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The excited-state intramolecular proton-transfer dynamics associated with the ketoenolic
tautomerization reaction in 2-共2⬘-hydroxyphenyl兲-oxazole is simulated according to a numerically
exact quantum-dynamics propagation method and a full-dimensional excited-state potential energy
surface, based on an ab initio reaction surface Hamiltonian. The reported simulations involve the
propagation of 35-dimensional wave packets according to the recently developed matching-pursuit/
split-operator-Fourier-transform 共MP/SOFT兲 method by Wu and Batista, 关J. Chem. Phys. 121, 1676
共2004兲兴. The underlying propagation scheme recursively applies the time-evolution operator as
defined by the Trotter expansion to second order accuracy in dynamically adaptive coherent-state
expansions. Computations of time-dependent survival amplitudes, photoabsorption cross sections,
and time-dependent reactant共product兲 populations are compared to the corresponding calculations
based on semiclassical approaches, including the Herman-Kluk semiclassical initial value
representation method. The reported results demonstrate the capabilities of the MP/SOFT method as
a valuble computational tool to study ultrafast reaction dynamics in polyatomic systems as well as
to validate semiclassical simulations of complex 共nonintegrable兲 quantum dynamics in
multidimensional model systems. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2202847兴
I. INTRODUCTION

Understanding the molecular mechanisms responsible
for excited-state intramolecular proton-transfer 共ESIPT兲 reactions in polyatomic systems is a problem of significant
experimental1–9 and theoretical10–21 interests. ESIPT reactions are common to a variety of biological processes22–24
and
technological
developments,25
including
26
photostabilizers, and UV filter materials.27 In general, however, developing an understanding of the detailed molecular
mechanisms responsible for ESIPT is hindered by the complexity of polyatomic systems and the intrinsic limitations of
current theoretical and experimental methods. Advancing the
development of methodologies for understanding ESIPT
reactions is thus a central problem of both academic and
technological relevances. In particular, ESIPT processes are
ideally suited for detailed investigations using newly developed methods for simulations of quantum reaction dynamics.
This paper reports the first application of the recently developed matching-pursuit/split-operator-Fourier-transform 共MP/
SOFT兲 method28–32 to studies of the ESIPT dynamics in
2-共2⬘-hydroxyphenyl兲-oxazole 共HPO兲, due to the ultrafast
keto-enolic tautomerization reaction depicted in Fig. 1.
ESIPT reactions have been investigated in several
experimental studies that focused on molecular systems similar to the HPO molecule,6,33–39 including the closely
related 2-共2⬘-hydroxyphenyl兲-4-methyloxazole 共HPMO兲
molecule.13,19,21,40 In general, these studies have analyzed
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dual bands in the fluorescence spectra, where large Stokes
shifts indicated the presence of both tautomeric forms 共i.e.,
keto and enolic兲. In particular, femtosecond fluorescence
transient signals of HPMO have been investigated in a variety of aprotic solvents41 and molecular environments.40 The
assignment of the fluorescent transient signal to the timedependent reactant 共enol兲 population decay has indicated
proton-transfer timescales in the 100– 200 fs range with no
significant dependence on the molecular environment.40
Theoretical studies of ESIPT in polyatomic systems are
particularly challenging. The description of excited-state
relaxation processes often involves quantum mechanical
behavior such as tunneling and interference phenomena.
Moreover, the proton quantum motion is usually coupled to
the relaxation of the remaining degrees of freedom in the
system. Therefore, rigorous treatments find it necessary to
integrate explicitly the equations of motion associated
with the underlying excited-state quantum reaction
dynamics15,16,21,42 on excited-state potential energy surfaces
共PESs兲 obtained according to ab initio quantum chemistry
calculations.13,15,16,19,43
In recent years, there has been significant progress in the
development and application of computational methods for
modeling quantum processes,28–32,44–68 including numerically exact methods for wave-packet propagation69–81 based
on the SOFT method,82–84 the Chebyshev expansion,85 or
short iterative Lanczos methods.86 However, establishing rigorous yet practical approaches for simulations of quantum
dynamics in systems with many degrees of freedom is still
one of the important challenges of modern computational
chemistry. In fact, studies of ESIPT reactions have been limited to either applying rigorous propagation methods to
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FIG. 1. Molecular structural diagram describing the ultrafast ESIPT due to
keto-enolic tautomerization in 2-共2⬘-hydroxyphenyl兲-oxazole 共HPO兲.

