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ABSTRACT: The reaction dynamics of a photochemical reaction is typically described by
reaction coordinates based on the Born−Oppenheimer (BO) approximation. A strong
interaction between electrons and nuclei, conventionally occurring at conical intersections,
however, breaks the BO approximation and has major consequences for the efficiency of a
photochemical reaction. Despite its importance, related studies into the non-BO dynamics are
scarce. Here, we investigate the non-BO dynamics of excited-state intramolecular proton
transfer (ESIPT) occurring in 10-hydroxybenzo[h]quinoline (HBQ). Two coherent
vibrational modes at 237 and 794 cm−1 representing molecular dynamics on a diabatic
surface in HBQ are identified by a wave packet analysis based on a transient absorption
measurement with a time resolution of 11 fs and with a density functional theory-based model
calculation. It is also revealed that the strong Coulomb field effect in HBQ leads to the
completion of ESIPT within about two cycles of the OH stretching mode. The work paves the
way for time-domain studies of molecular dynamics beyond the BO approximation in other
photochemical reactions.

Under the Born−Oppenheimer (BO) approximation, the
electronic and nuclear motions are separated, and no

coupling between them is assumed. Hence, the terms in the
total Hamiltonian are grouped into electronic and nuclear
ones. However, in reality, when two nearby electronic states
are coupled, the time scales of the electronic and nuclear
motions become comparable. This leads to the breakdown of
the BO approximation. In the non-BO region, the coupling
strength between the two electronic states would be affected by
the momentum along the nuclear coordinate.1,2 While
molecular reaction dynamics under the BO approximation
can be easily deduced by considering the potential energy
surface (PES) along the reaction coordinate of interest, it is
difficult to predict the molecular dynamics of non-BO
processes because of the time-dependent nature of the
coupling strength.
The non-BO processes have been observed in several

systems, the examples of which are the vibrational properties of
graphene,3 the photodissociations of thioanisole4 and nitrogen
dioxide,5,6 and photoisomerization,7 whose effective nuclear
coordinates involved in the reaction through specific
configurations (e.g., conical intersection), which represent a
non-BO regime in molecules, were identified. Time-resolved
spectroscopies have been employed to investigate non-BO
molecular dynamics.5−11 Particularly, by observing wave packet
motions in time, they may provide more direct information on
the molecular dynamics6,12 compared to pure kinetic analysis
and frequency domain spectroscopies.

Excited-state intramolecular proton transfer (ESIPT) of 10-
hydroxybenzo[h]quinoline (HBQ, shown in Figure 1a) is
another suitable chemical reaction to explore molecular
dynamics where the BO approximation breaks down. Upon
photoexcitation of HBQ, the proton attached to the oxygen,
which is an enol-isomer (E), is transferred to the nitrogen to
form a keto-isomer (K) in an excited state. The ESIPT rate of
HBQ is estimated to be 13 fs,13 comparable to the period of
OH stretching vibration, while the intrinsic electronic
transition time between E and K in excited states (E* and
K*) is around 4 fs according to the energy gap between the
two states (8000 cm−1, Figure 1b). Hence, the ESIPT of HBQ
cannot be described under the BO approximation.
Coherent nuclear wave packets can be launched by an

impulsive photoexcitation of a molecule, because of the
different equilibrium structure of the ground and excited
states (Figure 1c). For a molecule undergoing an ultrafast
photochemical reaction, the vibrational coherences caused by
the photoexcitation, particularly those of vibrational modes
coupled strongly with the reaction coordinate, may undergo
intramolecular vibrational energy redistribution and dephasing
throughout the reaction. Dynamical information on the
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ultrafast chemical reaction, e.g., the temporal evolution of
electronic and nuclear structures, may be revealed in the
nuclear wave packets of the reaction product.14,15

Wave packets of the product (K*) in the frequency range
below 700 cm−1 have been reported previously.13,16−18

