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Semiclassical molecular dynamics simulations of intramolecular proton
transfer in photoexcited 2- „28-hydroxyphenyl …–oxazole

Victor Guallar, Victor S. Batista, and William H. Miller
Department of Chemistry, University of California, and Chemical Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720

~Received 11 July 2000; accepted 8 September 2000!

A full-dimensional excited state potential energy surface is constructed, and the proton transfer
dynamics associated with the keto-enolic tautomerization reaction in photoexcited
2-~28-hydroxyphenyl!–oxazole is simulated according to an approximate version of the
semiclassical initial value representation method introduced by Miller and co-workers@V. Guallar,
V. S. Batista, and W. H. Miller, J. Chem. Phys.110, 9922~1999!#. The full-dimensional potential
energy surface is developed according to anab initio reaction surface model obtained at the CIS
level of quantum chemistry. Proton transfer is found to be substantially affected by isotopic
substitution, and significantly coupled to the internal oxazole–hydroxyphenyl in-the-plane bending
mode. The nascent tautomer is found to be stabilized primarily through vibrational energy
redistribution into all of the remaining in-the-plane vibrational modes. The accuracy of the
methodology is verified by reducing the dimensionality of the system and comparing our
semiclassical results with full quantum mechanical calculations. ©2000 American Institute of
Physics.@S0021-9606~00!01845-6#
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I. INTRODUCTION

Excited state intramolecular proton transfer~ESIPT! re-
actions have been extensively investigated1–13 because of
their importance in biological systems,14–17 as well as in
technological applications that include photostabilizers,18–21

UV filter materials,22 and information storage devices.23–25

In general, however, the ultrafast dynamics mechanisms
volved in ESIPT reactions are yet to be fully understood, a
constitute a subject of much current experimen
interest.26–31 Recent experiments involve state-of-the-
femtosecond time-resolved spectroscopy where the sig
are the result of complicated nuclear dynamics, the detail
which cannot be extracted by a cursory examination of
results. Therefore, it is essential to combine experime
studies with theoretical simulations that face the challeng
yielding a comprehensive understanding of the underly
ultrafast reaction dynamics. In this paper we present the
molecular dynamics simulation study of the ESIPT dynam
associated with the keto–enolic tautomerization reaction
photoexcited 2-~28-hydroxyphenyl!–oxazole ~HPO!, de-
scribed by the structural diagram of Fig. 1.

Experimental studies of ESIPT reactions involve the o
servation and analysis of dual bands in the fluorescence s
tra, with large Stokes-shifts suggesting the presence of b
tautomeric forms. Although experimental studies of ESI
are yet to be carried out in HPO, several systems simila
the HPO molecule have been the subject of experime
studies, including hydroxyphenyl derivatives
benzoxazole,5–7 benzimidazol,9,10 benzothiazole,6,8 and more
recently 2-~28-hydroxyphenyl!-5-phenyloxazole ~HPPO!.32

The 2-~28-hydroxyphenyl!-4-methyloxazole molecule
~HPMO! is the most similar system to HPO that has be
studied experimentally, and its spectroscopy is expecte
9510021-9606/2000/113(21)/9510/13/$17.00
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be very similar to the spectroscopy of HPO, since the o
structural difference between the two molecules is
methyl substitutional group in the oxazole residue. Figur
shows the experimental HPMO absorption spectrum, wit
large Stokes-shifted fluorescence band,33 and a biexponentia
femtosecond fluorescence transient decay signal that
been assigned in terms of the time-dependent reactant~enol!
population decay.34 The interpretation of the experimenta
data presented in Fig. 2 was based on the coupling betw
the ultrafast proton motion, and a slower picosecond out
the-plane rotational motion around the C–C bond that lin
the hydroxyphenyl with the 4-methyloxazole function
group~see C1– C2 bond in Fig. 1!.34,35 The semiclassical re
sults reported in this paper, however, suggest an ES
mechanism where proton motion is significantly coupled
in-the-plane vibrational modes, but approximately uncoup
from out-of-the-plane rotations. Furthermore, semiclass
calculations predict the HPO absorption spectrum to b
broad band with a very diffused superimposed vibratio
structure.