reduced-dimensional model systems,15,16,42,87,88 or conducting simulations on full-dimensional potentials with approximate propagation schemes.15,16,21,89
The MP/SOFT method has been recently introduced as a
simple and rigorous time-dependent scheme for simulations
of quantum processes in multidimensional systems.28–32 The
method is based on the recursive application of the timeevolution operator, as defined by the Trotter expansion to
second-order accuracy, in nonorthogonal and dynamically
adaptive coherent-state representations generated according
to the matching-pursuit algorithm.90 Such representations allow for an analytic implementation of the Trotter expansion,
bypassing the exponential scaling problem associated with
the usual fast-Fourier transform in the standard grid-based
SOFT approach. The main advantage relative to other timedependent
methods
based
on
coherent-state
expansions48,91–100 is that the MP/SOFT approach avoids the
usual need of solving a coupled system of differential equations for propagating expansion coefficients. In addition, the
matching-pursuit successive orthogonal decomposition
scheme 共intrinsic to the MP/SOFT method兲 overcomes the
drawback of overcompleteness introduced by nonorthogonal
basis functions.73 Applications of the MP/SOFT method have
already included simulations of tunneling dynamics in model
systems with up to 20 coupled degrees of freedom28 and
benchmark simulations of nonadiabatic dynamics.29 In addition, the approach has been generalized to calculations of
thermal-equilibrium density matrices, finite-temperature
time-dependent expectation values and time-correlation
functions.30
This paper investigates the capabilities of the MP/SOFT
method as applied, for the first time, to simulations of a
realistic ESIPT reaction due to photoinduced keto-enolic tautomerization. The reported simulations involve the propagation of 35-dimensional wave packets and the subsequent
computation of time-dependent survival amplitudes, photoabsorption cross-sections and time-dependent reactant共product兲 populations. It is shown that the MP/SOFT approach
provides a rigorous description of observables, associated
with such a high-dimensional model system, consistent with
approximate simulations based on semiclassical and mixed
quantum-classical approaches, including the Herman-Kluk
semiclassical initial value representation 共HK SC-IVR兲,15,101
the time-dependent self-consistent field 共TDSCF兲,102 and the
classical Wigner approach.103 These results allow us to estimate the validity of mechanistic descriptions and quantify
the reliability of calculations based on popular semiclassical
and mixed quantum-classical methods, where the resulting

consequences of the underlying approximations are often difficult to estimate in applications to high-dimensional model
systems.
The paper is organized as follows. Section II describes
the implementation of the MP/SOFT method in complexvalued coherent-state representations and the computations
of time-dependent survival amplitudes, photoabsorption
cross sections, and time-dependent reactant共product兲 populations. Section III describes the computational results obtained according to the MP/SOFT method and the comparison to those obtained with approximate semiclassical
methodologies. Section IV summarizes and concludes.

II. METHODS
A. Excited-state potential energy surface

The excited-state intramolecular proton-transfer reaction
in HPO is described in terms of the full-dimensional S1
excited-state PES V共r1 , r2 , z兲 described in Ref. 15. The PES
is constructed as a quadratic expansion around the twodimensional reaction surface potential V0共r1 , r2兲,
V共r1,r2,z兲 = V0共r1,r2兲 + 21 关z − z0共r1,r2兲兴F共r1,r2兲 · 关z
− z0共r1,r2兲兴,

共1兲

where r1 is the proton displacement and r2 is the lowest
frequency in-plane bending mode 共170 cm−1兲, i.e., an internal bending mode that modulates the intramolecular proton
donor-acceptor distance. The other 49 vibrational modes in
the system are modeled as locally harmonic degrees of freedom z, with ab initio force constants F共r1 , r2兲 and equilibrium positions z0共r1 , r2兲 parametrized by the reaction coordinates r1 and r2.
The ab initio excited-state reaction surface potential
V0共r1 , r2兲 is constructed by fully optimizing the geometry of
the system with respect to all other degrees of freedom z,
subject to the constraint of fixed r2 at the geometries of the
enol, transition state, and keto tautomeric forms. The values
of z0共r1 , r2兲 at the optimized configurations are obtained by
projecting the geometrical difference, with respect to the reference ground-state minimum energy configuration, onto the
corresponding normal mode eigenvectors. It is found that the
equilibrium positions z0共r1 , r2兲 associated with the 16 out-ofplane vibrational modes are approximately independent of
the reaction coordinates r1 and r2. Therefore, the ab initio
model potential implemented in our calculations includes
only the 34 in-plane vibrational modes significantly coupled
to the proton displacement, including 33 locally harmonic
modes z and the reaction coordinate r2.