Previous works suggested skeletal-mode-assisted and barrier-
less proton transfer for the ESIPT of HBQ, where the proton
participates passively in the reaction, based on the low-
frequency wave packet motions.17,19,20 In contrast, the role of
the proton in the ESIPT of HBQ was reported to be active in a
time-resolved fluorescence study based on a deuterium isotope
experiment.16 A proper account for the molecular dynamics of
the ESIPT of HBQ should describe both the low-frequency
coherent nuclear motions and the active role of the proton. A
non-BO behavior can be a key aspect to explain the molecular
dynamics of the ESIPT, and the examination of the wave
packet motion of the K* may unveil the role of nonadiabaticity
in the ESIPT reaction.
In this work, we have measured the nuclear wave packets of

the reaction product K* at a fixed detection wavelength
(Figure 1d) with a time resolution of 11 fs (Figure 1e, inset),
which permits observing the coherent vibrational spectrum
(CVS) up to 3000 cm−1 resulting from the vibrational wave
packet motions. Note that this temporal resolution permits us
to fully resolve all the vibrational modes up to a frequency of
3000 cm−1, as shown by the CH stretching vibrational peaks of
ethanol (solvent) at around 2900 cm−1 (Figure 1e). Figure 1b
shows the power spectra of the pump and the probe pulses,
which overlap with the absorption and emission spectra of
HBQ in ethanol, respectively (see Supporting Information 1
for details of the experiment and the effect of intermolecular
hydrogen bonding). Using a model calculation in the non-BO
regime, we have identified two vibrational modes at 237 and
794 cm−1 that represent the non-BO behavior of the excited

HBQ. The ESIPT of 2-(2′-hydroxyphenyl)benzothiazole
(HBT, shown in Figure. 1a)13,16,19 was studied together with
HBQ for comparison. Although both HBQ and HBT form the
same stable six-membered intramolecular hydrogen bonded
rings and show ultrafast ESIPT, the ESIPT rate of HBT is
actually four times slower than that of HBQ. The electron
density of HBT at the proton acceptor site is higher than that
of HBQ because of a different resonance structure. HBT is also
more flexible than HBQ so that the ESIPT in HBT may be
supported strongly by the skeletal modes. The experiments and
model calculations reveal that the previously suggested
adiabatic model is not appropriate for the ESIPT of HBQ
and that the electronic motion follows the effective nuclear
motion to complete the chemical reaction.
An impulsive excitation of a molecule by a short pulse

generates a coherent nuclear wave packet on the excited state,
as shown in Figure 1c. The electronic transition energy
between the ground and the excited states changes as the wave
packet propagates, which is reflected in the TA spectrum as
illustrated in Figure 1c,d. In HBQ, the wave packet surviving
the ESIPT modulates the TA spectrum of the product (K*).
To obtain the CVS of K*, the probe pulse was spectrally
dispersed and detected at the half-height position of the
stimulated emission band of K* (dashed line in Figure 1d),
where the modulation of the TA intensity is the largest.21 The
short and long wavelength side of the stimulated emission
band yield nearly the same modulation amplitude. The
detection was done at the long wavelength side to avoid the
interference from the excited-state absorption of the K*.17 The
resultant TA signal was Fourier transformed to give the CVS
shown in Figure 1e.
To understand the experimental CVS, we propose two

different ESIPT schemes: adiabatic molecular dynamics under
the BO approximation (scheme 1) and the dynamics beyond