In recent years, there has been a significant progres
the development of computational methods able to prov
accurate descriptions of proton transfer reactions.36–51 How-
ever, applications to ESIPT reactions of realistic syste
have been hindered by the difficulty of modeling multip
time scale dynamics in electronic excited states, where p
ton tunneling coupled to the motion of the other degrees
freedom in the system can be significant at low tempera
and determine the rate of the overall chemical reaction. T
only application of semiclassical molecular dynamics to
vestigate a real excited state proton transfer reaction to d
has been our study of double proton transfer dynamics
DNA base-pair model.52 These simulations, therefore, con
0 © 2000 American Institute of Physics
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9511J. Chem. Phys., Vol. 113, No. 21, 1 December 2000 Simulations of proton transfer
stitute the first attempt to give a rigorous interpretation
ESIPT experiments in terms of a quantitative description
excited state proton transfer from first principles.

In an effort to investigate the excited state potential
ergy surface~PES! that describes the proton transfer asso
ated with the HPO tautomerization reaction, the fully op
mized geometries of the three stationary points in theS1
electronic excited state have been computed at theab initio
CIS level of quantum chemistry.33 The proton transfer rate
constant could be estimated in terms of the instan
expression,40 simply by assuming an energy interpolatin
curve between the three stationary points. Such an appr
has been implemented for studying various other pro
transfer reactions,53,54 but might not necessarily yield a pro
ton tunneling rate constant for the HPO system that be
any simple relation to the true rate constant at low tempe
tures. The reason for this is that such an approximation
sumes a reaction path through stationary points that m
not necessarily correspond to the true sequence of con

FIG. 1. Molecular structural diagram describing the ESIPT reaction in p
toexcited 2-~28-hydroxyphenyl!–oxazole~HPO!.

FIG. 2. ~a! Experimental absorption and fluorescence spectra
2-~28-hydroxyphenyl!-4-methyloxazole~HPMO! in n-hexane at room tem-
perature, adapted from Ref. 33.~b! Femtosecond fluorescent transient at 4
nm for HPMO in 3-methylpentane, adapted from Ref. 35. The vertical s
has been expanded by a factor of 5 beyond 350 nm.
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rations made energetically accessible to the system by
mechanism of internal energy redistribution. It is thus nec
sary to carry out more realistic calculations that do not
sume the system to be confined to small amplitude fluct
tions around any reaction path. This can be accomplished
presented in this paper, by first calculating the fullab initio
Born–Oppenheimer potential energy surface and then s
ing accurately the dynamical equations for motion on t
calculated surface.

The full-dimensional PES is developed according to
approach introduced in our previous work, as a quadr
expansion around a reaction surface potential obtained a
CIS level of quantum chemistry.52 Such a method aims to
make the best use of a reasonable number ofab initio calcu-
lations to map out the most relevant parts of the fu
dimensional PES for the purpose of simulating reaction
namics. The reaction surface is defined in terms of reac
coordinates chosen to be the proton displacementr 1 , and the
internal oxazole–hydroxyphenyl in-the-plane bending mo
r 2 ~see the bending angle C1C2C7 in Fig. 1!. This choice of
reaction coordinates is based on the analysis of the trans
state minimum energy geometry, that is planar like the k
and enol tautomeric forms, but significantly displaced alo
the r 1 andr 2 coordinates, relative to the keto and enol min
mum energy geometries.33 Ther 2 coordinate is also expecte
to be strongly coupled tor 1 , and promote proton transfe
since a displacement alongr 2 reduces the N–O distance be
tween the proton donor~hydroxyphenyl! and proton accepto
~oxazole! functional groups~see N9– O8 distance in Fig. 1!,
as originally observed by Ernsting and co-workers in th
study of intramolecular proton transfer i
2-~28-hydroxyphenyl!benzoxazole~HBO!.5 The reaction sur-
face potential is obtained at various differentr 2 configura-
tions, by minimizing theS1 excited state potential energy o
the system with respect to all other degrees of freedomz at
the three r 2-constrained stationary points along ther 1

coordinate—i.e., enol–tautomeric form, transition state a
keto–tautomeric form. The global PES is then obtained
expanding thez dependence to second order about the eq
librium coordinatesz0(r 1 ,r 2), using analytic CIS frequen
ciesv0(r 1 ,r 2).