B. MP/SOFT approach

This section briefly outlines the MP/SOFT methodology,
as implemented in simulations of the ESIPT dynamics associated with the keto-enolic tautomerization reaction in HPO.
A more thorough description of the MP/SOFT method can be
found in previous work.28
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Consider the propagation of the N-dimensional wave
function 具x 兩 ⌿t典 by recursively applying the short-time approximation to the time-evolution operator defined by the
Trotter expansion to second-order accuracy,
ˆ
−iH

具x兩j̃典 ⬅ 兿 A j共k兲
k=1

冉

⫻exp

冑

m
m + i␥ j共k兲

冊

共p j共k兲/␥ j共k兲 − i共x j共k兲 − x共k兲兲兲2 p j共k兲2
−
.
共2/␥ j共k兲 + i2/m兲
2␥ j共k兲

共2兲

共6兲

Here,  is a short propagation time period for the evolution
of the system as described by the Hamiltonian Ĥ = p̂2 / 共2m兲
+ V共x̂兲. To keep the notation as simple as possible, all expressions are written in mass-weighted coordinates and atomic
units, so that all degrees of freedom have the same mass m
and ប = 1.
The MP/SOFT implementation of Eq. 共2兲 can be described by the following steps:

The complex-valued coherent-state expansions, introduced by Eq. 共3兲, are obtained by combining the matching
pursuit algorithm and a gradient-based optimization method
as follows:

e

⬇e

−iV共x̂兲/2 −ip̂2/共2m兲 −iV共x̂兲/2

N

e

e

.

• Step 1: Decompose 具x 兩 ⌿̃t典 ⬅ 具x兩e−iV共x̂兲/2兩⌿t典 in a
matching-pursuit coherent-state expansion 共vide infra兲
n

具x兩⌿̃t典 ⬇ 兺 c j具x兩j典,

共3兲

j=1

where 具x 兩 j典 are N-dimensional coherent states.
• Step 2: Analytically Fourier transform each term in the
coherent-state expansion to the momentum representation, apply the kinetic energy part of the Trotter expansion and analytically inverse Fourier transform the resulting expression back to the coordinate representation
to obtain the time-evolved wave function:
n

具x兩⌿t+典 = e−iV共x兲/2 兺 c j具x兩j̃典.

共4兲

j=1

Note that according to this approach, the computational
task necessary for quantum propagation is completely reduced to the problem of recursively generating the matchingpursuit coherent-state expansions introduced by Eq. 共3兲.
The basis functions 具x 兩 j典, introduced by Eq. 共3兲, are
N-dimensional coherent states,
N

具x兩j典 ⬅ 兿 A j共k兲e−␥ j共k兲共x共k兲 − x j共k兲兲

2/2+ip 共k兲共x共k兲−x 共k兲兲
j
j

,

共5兲

k=1

with complex-valued coordinates x j共k兲 ⬅ r j共k兲 + id j共k兲, momenta p j共k兲 ⬅ g j共k兲 + if j共k兲, and scaling parameters
␥ j共k兲 ⬅ a j共k兲 + ib j共k兲. The normalization constants are A j共k兲
⬅ 共a j共k兲 / 兲1/4exp 关 − 21 a j共k兲d j共k兲2 − d j共k兲g j共k兲 − 共b j共k兲d j共k兲
+ f j共k兲兲2 / 共2a j共k兲兲兴. The expansion coefficients c j, introduced
by Eq. 共3兲, are defined as follows: c1 ⬅ 具1 兩 ⌿̃t典 and c j
j−1
ck具j 兩 k典, for j = 2-N. Note that the use of
⬅ 具j 兩 ⌿̃t典 − 兺k=1
complex-valued x j and p j does not require analytic continuation of the potential energy surfaces.
The basis functions 具x 兩 j̃典, introduced by Eq. 共4兲, are also
N-dimensional coherent states but with arguments defined as
follows:

