. The C1-C2 and C7-O8 bond lengths of BK(S0) were
found to be more than 0.07 Å longer than those of E(S0), and
the C2-O9 and C1-C7 bond lengths of BK(S0) are about 0.1 Å
shorter than those of E(S0). These four bonds undergo the largest
changes when the ground-state proton-transfer tautomerization
reaction takes place. The other C-C bond length changes for
E(S0) are moderate and within about 0.03-0.06 Å longer or
shorter than those of BK(S0). All of the bond angle changes
are within p(4°. While the geometry structural parameters of
TS(E-BK)(S0) are very different from those of E(S0), they are
in general very similar to those of BK(S0) except for the C7-
H15 and O-H bonds that are distorted away from the benzene
ring plane. The barrier height for the transition from E(S0) to
BK(S0) was determined to be 37.2 kcal/mol.

B. Discussion of Absorption Spectra.Figure 2 displays the
absorption spectrum of OHBA in cyclohexane solution with the
excitation wavelengths for the resonance Raman experiments
indicated above the spectrum. There are three experimental
absorption bands with maxima at about 330, 259/252, and 215
nm (typically called the A-, B-, and C-bands respectively) in
Figure 2. Table 2 lists the B3LYP-TD/cc-PVTZ computed

Figure 1. Schematic diagrams for the structures of the ground state
of 2-hydroxybenzaldehyde (OHBA) in enol form E(S0), its ground-
state proton-transfer tautomers of the facial keto form FK(S0) and in
the backward keto form BK(S0), the ground-state transition state TS-
(E-BK) between E(S0) and BK (S0), its first singlet excited-state proton-
transfer tautomers of the facial keto form FK(S1) and the backward
keto form BK(S1), as well as its first triplet excited-state proton-transfer
tautomers of the facial keto form FK(T1), the backward keto form BK-
(T1), and the corresponding transition state TS(FK-BK)(T1) between
FK(T1) and BK(T1). See Table 1 for more detailed structural parameters.
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electronic transition energies, the corresponding orbitals, and
the oscillator strengths. The calculated results show that among
the calculated electronic transitions with wavelengths longer than
200 nm there are three transition-allowed absorption bands at
315, 242, and 212 nm that have oscillator strengths off )
0.0640, 0.1589, and 0.1885, respectively. This is in a good
agreement with the three intense experimental absorption bands
at 330 nm (f ) 0.0667), 259/252 nm (f ) 0.1683), and 218 nm

(f ) 0.2596), respectively, for OHBA. The A-band absorption
of OHBA is located at 330 nm and is clearly separated from
the B-band at 259/252 nm. The A-band absorption (330 nm) is
mostly a single, nondegenerate electronic state, which is assigned
to a π (benzene ring+ OH) f π*(benzene ring+ CdO)
transition on the basis of our time-dependent (TD)-DFT
computations and natural orbital analysis results. The corre-
spondingπ orbital 32 (HOMO) andπ* orbital 33 (LUMO) for
the electronic transition of the 330 nm A-band of OHBA are

TABLE 1: B3LYP/cc-PVTZ and CASSCF(8,7)/cc-PVDZ Computed Bond Lengths (Å) and Bond Angles (deg) for Various
Ground and Excited-State Proton-Transfer Tautomers and Proton Rotamers of OHBA and Their Corresponding Transition
Statesa

S0 T1 S1

parameters E(S0) BK(S0) TS(E-BK)(S0) FK(T1) BK(T1) TS(FK-BK)(T1) FK(S1) BK(S1) TS(FK-BK)(S1)

RC1-C2 1.42 1.49 1.50 1.48 1.50 1.48 1.45 1.43 1.43
RC2-C3 1.40 1.46 1.46 1.43 1.43 1.43 1.43 1.37 1.37
RC3-C4 1.38 1.35 1.35 1.40 1.40 1.40 1.46 1.41 1.41
RC4-C5 1.40 1.44 1.44 1.38 1.38 1.38 1.35 1.39 1.39
RC5-C6 1.38 1.35 1.35 1.42 1.42 1.42 1.47 1.39 1.39
RC6-C1 1.40 1.44 1.45 1.40 1.39 1.38 1.37 1.42 1.42
RC1-C7 1.45 1.36 1.35 1.41 1.41 1.42 1.46 1.41 1.42
RC7-O8 1.23 1.33 1.35 1.34 1.35 1.36 1.31 1.35 1.36
RO8-H14 1.75 0.96 0.96 0.99 0.96 0.96 0.97 0.94 0.95
RC2-O9 1.34 1.23 1.22 1.27 1.25 1.25 1.24 1.34 1.34
RC3-H10 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
RC4-H11 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
RC5-H12 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
RC6-H13 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
RC7-H15 1.10 1.09 1.09 1.08 1.08 1.08 1.08 1.08 1.08
∠C1-C2-C3 119 115 115 119 117 117 116 121 121
∠C2-C3-C4 120 122 122 122 123 123 123 121 120
∠C3-C4-C5 122 122 122 119 119 119 120 120 120
∠C4-C5-C6 119 120 120 122 121 121 118 120 120
∠C5-C6-C1 121 121 121 122 123 122 123 122 122
∠C6-C1-C2 120 120 119 117 117 118 121 117 117
∠C2-C1-C7 120 123 123 120 124 122 121 124 123
∠C1-C2-O9 122 123 123 121 122 122 121 120 120
∠C3-C2-O9 119 122 122 121 120 120 124 119 119
∠C1-C7-O8 125 124 125 124 123 123 123 121 123
∠C7-O8-H14 109 113 106 109 113 108 110 111
∠C1-C7-H15 116 119 119 122 119 120 122 121 120
∠O8-C7-H15 120 116 116 115 117 117 116 118 117
∠C2-C3-H10 119 116 116 116 116 116 117 119 119
∠C4-C3-H10 122 122 122 122 121 121 120 120 121
∠C3-C4-H11 119 120 120 121 121 120 119 119 119
∠C5-C4-H11 119 118 118 121 121 121 121 121 121
∠C4-C5-H12 120 119 119 120 120 120 123 121 120
∠C6-C5-H12 121 121 121 118 119 119 119 120 120
∠C5-C6-H13 120 120 121 119 118 119 118 120 120
∠C1-C6-H13 119 118 118 120 119 119 119 118 118
DC1-C7-O8-H14 0° 180° 104.3° 0° 180° -90.4° 0° -164.3° -90.6°

