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Abstract.The excited-state intramolecular proton-transfer dynamics and pho-
toabsorption associated with the ketoenolic tautomerization reaction in 2-(2'-hydr
oxyphenyl)benzothiazole are 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 simulations involve
the propagation of 69-dimensional wave packets according to the matching-pursuit/
split-operator Fourier transform (MP/SOFT) method (Wu, Y.; Batista, V.S. J. Chem.
Phys. 2004, 121, 1676-1686). The underlying propagation scheme recursively ap-
plies the time-evolution operator as defined by the Trotter expansion to second-or-
der accuracy in dynamically adaptive coherent-state expansions. Computations of
time-dependent survival amplitudes, the time-dependent product population, and
photoabsorption linewidths are compared to experimental data. The reported results
provide fundamental insight on the nature of the excited-state reaction dynamics and
demonstrate the capabilities of the MP/SOFT method as a powerful computational
tool to study ultrafast reaction dynamics in polyatomic systems.

INTRODUCTION

Excited-state intramolecular proton transfer (ESIPT)
reactions are important for a wide range of systems
in biological processes'” and technological develop-
ments,* such as photostabilizers® and UV filter materi-
als.® These are usually ultrafast reactions in excited elec-
tronic states that require detailed investigations based
on state-of-the-art spectroscopic and computational
methods. This paper reports for the first time full-dimen-
sional quantum dynamics simulations of the ESIPT as-
sociated with the enol-keto tautomerization reaction in
2-(2'-hydroxyphenyl)benzothiazole (HBT) (see Fig. 1).
The simulations are based on the recently developed
matching-pursuit/split-operator-Fourier transform (MP/
SOFT) method,”"" applied in conjunction with an ab
initio reaction surface Hamiltonian.'>'®

In recent years, there has been significant interest in
studies of organic molecules exhibiting photoinduced
ESIPT in keto-enolic tautomerization reactions, includ-
ing experimental'”** and theoretical'*'*** work. In
particular, the ultrafast ESIPT reaction of HBT has been
investigated by several experimental studies based on
pump-probe techniques.'”* The reaction is described
by the four-step photophysical scheme depicted in
Fig. 1. The enol-to-keto transformation takes place in
the excited electronic state, after ultraviolet photoex-
citation of the ground-state enol form. The keto form
relaxes to the ground state by fluorescence emission,
and the enol form is recovered spontaneously by reverse
proton transfer, completing the cycle. Along the proton
*Author to whom correspondence should be addressed.
E-mail: victor.batista@yale.edu
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Fig. 1. Molecular structural diagram describing the ultrafast
hydrogen transfer (HT) due to enol-keto tautomerization in
2-(2'-hydroxyphenyl)benzothiazole (HBT), after ultraviolet
n—m* electronic excitation of the enol state (purple arrow). The
keto*—S, state decays (green arrow) on subnanosecond time
scales to the enol-S, state by fluorescence photoemission. The
optical spectra show a large Stokes-shift between the photoab-
sorption (purple) and fluorescence (green) bands, typical of
excited-state hydrogen/proton transfer reactions.!”*>%

transfer process, distinctive transient IR absorptions
and fluorescence emission with large Stokes shifts can
be observed as direct evidence of proton transfer and
formation of the keto form, including C=0-stretching
vibrations characteristic of the keto tautomer.'”* Like
many other intramolecular proton transfer systems,>*#44
both the absorption and emission spectra show negli-
gible shifts due to solvent effects,'”?* indicating that the
ultrafast excited-state dynamics is rather insensitive to
the surrounding molecular environment. Therefore, gas-
phase simulations should provide realistic descriptions
of the underlying quantum reaction dynamics.