• Step 1.1. Starting from an initial trial coherent state, 兩j典,
evolve the real and imaginary components of its complex parameters x j共k兲 , p j共k兲 and ␥ j共k兲 and locally maximize the norm of its overlap with the target state,
兩具j 兩 ⌿̃t典兩. The parameters x1共k兲, p1共k兲, and ␥1共k兲 of the
local maximum define the first coherent-state 兩1典 in the
expansion and its corresponding expansion coefficient
c1 ⬅ 具1 兩 ⌿̃t典 as follows: 兩⌿̃t典 = c1兩1典 + 兩1典. Note that the
residual vector 兩1典 is orthogonal to 兩1典 by virtue of the
definition of c1.
• Step 1.2. Go to 1.1, replacing 兩⌿̃t典 by 兩1典, i.e., subdecompose 兩1典 by its projection along the direction of its
locally optimum match 兩2典 as follows: 兩1典 = c2兩2典 + 兩2典,
where c2 ⬅ 具2 兩 1典. Note that since 兩2典 is orthogonal to
兩2典, 兩2兩 艋 兩1兩.
Step 1.2. is repeated each time on the following residue.
After n successive projections, the norm of the residual vector 兩n典 is smaller than a desired precision ⑀—i.e.,
兩n兩 = 共1 − 兺nj=1兩c j兩2兲1/2 ⬍ ⑀, and the resulting expansion is
given by Eq. 共3兲. Note that although the coherent states are
nonorthogonal basis functions, norm conservation is maintained within a desired precision just as in a linear orthogonal decomposition.
It is important to mention that the computational bottleneck of the MP/SOFT method involves the calculation of
ˆ
ˆ
overlap matrix elements 具j兩e−iV共x兲/2兩k̃典 and 具j兩e−iV共x兲/2兩k典.
Evaluating these matrix elements involves the computation
of 35-dimensional integrals, a task that is trivially parallelized according to a portable single-program-multiple-data
共SPMD兲 streams code that runs under the message-passinginterface 共MPI兲 environment, exploiting the functional form
of the excited-state PES introduced by Eq. 共1兲. Partial integration with respect to the 33 harmonic modes z is performed analytically, while integration with respect to the reaction coordinates r1 and r2 is efficiently performed
according to numerical quadrature techniques.
III. RESULTS

The simulation results obtained according to the MP/
SOFT methodology 共described in Sec. II B兲, in conjunction
with the full-dimensional S1 PES 共described in Sec. II A兲, are
presented in two sections. First, Sec. III A discusses the photoabsorption spectrum 共兲 and the survival amplitudes 共t兲,
including comparisons to the corresponding results obtained
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FIG. 2. Comparison of the photoabsorption spectra of HPO obtained according to the MP/SOFT 共solid line兲 and SC-IVR 共dashed line兲 methods,
including a phenomenological dephasing time T2 = 35 fs.

according to approximate methodologies 共i.e., the HK
SC-IVR,15,101 the TDSCF method,102 and the classical
Wigner approach103兲. Subsequently, Sec. II B illustrates the
capabilities of the MP/SOFT methodology as applied to the
description of the time-dependent reactant共enol兲 population
P共t兲 and the intrinsic decoherence 共and partial recoherence兲
phenomena experienced by the transferring proton due to the
interactions with the bath of vibrational modes in HPO.

A. Photoabsorption

Figure 2 shows the comparison of the photoabsorption
spectra 共兲 of HPO, obtained according to the MP/SOFT
and HK SC-IVR methodologies. It is shown that the two
methodologies predict essentially the same spectroscopic
features, including the spectral position, the overall width
and the superimposed vibrational structure 共with peaks
spaced by ⬃11 nm兲. These results indicate that the MP/
SOFT method is able to validate HK SC-IVR calculations,
providing an interpretation of the photoabsorption spectrum
based on the ultrafast ESIPT modulated by vibronic modes.15
Therefore, such a picture is robust and reproducible by rigorous MP/SOFT calculations where all 35 degrees of freedom in the model system are treated fully quantum mechanically. The extent to which these results are significant is
associated with the interpretation of experimental studies of
HPMO where the superimposed structure of the photoabsorption spectrum 共i.e., peaks at 309 and 322 nm兲 was assigned to the vertical excitation and the 0-0 transition, respectively.
The photoabsorption spectra 共兲, shown in Fig. 2, are
computed as the Fourier transform of the survival amplitudes
共t兲,

共兲 =

1
2ប

冕

⬁

FIG. 3. Comparison of the real-part and modulus of the time-dependent
survival amplitude 共t兲 = 具0 兩 t典 obtained according to the MP/SOFT 共solid
line兲 and SC-IVR 共dashed line兲 methods.
N