a See text for more details.

Figure 2. UV absorption spectra of OHBA in cyclohexane solution
is shown. The excitation wavelengths used for the resonance Raman
experiments are indicated above the absorption spectrum.

TABLE 2: B3LYP-TD/cc-PVTZ Calculated Transition
Energies of OHBA

singlet
transition energies

oscillator
strengthfstates

(Cs) character calcd. exptl. calcd. exptl. orbitals

2-Hydroxybenzaldehyde
S1(1A′) 1(π,π*) 315 nm 330 nm 0.0640 0.0667 32f 33
S2(1A′′) 314 nm 0.0002 31f 33
S3(2A′) 1(π,π*) 242 nm 259/252 nm 0.1589 0.1683 30f 33
S4(3A′) 1(π,π*) 212 nm 218 nm 0.1885 0.2596 32f 34
S5(2A′′) 201 nm 0.0004 31f 34

2-Hydroxyacetophenone
S1(1A′) 1(π,π*) 317 nm 0.0823 36f 37
S2(1A′′) 310 nm 0.0002 35f 37
S3(2A′) 1(π,π*) 243 nm 0.1469 34f 37
S4(3A′) 1(π,π*) 210 nm 0.1066 36f 38
S5(2A′′) 201 nm 0.0000 35f 38
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displayed in Figure 3. The electronic orbitals that are involved
in the B- and C-band absorptions areπ orbital 30 (HOMO-
2) andπ* orbital 33 (LUMO) andπ orbital 32 (HOMO) and
π* orbital 34 (LUMO + 1), respectively (Figure S2 in the
Supporting Information). Figure 3 shows that while orbital 32
has its electron density mostly delocalized into the benzene ring
and the OH groups orbital 33 has its electron density more
delocalized into the benzene ring and the HCdO groups. This
endows the A-band absorption with a CT/PT character and
suggests that more electron density will flow from the OH
moiety into the HCdO moiety and cause the electron density
to increase or decrease considerably for the HCdO or OH
groups upon photoexcitation. The obvious dependence of the
A-band absorption spectrum of OHBA on the solvent polarity
(this work) is consistent with its CT/PT character. It appears
that our 341.5 and 309.1 nm excitation wavelengths used in
the resonance Raman experiments should be mostly in resonance
with the A-band absorption of OHBA. The depolarization ratio
F ) 1/3 was used for the absolute Raman cross-section
measurements of all bands observed in our 341.5 and 309.1
nm resonance Raman spectra. This is based on the selection
rule that the depolarization ratioF should be1/3 for all bands if
the Raman intensity derives solely from a single, nondegenerate
electronic state in liquids at room temperature.54 Because the
CT/PT absorption band at 330 nm is strong and well-separated
from the other two absorption bands, this appears to be a
reasonable approximation.

C. Resonance Raman Spectra.Figure 4 shows an overview
of the A-band resonance Raman spectra of OHBA obtained with
341.5, 319.9, 252.7, and 217.8 nm excitation wavelengths. While
341.5 and 319.9 nm resonance Raman spectra are very similar
to each other, the 252.7 and 217.8 nm resonance Raman spectra
display a very different intensity pattern than the 341.5 and 319.9
nm resonance Raman spectra. It is interesting to note that the
most intense vibrational modes in the 252.7 and 217.8 nm
resonance Raman spectra are 1667 and 1615 cm-1, respectively,
which become much weaker in the 341.5 and 319.9 nm
resonance Raman spectra, especially for the 1615 cm-1 vibra-
tional mode. Thus we expect that the preresonance interference
to the A-band from a higher-lying state (B- or C-band) is very
limited. Figure 5 presents an expanded view of the resonance
Raman spectrum obtained with 341.5 nm excitation with
tentative vibrational assignments indicated above the spectrum.
The notations and assignments of the vibrations are based on
our FT)Raman, FT-IR, and B3LYP/cc-PVTZ computations
(Figure S3 and Table S1 in the Supporting Information) and
are similar to those reported in ref 65. The spectra shown in
Figures 4 and 5 have been corrected for sample reabsorption as