The first ultrafast spectroscopic study of enol-keto
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tautomerization in HBT focused on the analysis
of changes in the OH-stretching band, centered at
3000 cm™, and in the fingerprint region between 1400
and 2000 cm™ in an effort to characterize changes in the
molecular configuration induced by hydrogen transfer."”
Subsequently, femtosecond IR spectroscopy monitored
the fingerprint bands, after photoexcitation with the UV
pump tuned between 310 and 350 nm.?>* The IR absorp-
tion at 1530 cm was assigned to the carbonyl-stretching
mode, significantly red-shifted due to intramolecular
hydrogen-bonding and coupling to the larger conju-
gated m-electronic system. These experimental studies
concluded that the formation of the keto state was char-
acterized by the rise of the carbonyl-stretching band,
within about 50 fs after UV excitation of the enol tau-
tomer. These results suggested that the ESIPT reaction
could not be explained in terms of a simple OH-stretch-
ing motion since the (50 fs) time scale is much slower
than the (4 fs) half-period of the OH-stretching.?>** A
tentative explanation based on the coherent effects of
anharmonic coupling to low frequency (60 and 120
cm™') modes suggested that the ESIPT could be coupled
to out-of-plane deformation by nonradiative processes
within the excited enol state.?>?* However, the detailed
nature of the underlying relaxation process could not be
extracted from cursory examination of the experimen-
tal data.>* In this paper, we simulate the enol-to-keto
transfer dynamics on the excited state potential energy
surface (PES) according to a rigorous time-dependent
wave packet propagation method, and we show that the
reported reaction time scales are consistent with experi-
mental data. The proton motion is analyzed as correlated
with the rearrangement of electronic charge density in
an effort to characterize the net transfer of a hydrogen
atom (i.e., ESIHT),'®! as resulting from ESIPT coupled
to photoinduced electron transfer.

Theoretical studies of ESIPT reactions in polyatomic
molecules are particularly challenging since the proton
quantum motion is often coupled to the reorganization of
lower-frequency vibrational modes.'*'¢ A rigorous first-
principle description of reaction dynamics requires first
computing the ab initio PESs and then solving accurate-
ly the equations of motion on these surfaces by explicit-
ly integrating the time-dependent Schrodinger equation.
Inrecent years, there has been significant progress in the
development and application of computational methods
for quantum dynamical processes,” "7 including nu-
merically exact methods”~* based on the split operator
Fourier transform method,*%¢ the Chebyshev expan-
sion,’” or short iterative Lanczos methods,*® and semi-
classical methods such as the Herman—Kluk method®
and the forward-backward semiclassical method.”
However, rigorous quantum dynamical simulations for



the size of molecules involved in ESIPT processes are
usually hindered by the demands of computational ef-
fort of quantum propagation methods. Recently, the
MP/SOFT method has been introduced as a practical
and rigorous time-dependent scheme for simulations of
quantum processes in multidimensional systems.”!' It
has been applied to a number of model Hamiltonians, as
well as to the simulation of the ESIPT reaction in 2-(2'-
hydroxyphenyl)oxazole (HPO), explicitly treating 35
coupled degrees of freedom.' In this paper, we apply
the MP/SOFT methodology to report the full 69-dimen-
sional quantum dynamical simulation of the ESIPT in
HBT, including the description of hydrogen transfer ex-
plicitly coupled to the redistribution of electronic charge
and the motion of the remaining degrees of freedom in
the system.

The MP/SOFT method” ! is based on the recursive
application of the time evolution operator, as defined
by the Trotter expansion to the second-order accuracy,
in non-orthogonal and dynamically adaptive coher-
ent-state representations generated according to the
matching-pursuit algorithm.® The coherent state repre-
sentations allow for the analytic implementation of the
Trotter expansion, by-passing the exponential scaling
problem associated with the fast Fourier transform al-
gorithm in standard grid-based SOFT approaches. One
of the advantages of MP/SOFT relative to other time-
dependent methods*=%9>-1%! ig that the method is easier
to implement since it avoids the usual need of solving
a coupled system of differential equations for propagat-
ing expansion coefficients. The method is most efficient
when applied in conjunction with reaction surface Ham-
iltonians'? since the multidimensional integrals neces-
sary to generate the coherent-state expansions can be
efficiently computed.'*' In this paper, we have adopted
this type of coupled system-bath Hamiltonians to model
the PES where the OH-stretching mode and the internal
bending mode of 120 cm are identified as the quantum
reaction coordinates, while the other vibrational modes
are described as harmonic oscillators with equilibrium
coordinates parametrized by the reaction coordinates.
The MP/SOFT simulations are compared to experi-
ments and the description of reaction dynamics pro-
vided by the mixed quantum-classical time-dependent
self-consistent field method (TDSCF),'%? in which the
reaction coordinates are treated quantum mechanically
and the other modes classically.