Figure 1. (a) Molecular structure of HBQ (left) and HBT (right). Both are enol conformers, and the dashed lines indicate the ESIPT pathway. (b)
Absorption (black) and emission (red) spectra of HBQ in ethanol. The shaded areas are the spectra of the pump (blue) and probe (red) beams.
The dashed line indicates the detection wavelength (670 nm) for the CVS measurement. (c) Schematic illustration of the coherent nuclear wave
packet (brown) formed by an impulsive excitation (blue wavy arrow). The colored arrows represent how the transition frequency changes with the
wave packet oscillation. (d) Transient absorption spectrum of HBQ ethanol solution. The white dashed line indicates the detection wavelength
(670 nm) for the CVS measurement. The transient spectra at T = 200, 500, and 1000 fs are represented in the left panel. (e) Coherent vibrational
spectrum (CVS) of HBQ in ethanol (black) and the spontaneous Raman spectrum of ethanol (gray shaded). The Raman spectrum is calibrated by
the time resolution of TA with the calibration factor of exp[−(πΔtν)2/4 ln2], where ν and Δt are the frequency and pulse width in full-width at
half-maximum, respectively. The cross-correlation of the pump and probe beam, which is the sum-frequency generation between the pump and
probe at a 20 μm thick BBO crystal (inset).
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the BO approximation (scheme 2). Figure 2 illustrates
schematic excited-state PESs in each scheme. In scheme 1,
the wave packet generated at the Franck−Condon region
propagates on the adiabatic PES formed by the strong coupling
between the reactant (E*) and the product (K*). In contrast,
in scheme 2, the diabatic PESs of E* and K* should be applied
to describe the dynamics beyond the BO approximation.
In scheme 1, the adiabatic PES of the excited HBQ should

be barrierless because of the strong coupling between E* and
K* along the reaction coordinate. The adiabatic PES
continuously forces the wave packet generated at the
Franck−Condon geometry (qE,0 in Figure 2) to the energy
minimum (qK*,0 in Figure 2) of K*. Therefore, the wave packet
measured at K* should be determined by the structural

difference between qE,0 and qK*,0. Within the harmonic
approximation, the modulation amplitude of each vibrational
mode is proportional to the vibrational reorganization energy,
λi = ℏωK*,iδi

2/2,22 where ωK*,i is the angular frequency of the
ith vibrational mode of K*, and δi is the dimensionless
displacement between qE,0 and qK*,0.

23 δi was calculated by the
normal mode projection method reported previously.13,14,23

Optimized geometries and normal modes of E and K* were
calculated by density functional theory (DFT) and time-
dependent DFT (TD-DFT) methods with B3LYP/6-31G*,24

respectively. This calculation level is high enough for both
HBQ and HBT based on previous vibrational peak assign-
ments.13,16 The CVS in scheme 1 is then written as

Figure 2. (a) ESIPT dynamics on the adiabatic PES of excited HBQ, satisfying the BO approximation (scheme 1). (b) ESIPT dynamics on the two
diabatic PESs of E* and K*, where the BO approximation is not valid (scheme 2). qE,0, qE*,0, and qK*,0 indicate the energy minimum geometry of
the E, E*, and K*, respectively. x- and y-axes of the diagram indicate the proton-transfer coordinate and a vibrational mode normal to the proton
transfer. The colored arrows at qE*,0 (green) and qK*,0 (red) indicate the vibrational modes of E* and K* most contributing to ESIPT (PT, proton
transfer).

Figure 3. Experimental (top) and simulated CVSs of HBQ (a) and HBT (b) according to the proposed schemes. The contribution from the
solvent (Raman spectrum) is shown by the red lines. The dashed lines in the magnified experimental CVS (inset, top) indicate the noise level of the
data, which is the sum of the mean and standard deviation of the data on the frequency window of 2000−2800 cm−1. The simulation results for
scheme 1 and 2 are shown in the middle and at the bottom of each panel. Red arrows point to the coherent vibrational peaks observed
experimentally and well-predicted only by scheme 2 (non-BO model). Orange arrows in panel a indicated out-of-plain modes that could not be
predicted by the two simulation schemes.
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Here, the attenuation of the oscillation given by a Gaussian
instrument response function with the standard deviation σ is
used to consider the finite time-resolution of a TA experiment.
αi(ω) accounts for further adjustment by the finite ESIPT rate.
αi should be distinct for each vibrational mode, and it is
nontrivial to calculate. We use the following form: αi =
exp ( /2 2 ln 2 ) /2iK ,