well as the wavelength dependence response of the detection
system, and the solvent Raman bands were removed from the
spectra by subtracting an appropriately scaled solvent spectrum,
and regions of the solvent subtraction artifacts are indicated by
asterisks. We note that the intensity of some Raman bands in
the spectrum may have contributions from several Raman bands
that have very close Raman shifts due to the limited resolution
of the solution-phase spectra, and therefore the Raman band
labels in Figure 5 only indicate the largest Raman band
contributions to each Raman band observed. Most of the
resonance Raman bands can be assigned to the fundamentals,
overtones, and combination bands of about 14 Franck-Condon
active vibrations based on the vibrational assignments of OHBA
(our work based on FT-Raman/FT-IR experiments and density
functional calculations as well as previously reported results in
ref 65): the nominal ring CdC-H/C-O-H in-plane bend
mode ν14 at 1314 cm-1, the nominal ring CdC-H/C-C(d
O)-H in-plane bend modeν16 at 1221 cm-1, the nominal Cd
C-H in-plane bend modesν18, ν19, andν20 at 1144, 1102, and

Figure 3. Diagram of the molecular orbitals involved in the electronic
transition for the A-band absorption of OHBA (e.g., orbitals 32 and
33) and OHAP (e.g., orbitals 36 and 37).

Figure 4. Overall view of the A-band resonance Raman spectra of
OHBA in cyclohexane solvent obtained with the excitation wavelengths
(in nm) indicated next to each spectrum. The spectra have been intensity
corrected and solvent subtracted. (Asterisks mark regions where solvent
subtraction artifacts are present; the sharp feature labeled by the pound
sign is due to a stray laser line.) The actual concentrations used are
about 0.044 and 0.051 mol/L for 341.5 and 319.9 nm excitations, and
the corresponding relative intensities between the OHBA 668 cm-1

peak and the cyclohexane 802 cm-1 peak are 0.27 and 0.44, respec-
tively.

Figure 5. Expanded view of the 341.5 nm resonance Raman spectrum
of OHBA in cyclohexane. The spectrum has been intensity corrected
and solvent subtracted. Asterisks label parts of the spectrum where
solvent subtraction artifacts are present. The tentative assignments to
the larger Raman band features are also shown.
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1019 cm-1, respectively, the nominal CdC-C(dO)/CdC-
O(H) in-plane bend modesν37 at 261 cm-1 andν33 at 447 cm-1,
the nominal ring deformation modesν10, ν26, ν31, and ν35 at
1455, 764, 559, and 410 cm-1, respectively, the nominal ring
deformation/C-C(H)dO in-plane bend modeν30 at 662 cm-1,
the nominal ring deformation/C-O-H/CdC-H in-plane bend
ν9 at 1576 cm-1, and the nominal CdO stretchν7 at 1662 cm-1.
We note that the ring deformation and ring CdC-H in-plane
bend are distributed among 10 Franck-Condon active modes
(ν9, ν10, ν14, ν16, ν18, ν19, ν20, ν26, ν30, ν31, and ν35) and the
proton-transfer or hydrogen-chelating relevant CdC-C(dO)/
CdC-O(H) in-plane bend and CdO stretch motions are
distributed among two modes (ν33 andν37) and one mode (ν7),
respectively. It appears that photoexcitation of OHBA in its
A-band (or CT/PT) absorption band causes larger motions
among the ring deformation, CdC-C(dO)/CdC-O(H) in-
plane bend, ring CdC-H in-plane bend, and CdO stretch
reaction coordinates.

D. Simulation of the Absorption and Resonance Raman
Spectra. We have chosen to model the relative intensities of
the 341.5 and 319.9 nm resonance Raman spectra because they
are clearly mostly in resonance with the CT/PT band absorption.
The absorption spectrum and absolute resonance Raman cross-
sections were simulated using the time-dependent wavepacket
calculations and a simple model described earlier. Table 3
presents the calculated parameters that best fit the absorption
spectrum and the intensities of the 341.5 and 319.9 nm
resonance Raman spectra for OHBA in cyclohexane solution.
To simultaneously fit the absorption bandwidth and the pattern
of the resonance Raman intensities, we needed to include a

moderate amount of electronic dephasing (theΓ parameter) and
a large amount of inhomogeneous broadening (theG parameter)
in the calculations. This is similar to previous work on solution-
phase OHAP (the OHAP results are also listed in Table 3),36