The paper is organized as follows. First, we briefly
introduce the MP/SOFT method, and the calculations of
the absorption spectrum and the time-dependent product
population. Then, we present the simulation results and
the comparisons to the experimental data. Finally, we
summarize and conclude.
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METHODS

Excited-State Potential Energy Surface

The ab initio S, PES of HBT has been constructed by
using the reaction surface approach,' as implemented
in earlier studies of ESIPT."*'¢ The reaction coordi-
nates r, and r, were identified as the normal modes
with predominant components along the OH-stretching
mode and the CCC internal bending mode (120 cm)
that modulates the distance between the proton donor
and acceptor moieties. The other 67 vibrational modes
were described as locally harmonic oscillators with ab
initio force constants F(r,,r,) and equilibrium positions
z,(r,,r,) parameterized by the reaction coordinates r,
and r,. The resulting 69-dimensional potential energy
surface is

V(rpryz) =

Vo(ron) + gz = 2, (rn) JE(rer) [z = ,(ror,)
(1)
where V(r,,r,) is the reaction surface obtained by fully
optimizing the geometry of the system with respect to
all nuclear coordinates, subject to the constraints of fixed
values of r, and r, (see Fig. 2). The equilibrium coordi-
nates zy(r,,r,) of the bath modes are the normal mode

Energy (kcal/mol)

Fig. 2. Potential energy surfaces Vi(r,, r,) of the S, and S, elec-
tronic states of HBT, as a function of the reaction coordinates
introduced in the text. The contour lines are equally spaced at
5 kecal mol™". The vertical arrow indicates the instantaneous
S, < S, ultraviolet photoexcitation. The thick blue arrow indi-
cates the hydrogen transfer (HT) after photoexcitation of the
enol tautomer.
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displacements relative to the reference ground-state
minimum energy configuration. All excited-state mini-
mum energy structures were obtained at the CIS/6-31G*
level of theory, as implemented in Gaussian 03.'°

The comparative analysis of the V(r,,r,) PESs for
the S, and S, states (see Fig. 2) shows that the HT en-
ergy barriers in the S, state are significantly lower than
in the S,. In addition, the minimum energy configura-
tion of HBT in the enol-S, state is shifted relative to the
initial equilibrium position in the S, state. Therefore,
the vertical transition due to ultraviolet photoexcitation
leaves the wave packet in the S, in a configuration that
is displaced relative to the S, equilibrium geometry. The
ensuing coherent vibrations exchange energy with the
OH coordinate, modulating hydrogen transfer each time
the proton donor hydroxyphenyl and exceptor benzo-
thiazole moieties are brought closer together.

MP/SOFT Method

A thorough description of the MP/SOFT method can
be found in previous work.”!! Here, we present only a
brief outline of the method with emphasis on how to
implement it to simulate the ESIPT in HBT.

The initial nuclear wave packet | W) = gy fi | @) in
the S, electronic state is modeled as obtained by ultra-
violet photoexcitation of HBT initially prepared in the
ground vibrational state of the S, electronic state, with
| ®,) = E, | ®,. Under the Franck—Condon principle (i.e.,
with the electronic transition dipole moment (S, | i | S,)
assumed to be independent of the nuclear coordinates)
| W) can be modeled by the harmonic approximation:

xIW) ﬁ (ﬂ)w exp<_%a.x?) @

where o; = wm,, w1th m; the reduced mass and w; the
frequency of the normal mode J, obtained from the ab
initio B3LYP/6-31G* normal mode analysis.

The time-evolved wave packet is calculated by re-
cursively applying the short-time approximation to the
time-evolution operator as defined by the Trotter expan-
sion to the second-order accuracy:

o i e—iv(&)r/ze—f%jre—iv(&)rlz 3)

Here, T is a short propagation time-period for the
evolution of the system as described by the Hamiltonian
H = p*/(2m) + V(%). To keep the notation as simple as
possible, all expressions are written in mass-weighted
coordinates x = (r,,r,,z) and atomic units, so that all de-
grees of freedom have the same mass m and /1 = 1.