2
PT

2ω τ[− ]* , where τPT is the ESIPT time.
The ESIPT times were set to 13 and 60 fs for HBQ and HBT,
respectively, according to previous work.13,16 The effect of αi is
negligible for the vibrational modes below 1000 cm−1 in HBQ.
The vibrational line shape, g(ω), was taken to be a Lorentzian
with a dephasing time T2 of 2 ps (full-width at half-maximum,
4.96 cm−1) from the average experimental values.
Scheme 2 describes the molecular dynamics of ESIPT in the

non-BO regime. It is assumed that the electronic structure of
HBQ does not change until the proton moves to the proton
acceptor; that is, the photoinduced nuclear wave packet is
initially trapped in the diabatic surface of E*. To compute the
wave packet on E*, the optimized geometry of E* (qE*,0) was
numerically calculated with an assumption that the normal
modes of E* are the same as those of E. While the wave packet
is oscillating on the E* surface, a nuclear-motion-induced
coupling between E* and K* modulates the probability of
ESIPT, PPT, whose ensemble average yields the enol
depopulation function, ρE(t). ρE(t) decays exponentially with
a time constant of τPT. After the ESIPT, the wave packet moves
toward the optimized geometry of K* (qK*,0). During this
process, the wave packet within E* is redistributed in terms of
the normal modes of K*. The CVS in scheme 2 should then be
the Fourier transform of the ensemble average of the
redistributed wave packet (see Supporting Information 2 for
details):
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where AK,j and θK,j are the amplitude and phase of the
redistributed wave packets on the K* surface, respectively, and
H(t) is the Heaviside step function. Note that t′ in eq 2
indicates the pump−probe time-delay in the TA experiment,
while t represents the proton-transfer time of a single molecule.
It should be noted that both scheme 1 and 2 are available only
when the molecular structures of the reactant and product are
not significantly different. Because harmonic approximations
are used for the two models, anharmonicity of the system
cannot be considered. Anharmonicity of vibrational modes
should be considered for the chemical reactions accompanying
large-amplitude structural change.
Figure 3a shows the experimental and simulated CVS of

HBQ according to the proposed schemes. It is evident that the
CVS in scheme 2 (CVS2, non-BO regime) gives better
agreement with the experiment than that in scheme 1 (CVS1,
BO regime). Two intense peaks at 150 and 300 cm−1 (orange
arrows in Figure 3a), which are not predicted by either scheme

1 or 2, are the out-of-plane vibrations that may arise from
structural inhomogeneity, and therefore, they are not
considered in the following analyses.18,25 The calculated
vibrational frequencies are slightly higher than the exper-
imental values in the low-frequency region (<750 cm−1) and
lower in the high-frequency region (>750 cm−1). The peak
positions of the low-frequency modes match well with the
values reported previously measured by TA17,18 or time-
resolved fluorescence.13,16 There are seven notable peaks in the
experimental CVS of HBQ that are predicted by both scheme
1 and 2 (see Supporting Information 4 and Table S1).
The most noticeable difference between CVS2 and CVS1 of

HBQ is the presence of the 237 and 794 cm−1 modes.
Surprisingly, scheme 1 does not predict the 237 cm−1 mode
despite its large amplitude in the experimental CVS.13,17,18 As
described above, the absence of a vibrational peak in CVS1
indicates the negligible displacement between qE,0 and qK*,0
along the nuclear coordinate. The 237 cm−1 mode is the in-
plane bending vibration that substantially changes the distance
between the proton and oxygen (Figure S5a). Higashi and
Saito argued, based on molecular dynamics simulations, that
the large activity of the 237 cm−1 mode originates from the
ESIPT rather than the skeletal deformation.25 Here, we can
identify the origin of the 237 cm−1 mode by constructing the
Duschinsky rotation (mode-mixing) matrix between E* and
K*.23 According to the mode-mixing matrix of HBQ (see
Supporting Information 3 and Figure S4 for details), the 237
cm−1 mode is strongly coupled to the OH stretching of E* so
that the excess kinetic energy of the proton generated by
ESIPT is converted into the vibrational energy of the 237 cm−1