where large damping parameters were needed to simultaneously
fit the absolute Raman cross-sections, the relative Raman
intensity patterns, and the absorption band. This indicates that
the population decay/electronic dephasing takes place substan-
tially faster than just wavepacket motion away from the Franck-
Condon region. Table 3 shows that while the Gaussian
inhomogeneous broadening (theG parameter) of 520 cm-1 for
OHBA is similar to that of 470 cm-1 for OHAP the Lorentzian
homogeneous broadening (theΓ parameter) of 470 cm-1 for
OHBA is much larger than that of 101 cm-1 for OHAP.
Inhomogeneous broadening arises because there can be a
number of different solvation structures in solution leading to
a distribution of electronic transition energies and reflects the
static interaction between the molecule of interest and the
solvent. That both OHBA and OHAP have similarG parameters
in cyclohexane solution suggests that both molecules have a
similar interaction with the cyclohexane solvent in the ground
electronic state. The distinctly differentΓ parameters between
the two molecules indicate that the two molecules have
significantly different homogeneous broadening. The homoge-
neous broadening comes from both the solvent-induced dephas-
ing and the excited-state population decay in the condensed
phase. The contribution of the excited-state population decay
to the homogeneous broadening can be determined from its
excited-state lifetime. The S1 state lifetime of OHBA in the gas
phase was determined to be less than 50 fs, and this suggests a

TABLE 3: Resonance Raman Intensity Analysis Parameters for the Time-Dependent Wave Packet Calculations and the
Resulting Vibrational Reorganization Energies for 2-Hydroxybenzaldehyde

modes descriptions freq. (cm-1) |∆| vibrational reorganization energy

2-Hydroxybenzaldehyde (OHBA)
ν37 CdC-C(d) in-plane bend+ CdC-C(-OH) in-plane bend 264 1.55 317
ν35 ring deformation+ C-O in-plane bend 410 0.55 62
ν33 CdC-O(OH) in-plane bend+ CdC-C(d) in-plane bend 453 0.78 138
ν31 ring deformation 562 0.55 85
ν30 ring deformation+ C-C(H)dO in-plane 668 0.63 133
ν26 ring deformation 764 0.30 34
ν20 CdCH in-plane bend 1028 0.38 74
ν19 CdCH in-plane bend 1111 0.22 27
ν18 CdCH in-plane bend 1144 0.20 23
ν16 CdCH in-plane bend+ C-C(d)-H in-plane bend 1224 0.35 75
ν14 CdCH in-plane bend+ C-O-H in-plane bend 1320 0.65 279
ν10 ring deformation 1458 0.38 97
ν9 ring deformation+ C-O-H in-plane bend+ CdCH in-plane bend 1580 0.35 97
ν7 CdO stretch 1668 0.28 65

total ) 1506

transition length,M ) 0.555,E00 ) 29 160 cm-1, Γ ) 470 cm-1, G (standard deviation)) 520 cm-1

2-Hydroxyacetophenone (OHAP) (from ref 36)
ν44 CdC-C(d) in-plane bend+ CdC-C(-OH) in-plane bend 264 0.89 105
ν41 CdC-O(OH) in-plane bend+ CdC-C(d) in-plane bend 434 0.84 153
ν38 ring deformation 562 0.63 112
ν36 ring deformation+ C-C(CH3)dO in-plane bend 622 0.62 120
ν32 ring deformation 842 0.40 67
ν25 CdCH in-plane bend 1031 0.49 124
ν24 CdCH in-plane bend 1067 0.48 123
ν23 CdCH in-plane bend 1128 0.68 261
ν21 CdCH in-plane bend+ C-O-H in-plane bend 1218 0.39 93
ν20 CsC(d) stretch 1245 0.38 90
ν19 ring deformation+ CH3 umbrella 1324 1.33 1171
ν13 CdCH in-plane bend+ ring CdC stretch 1445 0.35 88
ν11 ring deformation+ C-O-H in-plane bend+ CdCH in-plane bend 1584 0.41 133
ν9 CdO stretch 1648 0.45 167

total ) 2808

transition length,M ) 0.54,E00 ) 28 380 cm-1, Γ ) 101 cm-1, G (standard deviation)) 470 cm-1
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line width of a bit more than 100 cm-1 (τ ) 1/2πΓc).18

Obviously the approximate 100 cm-1 line width estimated from
the gas-phase excited-state lifetime is much smaller than the
homogeneous broadening 470 cm-1 line width determined from
the solution-phase resonance Raman intensity analysis for
OHBA. This suggests that the 470 cm-1 homogeneous broaden-
ing is possibly composed of the S1 excited-state lifetime decay
and the solvent-induced electronic dephasing. It is likely that
the cyclohexane solvent affects both the S1 state lifetime and
the solvent-induced electronic dephasing. Under the extreme
case where the 470 cm-1 homogeneous broadening is almost
entirely derived from the S1 state lifetime decay, a lower limit
of ∼10 fs can be inferred for the S1 state lifetime for OHBA in
cyclohexane solution. Therefore, we expect that the S1 state
lifetime of OHBA in cyclohexane solution will be somewhere
between 10 and 50 fs. Similarly, using the 101 cm-1 homoge-
neous broadening for OHAP and considering the band shape
difference between OHAP and OHBA for their A-band or CT/
PT band absorption, the S1 state lifetime of OHAP is estimated
to be longer than 50 fs, and this is in agreement with the gas-
phase experimental observation of a 60 fs tautomer rise time
for the S1 state of OHAP.19