To implement the Trotter expansion, we first repre-
sent the state | ¥ )= e "™ | W ) as a matching pur-
suit coherent-state expansion,’!!

7)Y e, 15 4)
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where the expansion coefficients c; are deﬁned as fol-
lows: ¢, _(1|1If ) and ¢, —<J|11f> D Ck<J|k>
forj= 2-n. The basis functions (x| ]> are 69-dimensional
coherent states,

<X|]>—HA(k)e ¢

with complex-valued coordinates x, (k) = r, (k) + id (k),
momenta p (k) = g, (k) + if,(k), and scaling parameters
1 (k)_a k)+ib (k). The normalization constants
are A (k)—(a‘ () exp| ~ L, (00, (6P — (d (h)g, (k)

(b, (), (k) + £ (k) 1(2a, (k))]

Once the coherent-state expansion of |1If o) is ob-
tained, the time-evolved wave packet |‘I’, +7) can
be computed by applying the product of operators

~MT, =57 introduced by eq 3, as follows:

e e
2 ~ n . ~
PR I qft — z CjeftV(x)T |] (6)
j=1

x(k)—x (k)) 12+ip (k)(x(k) x,(K)) (5)

—iV(x)t

| II]‘r+r > =e
where

NYpm——
N e

(x(k) - xj(k))
1+ iyj(k)r/m) B

v, () (x(k) = x, ()Y
2 (1 + im(k)r/m)

_ P (k)
Yom (1 +iy. (k)r/m)

+ipj(k)(

)

Further propagation of the resulting coherent-state ex-
pansion, introduced by eq 6, is analogously performed.
Therefore, the underlying computational task necessary
for quantum dynamics propagation is reduced to the
recursive generation of matching pursuit coherent-state
expansions as defined by eq 4.

Matching pursuit expansions are obtained by suc-
cessive orthogonal projections of the target state onto
coherent-state components. The first coherent state
is selected by locally optimizing the position, width,
and momentum parameters of a coherent state | 1) that
maximizes the overlap with the target wave function
[(1] W ) ||as follows:

W y=c, 1) +]e,) (8)

where ¢, =(1] ‘lf Y. With this definition of c,, the resi-
due |e]> is orthogonal to |1U )- Therefore, [ e, [<| W' .
Following the same procedure we select the next co-
herent state |2) of the expansion as the one that best
resembles the residue,

le)=c|2)+ | ey 9)

where ¢, =(2 | e, Yand| e, |>| e, |. The sequential or-
thogonal projections are applied » times until the norm
of the residue | e | is smaller than the desired accuracy
€:



le l=,/1-2 ¢} <€
i=1

The resulting expansion is

W)= ¢ 1))

j=1

(10)

an

with ~
c, =(11V¥))

. j-1
c,z<j|‘lf,>—k;ck<j|k>forj>1 (12)

The computational bottleneck of the MP/SOFT
method involves the calculations of the overlap ma-
trix elements (j|e | k). For the S, PES of HBT,
the partial integration with respect to the 67 harmonic
modes z is performed analytically, while the integration
with respect to the reaction coordinates r, and r, is ef-
ficiently performed according to numerical quadrature
techniques.

RESULTS

The results are presented in three subsections. First,
we present the photoabsorption spectrum calculated by
MP/SOFT simulations of the enol-keto tautomerization
reaction, as resulting from ultraviolet photoexcitation of
the enol tautomer to the S, electronic excited state and
the subsequent ultrafast ESIPT. Second, we present the
results of MP/SOFT calculations of the time-dependent
keto-S, population, as determined by ESIPT coupled to
the motion of the remaining degrees of freedom in the
system. Finally, we discuss the computational results as
compared to experimental data.

Photoabsorption
The photoabsorption line width /(w) at 0 K is com-
puted as the Fourier transform of the survival amplitude

E)=(W, | ™| W ) =(V | V),

oo [ dre TR E(e (1)

where w = 2mc/A E, is the initial energy of the system
in the S, state and T, = 40 fs is a phenomenological de-
phasing constant that reproduces the inhomogeneous
broadening of the spectrum of HBT in solutions.'® The
time-evolved wave function |W,) is obtained by MP/
SOFT propagation of the initial state | W,), introduced
by eq 2, according to the full-dimensional PES of the S,
state introduced by eq 1.