mode.26 The 794 cm−1 mode is an in-plane asymmetric-ring-
breathing mode with a negligible contribution of the proton
motion (Figure S5c) and is coupled with several ring-breathing
modes of E* (see Figure S4b). The absence of the 794 cm−1

mode in CVS1 indicates that the displacement between qE,0
and qK*,0 with respect to the 794 cm−1 mode is negligible. In
scheme 1, the initial vibrational coherence of the asymmetric-
ring breathing modes dephases while the wave packet is
proceeding to qK*,0 on the adiabatic PES of HBQ because the
asymmetric-ring-breathing modes are gradually redistributed to
the 794 cm−1 mode. In contrast, the nonadiabatic proton
transfer in scheme 2 justifies the transfer from the initially
formed vibrational motions to the 794 cm−1 mode. Therefore,
the presence of the 794 cm−1 mode in CVS2 tells us that the
change in the electronic structure of HBQ follows the proton
transfer.
The ESIPT mechanism of HBT has been investigated more

than of HBQ because of its slower ESIPT rate. Previous works
claim that the ESIPT in HBT progresses through the skeletal
deformation of HBT.19,27 In our previous work, we also found
that the 252 cm−1 skeletal mode (Figure S5b) contributes
dominantly to the ESIPT.13,16 These works indicate that CVS1
may show a better agreement with the experiment than CVS2
for HBT. However, the peak at 801 cm−1 appears only in
CVS2, indicating that the ESIPT in HBT also has a non-BO
character. Interestingly, the 801 cm−1 mode (Figure S 5d) is
also an asymmetric ring-breathing motion as the 794 cm−1

mode in HBQ (Figure S5c). The two modes are similar, but
the breathing motion of the phenyl group is dominant in the
801 cm−1 mode of HBT, whereas the 794 cm−1 mode of HBQ
is delocalized on the aromatic ring.
The different characteristics of ESIPT between HBQ and

HBT should arise from the distinct properties of the two
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molecules. One strong candidate is the Coulomb force on the
proton, whose importance in the photoexcitation-induced
charge-transfer from OD to NA for ESIPT has been reported.28

Upon photoexcitation, the proton in an ESIPT molecule would
feel a Coulomb force from the proton donor (OD) and the
acceptor (NA). The Coulomb force should depend on the
electron densities and the distances among OD, NA, and the
proton. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of both HBQ
and HBT indicate the electron transfer from OD to NA
following photoexcitation (Figure 4a). One difference in the

molecular orbitals of HBQ and HBT can be noticed in the
electron density distribution at OD and NA: the valence
electrons in the excited HBQ are more localized on NA than
those in the excited HBT. Therefore, the proton in HBQ
experiences a stronger Coulomb force toward NA than that in
HBT, which results in the faster ESIPT of HBQ.
The Coulomb force on the proton is affected by the distance

change between OD and NA. We employ the asymmetric
reaction coordinate z(t) = ROH(t) − RNH(t), where RAB is the
distance between A and B, to parametrize PPT under the
assumption that the charge densities at OD and NA are
invariant during the ESIPT. To make PPT(z) a sigmoid shape,