The top panel of Figure 6 shows a comparison of the
calculated absorption spectrum with the experimental absorption
spectrum while the bottom panel of Figure 6 and Table 4 show
comparisons of the calculated resonance Raman cross-sections
(open bars) with the experimental Raman cross-sections (solid
bars) for the main Raman features of the 341.5 and 319.9 nm

resonance Raman spectra. Inspection of Figure 6 shows that
there is reasonable agreement between the calculated and the
experimental absorption spectra, and it is worth noting that the
calculated spectrum is consistent with the oscillator strength of
the CT/PT transition while simultaneously providing a good fit
to the absolute Raman intensities of the 341.5 and 319.9 nm
spectra as shown in lower part of Figure 6. If any of the
parameters in Table 3 are changed beyond their estimated
uncertainties (about(5-10%), then the calculated fit to the
absorption spectrum and/or resonance Raman cross-section
becomes noticeably poorer. The overall best fit to both the
absorption spectrum and the absolute resonance Raman intensi-
ties appears reasonable enough to extract the major features of
the transition and its associated short-time dynamics on the
excited-state potential energy surface. Examination of the|∆|
dimensionless parameters in Table 3 obtained by fitting the
absorption spectrum and the resonance Raman cross-sections
shows that the largest changes in the displacements take place
with the nominal ring CdC-H/C-O-H in-plane bend mode
ν14 (|∆| ) 0.65) and the nominal CdC-C(dO)/CdC-O(H)
in-plane bend modesν37 (|∆| ) 1.55) andν33 (|∆| ) 0.78).
There are also more modest contributions from the other 11
normal modes of the nominal ring deformations, the CdO
stretch, and the ring CdC-H in-plane bend. Our results indicate
that the short-time photodissociation dynamics of OHBA have
significant multidimensional character distributed over a wide
variety of vibrational modes.

Figure 6. (Top panel) Comparison of the computed absorption
spectrum (dotted line) with the experimental (solid line) absorption
spectrum. (Bottom panel) Comparison of the computed resonance
Raman cross-sections (open bars) with the experimental Raman cross-
sections (solid bars) for the main Raman features of the 319.9 and 341.5
nm resonance Raman spectra. The computations made use of the model
described in refs 49 and 50 and employed a simple exponential decay
dephasing treatment for the solvent. (See text for details.)

TABLE 4: Resonance Raman Intensities of
OHBA2-Hydroxybenzaldehyde in Cyclohexane Solution

absolute Raman cross-sectionσR (×10-10 Å/molecule)a

319.9 nm 341.5 nm

Raman peaks Raman shift (cm-1) exptl. calcd. exptl. calcd.

ν7 1670 7.18 8.36 4.87 4.16
ν9 1582 10.59 11.87 6.95 6.33
ν10 1461 9.38 12.01 8.65 7.15
ν14 1323 27.07 28.94 16.37 19.59
2ν14 2640 3.97 4.83 1.53 1.51
ν14 + ν7 2997 2.77 2.36 0.72 0.6
ν14 + ν10 2784 4.24 3.75 1.37 1.06
ν16 1228 16.84 7.2 9.1 5.36
ν14 + ν16 2549 3.66 2.5 1.49 0.84
ν18 1147 1.67 2.04 0.87 1.65
ν14 + ν18 2461 1.24 0.73 0.66 0.27
ν19 1114 1.16 1.92 1.6 1.61
ν20 1032 6.07 3.84 3.28 3.79
ν14 + ν20 2343 2.5 1.58 1.12 0.68
ν26 772 2.4 2.03 3.82 2.5
ν16 + ν26 1986 2.9 2.83 2.74 1.72
ν14 + ν26 2089 1.42 0.84 0.75 0.47
ν30 670 6.61 6.57 3.38 8.52
ν31 567 4.3 3.64 3.74 5.19
ν7 + ν31 2228 1.62 1.46 1.61 1.0
ν14 + ν31 1887 0.8 0.42 0.24 0.2
ν33 457 5.46 4.81 6.64 7.51
ν14 + ν33 1775 1.8 1.92 2.51 1.49
ν10 + ν33 1914 0.8 0.8 0.67 0.51
ν7 + ν33 2122 0.63 0.54 0.71 0.27
ν35 412 1.63 1.97 1.67 3.19
ν35 + ν33 865 1.19 0.11 0.62 0.41
ν35 + ν14 1723 0.6 0.79 1.08 0.65
ν35 + 2ν14 3049 0.4 0.72 0.4 0.2
ν37 268 7.39 7.4 10.15 13.02
2ν37 515 1.22 0.23 1.11 1.37
ν37 + ν33 719 0.46 0.38 1.14 1.65
ν37 + ν19 1382 0.15 0.11 1.06 0.4
ν14 + ν37 + ν33 2036 0.43 0.46 0.73 0.42