Figure 3 shows that the calculated photoabsorption
line width of HBT consists of a broad UV band with
a very diffused superimposed vibronic structure that
starts with the 0-0 transition at 3.34 eV. The maximum

I (w) =
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Fig. 3. Photoabsorption spectrum of HBT obtained according
to the MP/SOFT method, as described in the text. For com-
parison, the inset shows the experimental photoabsorption and
fluorescence bands as also shown in Fig. 1.2

absorption is obtained at 344 nm (3.6 eV), which is
lower than the vertical excitation at 3.89 eV and a little
higher than the excitation from the ground-state enol
form to the optimized enol form in the S, excited state
at 3.57 eV. These results are in very good agreement
with experimental data where the maximum absorption
has been reported in the 330-350 nm range for HBT in
nonpolar solvents.'”'*?22 Note that there has been no
direct measurement of the 0—0 transition and a consider-
able energy difference exists between the 00 transition
and the maximum absorption. Therefore, the agreement
with experimental data suggests that the MP/SOFT
methodology applied in conjunction with the full-di-
mensional system-bath model Hamiltonian can properly
describe the ESIPT dynamics coupled to the motion of
the remaining degrees of freedom in the system as well
as the effect of the excited-state relaxation on the pho-
toabsorption spectroscopy of HBT.

Product Population and Decoherence

Figure 4 shows the time-dependent population
P(t) = Tr[h(r))pt(r,)] of the keto product (red line)
formed upon ultrayiolet excitation of the enol tautomer.
Here, pt(r)) = a’zfdrzllfl(r1 rzz)Wj(rl r,z) is the
reduced probability density associated with the proton
position r;, computed by squaring the 69-dimensional
wave packet and integrating out the remaining degrees
of freedom, including r, and z. The Heaviside step func-
tion A(x) is defined as 1(0) on the product(reactant) side
of the dividing transition-state surface separating the
keto and enol configurations. Figure 4 also shows the
comparison with the corresponding calculations based
on the mixed quantum-classical TDSCF method (blue
line).1%2

Kim et al. / Quantum Dynamics of ESIPT in HBT



192

1.00

_ Pg(t), (MP/SOFT)
—— Pg(t), (TDSCF)
0.75 4 — Tr[p3(t)], (MP/SOFT)
z
S 0.50
s
<]
o
0.25 -
t=50fs
0.00 . . . : . T " T T
0 200 400 600 800 1000

t(fs)

Fig. 4. Time-dependent product (keto tautomer) popula-
tion P(¢) = Tr[h(r))pt(r,)], where h(x) is the Heaviside step
function with value 1(0) on the product(reactant) side of the
dividing transition-state surface, and p#(r,) is the MP/SOFT
reduced probability density associated with the proton coor-
dinate (red line). For comparison, analogous results were also
obtained with the TDSCF approach (blue line). The time-de-
pendent Tr[p*(t)] (black line) characterizes the extent and time
scale of decoherence associated with proton motion.

The implementation of the TDSCF method is similar
to our previous study of ESIPT in HPO," and involves
a single-configuration Hartree ansatz,

lpt(RsZ) = em(t)Xt(R)q)r(Z) (14)

where mM(?) is an overall phase factor and R = (r,r,)
represents the reaction coordinates, including the
OH-stretching mode r,, and the 120 cm™ in-plane hy-
droxyphenylbenzothiazole CCC-bending mode r,. The
remaining 67 vibrational modes are represented by the
multidimensional coordinate z.

Substituting the ansatz introduced by eq 14 into the
time-dependent Schrddinger equation, we obtain the
well-known self-consistent field equations,'?>1%4

ind,(2) =(x, | H|x,) $,(2) 15)
and
ing, (R) =(, | H]d,) x,(R) (16)

where ¢,(z) is approximated by the Gaussian wave packet,
(z) o —1/4 ( 1 5 2
b, (z —j:H}n exp —j(zj—zj(t))

Fhp (g -2 0)+s0) (45,

Here, {z'j(t),[?j(t)} are classical coordinates and mo-
menta evolving according to the effective potential en-
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ergy surface V (z;1) =(x, | H| X, ) - These trajectories,
as well as the classical action S(¢), are computed by
numerically integrating Hamilton’s equations according
to the Velocity—Verlet algorithm.!® Initial conditions are
chosen by importance sampling Monte Carlo, with sam-
pling functions defined by the initial Husimi distribu-
tion. Finally, ¥, is propagated according to the MP/SOFT
methodology, integrating eq 3.4 self-consistently with
eq 15. The initial conditions for the classical modes are
sampled according to the Wigner distribution'® based on
the initial wave function defined in eq 2.