具q兩⌿0典 = 兿
j=1

冉冊 冉
␣j


1/4

exp −

冊

␣j
q共j兲2 ,
2

共8兲

is the initial state 共prepared in the ground electronic state S0兲
multiplied by a constant transition-dipole moment 共Condon
approximation兲. The parameters introduced by Eq. 共8兲 correspond to N = 35, the total number of degrees of freedom in
the system; q共j兲 is the jth coordinate; ␣ j = 冑k j共j兲 / ប2, where
k j is the jth harmonic constant; and 共j兲 is the jth reduced
mass. In addition to the gas-phase spectra, we compute the
corresponding spectra in solution by including a phenomenological dephasing time T2 = 35 fs, selected to reproduce the
line-broadening observed in the experimental HPO absorption spectrum in n-hexane room-temperature solutions.13 In
the time-dependent formalism, the dephasing is achieved
simply by multiplying the survival amplitudes 共t兲 by the
damping factor e−t/T2 before computing the Fourier-transform
introduced by Eq. 共7兲.
Figure 3 shows the comparison of the real part and
modulus of the survival amplitude 共t兲, obtained according to
the MP/SOFT and SC-IVR methodologies. It is shown that
the MP/SOFT computations are in good agreement with the
HK SC-IVR results. Both calculation methods result in an
initial falloff, within 20 fs, corresponding to the ultrafast relaxation of the system moving away from the FranckCondon region. The recurrences at later times also coincide
for both methods and are due to the wave-packet components
associated with higher frequency modes returning back to
the initial Franck-Condon configurations. The observed discrepancies in amplitudes are likely due to the lack of norm
conservation associated with the time-dependent wave
packet as described by the HK SC-IVR propagation scheme.
B. Reactant population decay and decoherence

dt共t兲eit ,

共7兲

−⬁
ˆ

where  = 2c / , and 共t兲 ⬅ 具⌿0兩e−iHt/ប兩⌿0典 = 具⌿0 兩 ⌿t典. Here,
兩⌿t典 is the multidimensional time-dependent wave packet
evolving on the S1 PES, described in Sec. II A, and

Figure 4 shows the evolution of the time-dependent reactant共enol兲 population P共t兲 due to ESIPT in HPO as described by the MP/SOFT method 共solid line兲, treating all 35
coupled degrees of freedom fully quantum mechanically.
Figure 4 also presents the comparison to the corresponding
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⌿t共R,x兲 = ei共t兲t共R兲t共x兲,

共9兲

where 共t兲 is an overall phase factor and the multidimensional coordinate R represents five large amplitude coordinates, including the OH stretching mode r1, the lowest frequency in-plane hydroxyphenyloxazole bending mode r2 and
three other in-plane vibrational modes that are significantly
coupled to the reaction coordinates r1 and r2. The remaining
30 vibrational modes are represented by the multidimensional coordinate x.
Substituting the ansatz introduced by Eq. 共9兲 into the
time-dependent Schrödinger equation, we obtain the wellknown self-consistent field equations,102,104
˙ t共x兲 = 具t兩Ĥ兩t典t共x兲,
iប

共10兲

iប˙ t共R兲 = 具t兩Ĥ兩t典t共R兲,

共11兲

and

where t共x兲 is approximated by the Gaussian wave-packet,
35

冉

t共x兲 = 兿 −1/4 exp − 21 共x j − x̄ j共t兲兲2
j=6

冊

i
+ 共p̄ j共t兲共x j − x̄ j共t兲兲 + S共t兲兲 .
ប

FIG. 4. Time-dependent reactant 共enol兲 population obtained by simulating
the ultrafast tautomerization dynamics according to the MP/SOFT method
共solid line兲, the Herman-Kluk SC-IVR 共boxes兲 共Ref. 15兲, the classical
Wigner approach 共dashes兲 and the TDSCF method 共short dashes兲, as described in the text.

results obtained according to more approximate methodologies, including the TDSCF method 共dots兲,102 the forwardbackward HK SC-IVR method 共squares兲,15 and the classical
Wigner approach 共dashes兲.103
The employed TDSCF method implements a singleconfiguration Hartree ansatz,