a The absolute Raman cross-sections of the 802 cm-1 Raman band
of the cyclohexane solvent at 319.1 and 341.5 nm excitation are 0.0694
× 10-10 and 0.0502× 10-10 Å/molecule (see ref 66).
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E. CT/PT Absorption Band Short-Time ESIPT Dynamics
of OHBA and Comparison to Previous Work on OHAP.
2-Hydroxyacetophenone is a prototypical proton-transfer mol-
ecule for which resonance Raman intensity analysis was carried
out for its A-band absorption.36 Fourteen vibrational modes were
found to be significantly enhanced with the most intense Raman
band being the symmetric stretch of the benzene ring at 1324
cm-1. An absolute Raman intensity analysis indicated that the
breadth of the absorption and emission bands in OHAP was
due to displacements in 14 vibrational coordinates not including
the O-H stretch, and the electronically excited OHAP evolves
rapidly in the Franck-Condon region along a large number of
skeletal coordinates without involving the O-H stretching
coordinate.36 The Franck-Condon region proton-transfer dy-
namics of OHBA are similar to that of OHAP (Table 3) in that
both molecules have their short-time proton-transfer dynamics
being distributed over a wide range of vibrational modes. We
note that while OHAP has about 2808 cm-1 total vibrational
reorganizational energy that is distributed into 14 vibrational
modes with the benzene skeletal motions possessing the largest
amount of vibrational reorganizational energy, OHBA has only
about 1506 cm-1 total vibrational reorganizational energy that
is partitioned between 14 Franck-Condon vibrational modes
with the benzene skeletal modes also having the largest
reorganizational energy. The hydroxy (O-H) stretching mode
is not observed in the 341.5 and 319.9 nm resonance Raman
spectra of OHBA, and this is similar to the resonance Raman
results for OHAP. OHAP has been thought to undergo a
barrierless proton-transfer reaction in its first excited state.7,67

This is similar to the TD-DFT calculations that predicted no
barrier for the ESIPT reaction of OHBA,41,42 and the isotope
experiment/HF-CIS calculations suggest an upper limit barrier
of only 2.4 kcal/mol for the ESIPT reaction of OHBA.18 The
absence of intensity in the hydroxy stretching mode as well as
its combination bands with the nominal benzene skeletal modes
in the resonance Raman spectrum for both OHBA and OHAP
suggests a mechanism for ESIPT in which an overall molecular
geometry change comprised of multiple reaction coordinates
takes place rather than along a separable single hydroxy stretch
reaction coordinate. It is likely that the skeletal motion occurs
prior to or concertedly with the exited state proton-transfer
reaction taking place in these systems.

Further examination of the normal mode displacements in
OHBA and OHAP reveal distinct differences in their Franck-
Condon dynamics. We note from Table 3 that most of the
normal modes of OHBA have normal mode descriptions very
similar to those of OHAP. However, the corresponding vibra-
tional reorganizational energies of OHBA are considerably
different from those of OHAP. The most important normal mode
that plays a predominant role in the excited-state proton-transfer
dynamics of OHBA is the CdC-H +C-O-H in-plane bend
vibration (ν14 at 1320 cm-1) that has about 279 cm-1 vibrational
reorganizational energy and accounts for 19% of the total
vibrational reorganizational energy. The corresponding CdC-H
+C-O-H in-plane bend vibration (ν21 at 1218 cm-1) for
OHAP however has only 93 cm-1 vibrational reorganizational
energy and accounts for only 3% of the total vibrational
reorganizational energy. In contrast, the most important normal
mode that is specific to OHAP and plays a decisive role in the
excited-state proton-transfer dynamics of OHAP is the ring
deformation+ CH3 umbrella vibration (ν19 at 1324 cm-1), and
this mode has a 1171 cm-1 vibrational reorganizational energy
and accounts for 42% of the total vibrational reorganizational
energy. The corresponding ring deformation vibration (ν10 at

1458 cm-1) for OHBA however has only 97 cm-1 vibrational
reorganizational energy and accounts for only 6.4% of the total
vibrational reorganizational energy. Thus replacement of the HR
atom of the HR-CdO group of OHBA by the CH3 group causes
OHAP to increase by∼1074 cm-1 () 1171 cm-1 - 97 cm-1)
in the vibrational reorganizational energy that accounts for
∼82% of the total increase of 1302 cm-1 () 2808 cm-1 - 1506
cm-1) in the total vibrational reorganizational energy of OHAP.
The replacement of the H atom of OHBA by the CH3 group
also causes OHAP to increase its vibrational reorganizational
energies along the nominal ring CdC-H in-plane bend
vibrational modes (ν23, ν24, andν25) relative to the corresponding
modes (ν18, ν19, and ν20) of OHBA. The subtotal vibrational
reorganizational energy of 508 cm-1() 124 cm-1 + 123 cm-1

+ 261 cm-1) for these three modes (ν23, ν24, andν25) of OHAP
that account for 18% of the total vibrational reorganizational
energy is much larger than the subtotal vibrational reorganiza-
tional energy of 124 cm-1 () 74 cm-1 + 27 cm-1 + 23 cm-1)
for the corresponding modes (ν18, ν19, andν20) that make up
only 8% of the total vibrational reorganizational energy for
OHBA. This causes OHAP to increase by∼384 cm-1 () 508
cm-1 - 124 cm-1) in the subtotal vibrational reorganizational
energy that makes up 29% of the total increase of 1302 cm-1