Both MP/SOFT and TDSCEF calculations show simi-
lar time scales for the ultrafast formation of the keto tau-
tomer in the S;-state, as modulated by high-frequency
modes, and the equilibration of the keto and enol popu-
lations within several hundreds of femtoseconds after
photoexcitation of the system. Both calculations show
evidence of multiple time scales, including the correla-
tion of product formation with the coherent vibration of
high frequency modes with a vibrational period of about
50 fs. Two distinctive reaction rates include the ultrafast
transfer of 15-30% population in just 30-50 fs and fur-
ther increase of the keto population, albeit with a much
slower rate, to about 60% in the next 400-500 fs. After
that the keto and enol populations equilibrate around
this asymptotic level. The two time scales indicate that
a small barrier exists along the OH reaction coordi-
nate, separating the enol and keto tautomeric forms by
a transition state on the S, PES. A small percentage of
molecules with enough energy along the reaction coor-
dinate transfers directly over the barrier, while most of
the population with less energy than the barrier transfers
only by tunneling in about 50 fs, or at later times after
vibrational energy redistribution. Thus, the enol-keto
transformation goes through different mechanisms lead-
ing to multiple reaction rates.

Steady-state calculations indicate that the transition
state is about 3.6 eV above the ground-enol-S, state.
According to the absorption spectrum, shown in Fig. 3,
only a small fraction of the population determined by
the initial wave packet has energy above the transition
state. Therefore, the overall initial reaction rate is deter-
mined by tunneling through a shallow barrier leading
to the quick buildup of the keto population to about
20% in the first 50 fs, while the rest of the molecules
evolve the keto population from 20% to 60% in the next
400-500 fs. Pump-probe experiments show that the re-
action time scales range from 30 to 170 fs, depending
on the different experimental conditions.'”> According
to our calculations, these experimental values are all
consistent since it would be difficult to control precisely
how many molecules were excited above (or below) the
transition state as determined by the different experi-



mental setups. Discrepancies in the reaction time scales
could also be caused by technical details in interpreting
the data. Remarkably, all the experiments have shown
that the probing signals reach equilibrium in about 400—
600 fs, which is well reproduced by both the MP/SOFT
and TDSCEF calculations.

Although the MP/SOFT and TDSCF calculations
agree qualitatively on the trend of the enol-to-keto
transfer, substantial differences exist between the two
sets of calculations regarding the quantum dynamical
features. Figure 4 shows that in the first 50 fs, which we
have characterized as predominately tunneling through
a shallow barrier, the transfer rate obtained from the
TDSCEF calculations is much faster than that obtained
from the MP/SOFT calculations, but the TDSCF reac-
tion rate is abruptly slowed down at 30 fs. This might be
due to the limitations of the TDSCF method for properly
describing interference effects associated with recross-
ing events. A similar situation has been observed in our
previous work on the ESIPT of HPO,'> where we have
shown that the reaction rate obtained with the TDSCF
method is faster than with full quantum mechanical
calculations. On the other hand, the keto population
obtained from MP/SOFT calculations shows a smooth
change of the reaction rate, clearly resembling the ex-
perimental time-resolved spectrum measuring the keto
formation, as shown in fig. 2 of ref 18.

Another difference between the MP/SOFT and the
TDSCEF results can be observed in the oscillations of the
keto population. Experimental studies have attributed
these oscillations to the low-frequency modes that mod-
ulate the proton transfer, particularly the lowest frequen-
cy internal bending mode (120 cm™). Such pronounced
oscillations have also been observed in other proton
transfer systems. Compared to the experimental results,
the oscillations in the TDSCF simulations are too small
to reflect any effect of the low-frequency modes modu-
lating the proton transfer dynamics. In contrast, the
MP/SOFT results display oscillations with intensities
and time scales that partially agree with the motion of
the 120, 254, 289, and 529 cm™" modes.'®*"” The detailed
vibrational analysis, however, is beyond the scope of the
current publication and will be presented elsewhere.