P共t兲 = 共2ប兲−2N

冕 冕 冕 ⬘冕
dp0

dq0

dp0

共12兲

Here, 兵x̄ j共t兲 , p̄ j共t兲其 are classical coordinates and momenta
evolving according to the effective potential energy surface
Ve共x ; t兲 = 具t兩Ĥ兩t典. These trajectories, as well as the classical
action S共t兲, are computed by numerically integrating Hamilton’s equations according to the Velocity-Verlet algorithm.105
Initial conditions are chosen by importance sampling Monte
Carlo, with sampling functions defined by the initial Husimi
distribution. Finally, t is propagated according to the MP/
SOFT methodology, described in Sec. II B, thereby integrating Eq. 共11兲 self-consistently with Eq. 共10兲.
In contrast to the TDSCF approach, the HK SC-IVR
considers all degrees of freedom on equal semiclassical dynamical footing. Such SC-IVR method is implemented according to the following “direct” and “correct” forwardbackward computational scheme,15

dq0⬘ei共St共p0,q0兲−St共p0⬘,q0⬘兲兲/បCt共p0,q0兲 ⫻ C*t 共p0⬘,q0⬘兲具⌿0兩p0⬘,q0⬘典具pt⬘,qt⬘兩h兩pt,qt典具p0,q0兩⌿0典.
共13兲

According to this approach, observables are directly computed 共i.e., avoiding the need of obtaining first intermediate
quantities, such as the time-evolved wave packet兲 and the
dual phase-space integration is explicitly evaluated 共i.e.,
without
applying
the
usual
stationary-phase
approximation106,107 兲. Here, St is the classical action and Ct
are the Herman-Kluk preexponential factors obtained by

propagating the monodromy matrix elements. The operator
h, introduced by Eq. 共13兲, is a step function of the transferring proton coordinate r1, with value 1共0兲 on the reactant共product兲 side of the dividing transition-state surface.
The partial contribution of a single trajectory to P共t兲
requires forward propagation from the initial phase point
共q0 , p0兲 to the resulting phase point 共qt , pt兲 at time t. At this
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time, the trajectory undergoes a coordinate and momentum
stochastic hop 共qt , pt兲 → 共qt⬘ , pt⬘兲 and then evolves backward
from 共qt⬘ , pt⬘兲 to the resulting phase point 共q0⬘ , p0⬘兲 at time 0.
Therefore, the approach avoids the need of computing first
the time-evolved wave packet as an expansion of n coherentstates that would lead to O共n2兲 calculations of P共t兲. The dual
phase-space integration in Eq. 共13兲 is performed by importance sampling Monte Carlo where initial conditions 共q0 , p0兲
are sampled according to the coherent-state transform of the
initial state 兩⌿0典. The coordinates and momenta 共qt⬘ , pt⬘兲 are
sampled according to the following sampling function, defined by the overlap of coherent-states,15
N

f t共qt⬘,pt⬘兲 = 共1 − ␤兲 兿 共␦/兲1/2e−␦关共pt⬘共j兲 − pt共j兲兲

2+共q 共j兲 − q 共j兲兲2兴
t
t⬘

j=1

N

+ ␤ 兿 兩具pt⬘共j兲,qt⬘共j兲兩pt共j兲,qt共j兲典兩,

共14兲

j=1

where ␦ is a constant parameter and the convergence rate ␤
is adjusted according to the dimensionality of the problem.
The first term, in Eq. 共14兲, provides a localized distribution
function for sampling coordinates and momenta 共qt⬘ , pt⬘兲 sufficiently close to 共qt , pt兲, ensuring partial cancellation of the
phase in the integrand. The second term provides an upper
bound to the variance when the first term is much smaller
than the value of the integrand.
Finally, the Wigner approach considers all degrees of
freedom to be classical dynamical variables, evolving according to Hamilton’s equations of motion from initial conditions sampled according to the Wigner distribution
function.15,103 The resulting time-dependent reactant 共enol兲
probability is estimated as
P共t兲 = 共2ប兲−2N
where
FW共q0,p0兲 =

冕

冕 冕

⬁

dq0

dp0FW共q0,p0兲h共qt兲,

共15兲

d⌬qeip0⌬q/ប⌿*0共q0 − ⌬q/2兲⌿0共q0

−⬁

+ ⌬q/2兲.