in the total vibrational reorganizational energy for OHAP. There
are two modes that decreased for the vibrational reorganizational
energy in OHAP compared to OHBA. The nominal CdC-C(d
O)/CdC-O(H) in-plane bend vibrational modes (ν33 andν37)
for OHBA have a subtotal vibrational reorganizational energy
of 455 cm-1 () 317 cm-1 + 138 cm-1) that accounts for 30%
of the total vibrational reorganizational energy. This is consider-
ably larger than the corresponding 258 cm-1 () 105 cm-1 +
153 cm-1) that makes up only 9% of the total vibrational
reorganizational energy for theν41 and ν44 modes of OHAP
and causes OHAP to experience a decrease of about 197 cm-1

in the vibrational reorganizational energy that accounts for 15%
of the total increase in the total vibrational reorganizational
energy. The distinct differences in their Franck-Condon
dynamics between OHBA and OHAP are likely due to the
nature of theπ* orbital 37 in Figure 2 that displays an excited-
state supraconjugation interaction between the benzene ring and
the CH2 groups. This excited-state supraconjugation interaction
as well as the dynamical forces of the proton-transfer motion
increases the CdC-H and other in-plane bending motion and
causes more vibrational energy to be partitioned into the Cd
C-H and other in-plane bend motions for the OHAP molecule.
It seems that the CH3 group in OHAP acts as both the damper
of the CdC-C(dO) + CdC-O(H) bending motion and the
activator of the ring deformation and ring CdC-H in-plane
bend motions.

We have noted from the above analysis that the substitution
of the HR atom in the HR-CdO group by the CH3 group
effectively modulates the Franck-Condon region ESIPT dy-
namics and the energy partitioning among the various vibrational
degrees of freedom of OHBA. During the ESIPT process, OHAP
receives about 2808 cm-1 total vibrational reorganizational
energy among which more vibrational reorganizational energy
is partitioned into the benzene-ring-related ring deformation or
CdC-H in-plane bending modes, while OHBA has only a 1506
cm-1 total vibrational reorganizational energy in which more
vibrational reorganizational energy is distributed along the
ESIPT-relevant C-CdO/C-O-H bending modes.

F. Roles of Tautomers and Rotamers on the ESIPT
Reaction Path of OHBA. The geometry structures of the
excited-state proton-transfer tautomers and proton rotamers of
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OHBA were calculated using CASSCF(10,8)/cc-PVDZ for the
S1 or 1(π,π*) state and UB3LYP/cc-PVTZ for the T1 or 3(π,π*)
state. The energetics for the S1 state were also estimated using
CASMP2/cc-PVDZ single-point energy calculations. These
calculation results are shown in Figures 1 and 7 and also listed
in Table 1. Figure 7 schematically depicts the partial potential
energy surface diagram for the ESIPT processes. Figure 1 shows
that the OHBA molecule in its S1 or T1 excited state has both
the facial keto tautomer FK(S1) or FK(T1) and the backward
keto tautomer BK(S1) or BK(T1) in theCs point group. This is
different from the ground-state OHBA molecule that has only
a backward proton-transfer tautomer BK(S0) but without facial
keto tautomer FK(S0).

The structural parameters of FK(S1) are noticeably different
from those of E(S0). Table 1 shows that the C3-C4, C5-C6,
C7-O8, and C2-O9 bond lengths for FK(S1) are 1.46, 1.47, 1.32,
and 1.24 Å, which are considerably longer or shorter than the
corresponding 1.38, 1.38, 1.23, and 1.34 Å of E(S0) by more
than+0.07,+0.09,+0.09, and-0.10 Å, respectively. These
four bonds undergo the largest geometry changes when the
excited-state proton-transfer takes place and the excited-state
molecule reaches its energy minimum. The O9-C2-C3 bond
angle of FK(S1) is 124° and larger than that of E(S0) by 5°.
The other four bond length changes in the C1-C2, C2-C3, C4-
C5, and C6-C1 bonds and the seven bond angle changes in the
C2-C3-H10, C4-C3-H10, C3-C4-H11, C5-C4-H11, C4-C5-
H12, C6-C5-H12, and C6-C5-H12 angles are within(0.03 Å
and (3°, respectively, for FK(S1) and E(S0). The structural
parameters listed in Table 1 for BK(T1), FK(T1), and TS(FK-
BK)(T1) are very similar to one another with most of the bond
length and bond angle changes being less than(2 Å and(2°.
The structural parameters of FK(S1) are surprisingly similar to
those of TS(FK-BK)(T1).

On the basis of the CASMP2/cc-PVDZ single-point energy
calculations, the FK(S1) is 72.8 kcal/mol higher in energy than
E(S0) and can undergo further isomerization through a O8-H14

rotation around the C7-O8 bond to form BK(S1) that is
energetically only 2.5 kcal/mol higher than FK(S1). The
transition barrier for FK(S1) to BK(S1) is 8.2 kcal/mol based
on results from the CASMP2/cc-PVDZ single-point energy
calculations. This indicates that the further rotamerization from
FK(S1) to BK(S1) is relatively difficult. Our UB3LYP/cc-PVTZ
calculations predict two minimum triplet state structures, FK-
(T1) and BK(T1), and the transition state structure TS(FK-BK)-
(T1) for OHBA. Figure 7 shows that BK(T1) is higher in energy
than FK(T1) by 12.5 kcal/mol, while TS(FK-BK)(T1) is only
3.7 kcal/mol above BK(T1) in energy. This indicates that in the