To further analyze the interaction between the hydro-
gen motion as coupled to the other vibrational modes,
we have calculated the trace of the square of the reduced
density matrix Tr[p*(r)] associated with the r, coordinate,
after integrating out the other degrees of freedom. For
separable dynamics, Tr[p?(#)] = 1 since the state of the
r, coordinate remains pure. However, as the motion of r,
couples to the other coordinates (e.g., during vibrational
energy redistribution) the state of r; becomes mixed and
Tr[p*(r)] decreases. Thus, the quantity Tr[p*(f)] serves as
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a standard measure of decoherence and mixing of r, with
the other modes in the system.'*!71% Figure 4 shows the
Tr[p(1)], dropping to about 50% in just 30 fs, coincident
with the quick increase of the keto population, and then,
slowly decaying to 30% with small oscillations. Figure
4 clearly demonstrates that the proton transfer dynamics
is strongly influenced by the coupling between the OH-
stretching motion and the other vibrational modes. At
the very beginning, the OH-stretching mode dissipates
energy to the other modes, slowing down the reaction,
but at later times proton transfer is induced by energy
transfer from the other coordinates.

Figure 5 shows the evolution of the nuclear wave

YIAL L w

2 ] ® & 500fs
-6 -4 -2 X [A] 2 4 6

Fig. 5. MP/SOFT total probability densities p(X,Y) = ¥,
X,Y)*W, (X,Y) at r =0, 100, 200, and 500 fs after photoexci-
tation of the HBT, represented as equally spaced contour lev-
els at 2,4, 6, and 8. The evolution of probability density shows
that the keto tautomer is formed in less than 100 fs and the keto
population continues building up as a result of vibrational en-
ergy redistribution in hundreds of femtoseconds.

Kim et al. / Quantum Dynamics of ESIPT in HBT
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Fig. 6. Superposition of representative configurations of HBT
at t = 0 (top panel) and at 500 fs after photoexcitation of the
system. Each panel represents the molecule in the standard
orientation (i.e., in the (x,y) plane of the page) and in the (x,z)
plane to show that the molecule does not exhibit out-of-plane
deformations.

packet during the first 500 fs of dynamics as represented
by the total probability density in the xy plane of the
molecule in the standard orientation:

p(X,Y) = élfdxlfdylfdzl...fdefdyN

J e (X = x,)5(Y - )

xp(xl’yl’zl’xz’yz’zz""XN’yN’ZN) (18)

Such a representation is particularly insightful since the
equilibrium configuration of the initial state is in the xy
plane and the molecule remains mostly planar during the
ESIPT reaction, except for small-amplitude OH wag-
ging out-of-the plane fluctuations (see Fig. 6). Note that
the contour plots of the probability density have peaks
in Fig. 5 that can be easily assigned to the identities of
the atoms, according to Fig. 1. In particular, the motion
of the H atom transferring from the hydroxyphenyl to
the benzothiazole moiety is clearly shown in terms of
a bimodal distribution of enol and keto configurations
with small-amplitude motions for the remaining atoms
in the HBT molecule.

Figure 7 shows the evolution of the distribution of
electron density for the average geometry of HBT in
the S, state, during the first 800 fs of ESIPT dynamics
after photoexcitation of the enol tautomer. Blue and

Fig. 7. Evolution of the electron density differences, relative to the charge distribution at 7 = 0, for the time-dependent mean con-
figuration of HBT in the S| state. Blue and gray isosurfaces represent an increase and decrease of electronic density, respectively.
It is shown that the average position of the proton evolves over hundreds of femtoseconds, after the initial electron transfer from
the hydroxyphenyl moiety to the benzothiazole group through the conjugated system.
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gray isosurfaces represent, respectively, an increase and
decrease of electronic density relative to the distribu-
tion of electronic charge at r = 0 after photoexcitation.
Note the decrease of electronic density in the OH bond,
even at the very early time after photoexcitation of the
system, and the redistribution of charge that decreases
the OH bond order, forming the proton, and building up
electronic density in the sp? orbital of the N atom. These
changes suggest that the net hydrogen transfer results
from an initial photoinduced electron transfer through
the conjugated system linking the hydroxyphenyl and
benzothiazole moieties, followed by ESIPT. Note that
the average position of the proton quickly stretches out
in about 50 fs and continues evolving for several hun-
dreds of femtoseconds as vibrational energy redistribu-
tion equilibrates the ratio of enol and keto populations.