共16兲

Therefore, the classical Wigner computation of P共t兲 does not
include interference effects since, according to Eq. 共15兲, P共t兲
is determined simply by the number of members of the ensemble found with reactant configurations at time t.
Figure 4 shows that, according to the MP/SOFT calculations, less than 5% of the initial enol population is expected
to be isomerized within 100 fs after photoexcitation of the
system 共i.e., a slightly slower initial relaxation than predicted
by the semiclassical methodologies兲. It is important to note,
however, that the descriptions provided by the HK SC-IVR
and the Wigner classical methodologies are remarkably accurate within the early 25 fs of dynamics. These results indicate that the initial 共Husimi and Wigner兲 distributions
properly describe the initial proton tunneling event as determined by the zero-point energy motion. At longer times,
however, interference and recrossing events make semiclassical results less reliable.

The results shown in Fig. 4 suggest that 共at least for this
particular ESIPT problem兲 the classical Wigner approach and
the HK SC-IVR methodology provide results of similar accuracy. These approximate results are in more favorable
agreement with MP/SOFT calculations than those obtained
according to the TDSCF methodology, which is surprising
since the classical Wigner approach should be less reliable
than the TDSCF method 共where some coordinates are treated
quantum mechanically and only the remaining evolve classically in a mean-field potential兲. In practice, however, it is
found that considering the evolution of different degrees of
freedom on different dynamical footing introduces inaccuracies that are more significant than the accounted quantum
corrections.
For completeness, in order to demonstrate convergence
of the MP/SOFT results at the level of wave functions, Fig. 5
shows the time evolution of the 35-dimensional wave packet
reduced to the space of reaction coordinates r1 and r2. These
results are converged with respect to the MP/SOFT procedure and show good qualitative agreement with the description of dynamics provided by benchmark calculations of ESIPT in a simplified three-dimensional model system reported
in Ref. 15.
In order to analyze the extent of intrinsic decoherence
associated with proton-motion during the course of the ketoenolic tautomerization, we consider 共t兲, which is the reduced density matrix associated with the proton coordinate
共i.e., the density matrix obtained by tracing out all of the
degrees of freedom except for the proton coordinate兲 and we
compute the time-dependent quantity Tr关2共t兲兴. Initially,
Tr关2共0兲兴 = 1 since the OH stretching mode is prepared in a
pure state 共i.e., the ground state兲. However, as the reaction
proceeds and the proton-motion becomes coupled to the remaining degrees of freedom, the state of the proton becomes
mixed and Tr关2共t兲兴 ⬍ 1. The quantity Tr关2共t兲兴 thus serves
as a standard measure of decoherence.89,104,108,109
Figure 6 shows that Tr关2共t兲兴 exhibits an initial decoherence falloff within 4 fs and then oscillates with a period of
about 8 fs, mostly determined by the OH vibrational period.
The semiquantitative agreement with the HK SC-IVR results
at early times indicates that the HK semiclassical methodology is able to properly describe the 4 fs decoherence time as
well as the recoherence phenomena observed at 8 fs. The
deviations observed at longer times, however, illustrate typical convergence difficulties faced by the HK SC-IVR when
applied to the description of decoherence in this 35dimensional model system.
The MP/SOFT expansions of the HPO time-dependent
wave packet are rather compact and usually converge with
n ⬃ 102 coherent states, probably due to the intrinsic simplicity of the couplings in the reaction surface Hamiltonian
where vibrational modes are only indirectly coupled through
the reaction coordinates. Nonetheless, calculations are still
computationally intensive since the MP/SOFT coherent-state
expansions need to be regenerated for each propagation step.
While computationally demanding, MP/SOFT calculations
can be trivially parallelized and become less costly than
computations based on the HK SC-IVR, which usually require the propagation of n ⬃ 106 – 107 classical trajectories,
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FIG. 5. Comparison of the timedependent wave packet t共r1 , r2兲
= 兰dz兩⌿*t 共r1 , r2 , z兲兩2, reduced to the
space of reaction coordinates r1 and r2,
at various different times during the
early time relaxation after photoexcitation of the system. Wave packets are
represented by five contour lines
equally spaced by 0.045 units in the
0.005–0.185 range of amplitude in order to allow for comparisons with a
simplified 3-dimensional model discussed in Fig. 9 of Ref. 15.

making HK SC-IVR computations of P共t兲 or Tr关2共t兲兴 feasible only when performed according to the “direct” approach implemented in our study. Otherwise, the evaluation
of these quantities would be computationally intractable
O共n2兲 calculations.
IV. CONCLUDING REMARKS

In this paper we have shown how the ESIPT associated
with the keto-enolic tautomerization reaction of HPO can be
investigated according to full quantum mechanical methods,
without the need of invoking any kind of classical or semiclassical approximation, or reduced dimensionality models.