PPT(z) was set to an error function centered at z = (zE* + zK*)/
2, where zE* and zK* are the z-values of qE* and qK* with a
parameter Σ that characterizes the rise. The larger electron
density difference between OD and NA corresponds to the
larger Σ and the stronger Coulomb force. The change in z,
Δz(t), during the wave packet propagation was extracted from
the simulated wave packet propagation on E* and is used to
generate PPT(z(t)) (Figure 4b). To process the data discretely,
PPT(z(t)) was replaced by the proton-transfer probability for a
time interval of 1 fs, which is much shorter than the fastest
vibrational period (∼10 fs) of HBQ, as PPT(z(tq)). Then, the
depopulation of the enol isomer at tn = nΔt, ρE(tn), can be
calculated as

t P z t P z t( ) 1 ( ( )) (1 ( ( )))n
m

n

m
q

m

qE
1

PT
0

1

PT∑ ∏ρ = − −
= =

−

(3)

where q and m are the time indices before and after the proton
transfer, respectively.
Finally, the experimentally measured ρE(tn) of HBQ and

HBT in ref 13 were reproduced by varying only one parameter
of Σ. The calculated ρE(tn) results with optimized Σ values of
75 and 52 pm for HBQ and HBT, respectively, are shown in
Figure 4c. The proton in HBQ is more strongly dragged
toward NA than in HBT in agreement with the larger valence-
electron density on ND in HBQ (Figure 4a). The PPT(t) in
HBQ oscillates greatly via the OH stretching motion (Figure
4b), and the ESIPT completes in about two cycles of the OH
stretching (Figure 4c). In HBT, although the OH stretching
also contributes dominantly to PPT(t), its initial value is very
small and increases slowly to a plateau in 50 fs. The OH
stretching in HBT is, hence, less important for ESIPT until
skeletal modes move the proton near ND. The simulations
reveal that the two most critical factors that drive the ESIPT
are (1) the nuclear motion strongly coupled to the reaction
coordinate and (2) the Coulomb force on the proton. While
the effect of the nuclear motion was also confirmed by the
addition of a massive substituent29 and the extension of
donor−acceptor distance,30 our work demonstrates the
experimental observation and explanation of the effect of the
Coulomb force that was suggested only theoretically.28

In conclusion, we have measured the vibrational modes in
HBQ associated with the ESIPT by exploiting the coherent
wave packet oscillations appearing in TA data. The suggested
non-BO model explains the experimentally observed coherent
vibrational modes at 237 and 794 cm−1 indicating that the
molecular dynamics of ESIPT is beyond the BO approx-
imation. The 237 cm−1 mode originates from the large-
amplitude OH-stretching motion and the 794 cm−1 mode from
the in-plane asymmetric-ring-stretching motion of the
transiently present excited-enol state. Because they originate
from the characteristic nuclear motions of the E*-diabatic
surface, the survival of their coherence is due to a sudden
electronic structure change induced by a relevant ultrafast
nuclear motion. The analysis reveals that the proton transfer
completes within two cycles of the OH stretching mode. The
suggested ESIPT dynamics also shows that the well-known
ESIPT dynamics of HBT has a partial non-BO character.
Photochemical processes by visible light are important in many
chemical reactions in biochemical systems where their
chromophores are as large and complex as HBQ or HBT.
Because non-BO processes play a key role in such biochemical

Figure 4. (a) HOMO (upper) and LUMO (lower) structures of
HBQ (left) and HBT (right) near the proton (white ball), OD (red
ball), and NA (blue ball). MOs are shown as partially transparent
yellow clouds (see Figure S6 in the Supporting Information for more
details). While HOMOs are localized at OD, LUMOs are at NA. This
implies a charge-transfer character from OD to NA of the
photoexcitation. (b) Temporal variation of normalized reaction
coordinate, Δz(t): HBQ (black, solid line) and HBT (red, solid
line). Temporal variation of proton-transfer probability, PPT(t): HBQ
(black, dashed line) and HBT (red, dashed line). Δz(t) was
normalized by zK* − zE for comparison. (c) Simulation results of
enol depopulation, ρE(t), for HBQ (black) and HBT (red).
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systems,7,31,32 we anticipate that this approach will be useful to
unveil the effective nuclear-electron dynamics.
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