CONCLUSIONS

In this paper we have investigated the ultrafast ESIPT
reaction associated with the enol-keto tautomeriza-
tion reaction of HBT, using a full quantum dynamics
method implemented in conjunction with a full-dimen-
sional ab initio potential energy surface. The MP/SOFT
method recursively applies the time-evolution operator
as defined by the Trotter expansion to the second order
accuracy in dynamically adaptive coherent-state repre-
sentations. Such representations are particularly suitable
for high-dimensional calculations since they allow for
the analytical implementation of the Trotter expansion,
bypassing the exponential scaling problem associated
with usual Fourier transform in grid-based methods.
Therefore, the reported calculations provide insight on
the nature of quantum dynamics without invoking any
kind of classical or semiclassical approximation, or a
reduced dimensional model.

The MP/SOFT calculations were focused on the
propagation of the 69-dimensional wave packet evolv-
ing on the ab initio excited electronic S, state PES to
obtain a description of ESIPT at the detailed molecular
level, including a detailed description of the evolution
of nuclear coordinates, quantum mechanical survival
amplitudes, the photoabsorption spectrum, the time-
dependent keto product population, and the decoher-
ence measure Tr[p*(r)] characterizing the nature of
hydrogen transfer as coupled to the remaining degrees
of freedom in the system. The reported results are in
very good agreement with experiments in almost all as-
pects, demonstrating both the accuracy of the MP/SOFT
method and the validity of the full-dimensional model
Hamiltonian for describing the ESIPT reaction in HBT.
These simulations complement ultrafast spectroscopic
measurements by providing fundamental insight on the
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nature of reaction dynamics directly, ruling out the vari-
ance caused by specific experimental conditions, and
providing information at the detailed molecular level
in addition to direct comparisons with experimental
observables.

The MP/SOFT calculations show that maximum
absorption occurs at 344 nm, in good agreement with
experimental data, suggesting that the MP/SOFT meth-
odology properly describes the effect of ESIPT on the
photoabsorption of HBT when applied in conjunction
with the ab initio system-bath model Hamiltonian. In
agreement with time-resolved spectroscopic measure-
ments, the simulations also predict multiple time scales
for the ultrafast formation of the keto tautomer, with
transfer of 15-30% population in just 30-50 fs and
further increase of the keto population to about 60% in
the next 400-500 fs, as modulated by multiple vibra-
tional modes that change the distance O---N between
the proton donor hydroxyphenyl and the acceptor ben-
zothiazole moieties. The separation of time scales sug-
gests that a small effective energy barrier separates the
enol and keto tautomers in the S, PES along the OH
reaction coordinate. Molecules with enough energy to
go over the barrier would transfer to the keto form in
about 4 fs (i.e., the half-period of the OH vibration).
However, most of the initial transfer is due to tunneling
through a shallow energy barrier during the first 50 fs,
while molecules with lower energy along the reaction
coordinate transfer the proton only after being activated
by vibrational energy redistribution. Thus the enol-keto
transformation involves different mechanisms lead-
ing to multiple reaction time scales. The strong quan-
tum mechanical effects shown in the calculated keto
populations indicate that the reaction cannot be simply
described by a first-order decay. It also suggests that
previously reported reaction time scales in the range of
30-170 fs are all consistent within the variations of the
experimental setups. However, contrary to the interpre-
tation of ultrafast spectroscopic measurements,?>* the
MP/SOFT calculations do not show evidence for ESIPT
as coupled to out-of-plane deformation of HBT, except
for small-amplitude OH wagging out-of-the plane fluc-
tuations. Work in progress involves the complete analy-
sis of the vibrational spectroscopy of HBT in the S, as
directly correlated to experimental data.
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