first triplet excited state the proton rotamerization reaction from
BK(T1) to FK(T1) is much easier than the reverse process from
FK(T1) to BK(T1). The energy difference between FK(S1) and
TS(FK-BK)(T1) is only 1.8 kcal/mol. This small energy
difference and the very similar structural parameters between
FK(S1) and TS(FK-BK)(T1) lead us to expect that the reverse
ESIPT reaction from FK(S1) and TS(FK-BK)(T1) exists for
OHBA similar to the reverse ESIPT channel for 1-hydroxyan-
thraquinone.34 This hypothesis is supported by previous phos-
phorescence spectroscopic results for the triplet state proton-
transfer tautomers in OHBA,68 in 2-(2′-hydroxyphenyl)-
benzoxazole,69,70 in 2-(2′-hydroxyphenyl)benzothiazole,71 and
in 2,2′-bipyridyldiol.72 It seems that FK(S1) and FK(T1) play
predominant roles over BK(S1) and BK(T1) in the reverse ESIPT
channel.

OHBA exhibits a rather fast internal conversion (IC) from
the electronically excited state to the ground state.17 It was noted
that the time scale varied with the structure of the molecule by
3 orders of magnitude and between IC times of about 150 fs
for 2-(2′-hydroxy-5′-methylphenyl) benzotriazole (TINUVINP)73

to up to several hundred picoseconds for HBT.74 The strong
variation in the time scale for the IC process was supposedly
due to the barrier that arises from an avoided crossing between
the ππ* and theπσ* states. Stock et al.35 found a 55 ps time
constant for the S1 lifetime of FK(S1) to convert to another
species and observed an important out-of-plane vibrational mode
in the lower-frequency region during this conversion process.
They assigned this lower-frequency out-of-plane vibrational
mode to a Fermi resonance but without taking into consideration
the possible excited-state proton rotamerization of FK(S1). The
proton-transfer isomerization and various rotamerizations of
OHBA in the ground and excited states were studied using CIS
and MP2 levels with a 6-31+G* basis set.30 The energies
required to excite each of the conformers (E(S0), FK(S0), and
various rotamers of E(S0)) to the 1nπ*,3nπ*,1ππ*,and 3ππ*
excited states were reported. While this provides us detailed
information about the competition between rotamerization and
proton-transfer isomerization for OHBA, the energetics of the
rotamers BK(S1) and BK(T1) in the ESIPT processes is still
missing. Thus our present study helps to provide some
supplementary information about the role of the proton rota-
merization between FK(S1) and BK(S1) in the internal conver-
sion process. The rotamerization between FK(S1) and BK(S1)
is energetically accessible in the S1 excited state because their
energy difference is very small (2.5 kcal/mol) and the barrier
is moderate (8.2 kcal/mol). If this rotamerization (one of the
internal conversions) process occurs, then the rotamerization
rate is expected to depend largely on the excitation energy due
to the relatively higher barrier, and a lower-frequency out-of-
plane vibrational mode is expected. This obviously is consistent
with the transient absorption experiments that display a strong
internal conversion rate dependence on the excitation energy
and an important lower-frequency out-of-plane vibration mode.35

Conclusion

CT/PT band resonance Raman spectra were acquired for
OHBA in cyclohexane solution. The resonance Raman spectra
and intensity analysis of these spectra indicate that most of the
short-time photodissociation dynamics in the Franck-Condon
region occurs mainly along the nominal CdCH in-plane bend
+ C-O-H in-plane bendν14 (|∆| ) 0.65,λ ) 279) and the
nominal CdC-C(dO) in-plane bend+ CdC-C(-OH) in-
plane bendν37 (|∆| ) 1.55,λ ) 317) mode, the nominal Cd
C-O(OH) in-plane bend+ CdC-C(dO) in-plane bendν33

Figure 7. Energies computed for the various proton-transfer tautomers
and proton rotamers of OHBA in several electronic states. The
denotations are given in Figure 1. See text for more details.
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(|∆| ) 0.78, λ ) 138), and the nominal ring deformation+
C-C(H)dO in-planeν30 (|∆| ) 0.63,λ ) 133), accompanied
by moderate to smaller components along 10 other normal
modes. These results for OHBA were compared to those
previously reported for OHAP and reveal that among the 2808
cm-1 total vibrational reorganizational energy of OHAP more
vibrational reorganizational energy is partitioned into the
benzene-ring-related ring deformation or CdC-H in-plane
bending modes, while among the 1506 cm-1 total vibrational
reorganizational energy of OHBA more vibrational reorgani-
zational energy is distributed along the ESIPT-relevant C-Cd
O/C-O-H bending modes. These distinct differences in the
Franck-Condon region ESIPT dynamics between OHBA and
OHAP are ascribed to the nature of theπ* orbital of OHAP
that displays an excited-state supraconjugation interaction
between the benzene ring group and the CH2 group. We briefly
discussed possible implications for this behavior for the
photochemistry of OHBA.
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