FIG. 6. Comparison of the time-dependent Tr关2共t兲兴, during the first 100 fs
of dynamics, obtained according to the MP/SOFT 共solid line兲 and the
Herman-Kluk SC-IVR 共dashes兲15 methods.

The study involves the propagation of 35-dimensional wave
packets, applying the MP/SOFT methodology in conjunction
with a model Hamiltonian based on an ab initio S1 PES. The
MP/SOFT propagation scheme recursively applies the timeevolution operator, as defined by the Trotter expansion to
second order accuracy, in dynamically adaptive coherentstate expansions. Such representations are particularly suitable for applications to high-dimensional problems since
they allow for an analytic implementation of the Trotter expansion, bypassing the exponential scaling problem associated with the usual fast-Fourier transform in the standard
grid-based SOFT approach. The reported calculations constitute the first application of this novel time-dependent MP/
SOFT methodology to a realistic ESIPT reaction in a polyatomic model system.
We have demonstrated the capabilities of the MP/SOFT
approach as applied to the description of the HPO photoabsorption spectrum and the time-dependent reactant population. The MP/SOFT method also successfully describes the
underlying decoherence and recoherence phenomena due to
coupling interactions between the proton-motion and the relaxation of the remaining degrees of freedom in the system.
It is therefore concluded that the reported MP/SOFT calculations at least demonstrate the potentiality of a rigorous, yet
practical, quantum-dynamics methodology for studying
excited-state intramolecular proton transfer dynamics,
coupled to the relaxation of many other degrees of freedom
in a realistic model of a polyatomic system. Furthermore, we
have shown that the MP/SOFT approach allows an evaluation of the validity 共i.e., the error range兲 of calculations based
on popular mixed quantum-classical and semiclassical approaches, including HK SC-IVR, the TDSCF method and the
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classical Wigner approach, as applied to the description of
complex quantum dynamics. It is concluded that treatments
that rely upon a description of all degrees of freedom on
equal dynamical footing are expected to provide more accurate results than mixed quantum-classical approaches based
on mean-field approximations. In particular, comparisons
with MP/SOFT results demonstrates that the HK SC-IVR
provides an overall description of dynamics in semiquantitative agreement with full quantum calculations of the absorption spectrum, survival amplitudes, reactant populations, and
the decoherence measure Tr关2共t兲兴.
Finally, we have shown that the dynamical picture
emerging from the MP/SOFT study is consistent with the
reaction mechanism suggested by the HK SC-IVR,15 wherein
ESIPT is modulated by a low-frequency 共177 cm−1兲 in-plane
internal bending mode that affects the intermoiety proton
donor-acceptor distance. Showing that the proposed mechanism is robust and reproducible in terms of rigorous quantum
dynamics methods is important since experimental studies of
HPMO have proposed a different molecular mechanism of
ESIPT modulated by out-of-plane twisting motions.40 Furthermore, we have shown that the MP/SOFT and HK SCIVR methodologies have semiquantitative agreement with
each other in the description of the HPO photoabsorption
spectrum. Indeed, both methods predict an asymmetric absorption band in the 300– 330 nm range with a diffuse superimposed structure with peaks spaced by ⬃11 nm. The MP/
SOFT method predicts, however, that the early time
relaxation dynamics is slightly slower than predicted according to semiclassical methodologies. Further, in qualitative
agreement with the HK SC-IVR description, the MP/SOFT
calculations predict that the decoherence time and the oscillatory recoherence dynamics are strongly modulated by the
OH stretching mode.
Finally, we have shown that the efficiency of the
matching-pursuit algorithm allows one to provide an explicit
description of complex quantum dynamics of multidimensional wave packets in terms of compact and dynamically
adaptive coherent state expansions. A drawback of the MP/
SOFT approach, however, is that the expansions must be
regenerated for each propagation step. While the underlying
computational task is demanding, it can be trivially parallelized and moreover efficiently evaluated for reaction surface
Hamiltonians where most of the degrees of freedom are harmonic and indirectly coupled to a few reaction coordinates.
Work in progress in our group involves the development of
efficient implementation strategies suitable for a more general class of Hamiltonians. These techniques avoid the need
of numerically computing multidimensional overlap integrals
simply by implementing matching pursuit of the corresponding integrands, instead. The capabilities of these more general implementation methods, however, remains to be demonstrated.
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