In our previous work, we limited our study to reactio
dynamics simulations on a simplified three-dimensional P
obtained by describing the motion of the locally harmon
degrees of freedom in terms of a single global variableuzu.52

Such a model was able to describe the early time relaxa
dynamics in good qualitative agreement with recent ultraf
time-resolved spectroscopic studies,29 but was limited with
regards to modeling vibrational energy redistribution. In th
paper, we treat all the vibrational degrees of freedom exp
itly and we are thus able to provide a proper description
the vibrational energy redistribution. According to the resu
of our simulation, this complete treatment is crucial for
proper description of dynamics at long times, since the s
bilization of the product tautomer involves primarily vibra
tional energy redistribution into most of the other in-th
plane vibrational modes.

Simulating the excited state proton transfer dynamics
particularly challenging because the protons being tra
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9512 J. Chem. Phys., Vol. 113, No. 21, 1 December 2000 Guallar, Batista, and Miller
ferred give rise to significant quantum mechanical effect
i.e., tunneling—which cannot be described by classical m
lecular dynamics simulations. A number of mixed quantu
classical molecular dynamics methods have been applie
simulations of proton transfer reactions.55–66,47Most of these
methods, however, describe the coupling between light
heavy particle degrees of freedom only approximately
cording to branching processes defined by stochastic h
that collapse transferring protons into either of the poss
states of distinct character. Other methods are applic
only to single proton transfer reactions, or model light a
heavy degrees of freedom on different ‘‘dynamic
footings’’—i.e., these methods require one to specifya pri-
ori the ‘‘quantum’’ or ‘‘classical’’ nature of each degree o
freedom in the system, and integrate their equations of
tion only approximately according to a self-consistent pro
gation scheme.

In this paper we implement the semiclassical meth
introduced in our previous paper,52 and we propagateall
degrees of freedom on the same dynamical footing accor
to the classical equations of motion. We exploit the benefi
having a dynamically consistent methodology where ther
no need to specify the ‘‘quantum’’ or ‘‘classical’’ nature o
the degrees of freedom in the system, even in the presen
tunneling or interference effects, and we simulate pro
transfer dynamics in HPO where the proton motion becom
significantly coupled to both low and high frequency reorg
nization coordinates. The semiclassical methodology imp
mented in this paper is specifically designed to avoid
computational bottleneck for applications of the SC–IVR
large molecular systems, which is caused by the calcula
of the monodromy matrix elements involved in the pr
exponential factor of the semiclassical amplitude. T
method reduces the computational effort necessary to i
grate theN2 coupled differential equations~whereN is the
number of degrees of freedom! to the integration of onlyN
independent equations, thus scaling with molecular size
the same way as the classical trajectory equations th
selves.

In our previous paper, we tested the capabilities of
approximate SC–IVR method for modeling ultrafast prot
transfer by comparing our simulation results for a thre
dimensional PES with full quantum mechanical calculatio
The method was found to describe properly the time dep
dent probability of proton transfer, and the multidimension
mechanism of proton tunneling as determined by the c
pling of proton motion to the remaining degrees of freed
in the system. This approach, however, requires diagona
tion of the N2 Hessian matrix for computing the instant
neous normal mode frequencies at each integration time s
In this paper, we introduce an approximation that reduces
computational overhead to the diagonalization of a 232
Hessian matrix involving only reaction coordinates. This
accomplished by assuming that the frequencies of the loc
harmonic modes are approximately constant along the r
tion surface, and that the eigenvalues of the Hessian ca
computed to a good approximation by neglecting the o
diagonal Hessian matrix elements that involve both a re
tion coordinate and a harmonic mode. The accuracy of
Downloaded 08 May 2001 to 130.132.58.224. Redistribution subject to A
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approximate methodology was verified for our system, an
expected to be useful for other systems of biological inter
where proton transfer might be coupled to many other~lo-
cally harmonic! degrees of freedom with approximately co
stant frequencies as a function of the proton displaceme

The paper is organized as follows: The methodology
presented in Sec. II; Sec. II A outlines the calculation of t
full-dimensional PES, in terms of anab initio S1 reaction
surface potential, and Sec. II B describes the semiclass
approach for simulating the photoabsorption spectrum,
the time dependent reactant population. Section III then
scribes our SC results, and compares them to the results
tained according to more approximate methodologies. T
analysis of ESIPT dynamics is concluded in Sec. IV, wh
the ‘‘mechanism’’ suggested by our simulations is compa
to the reaction mechanism postulated by recent spectrosc
studies.

II. METHODS

A. Excited state potential energy surface

The excited state intramolecular proton transfer react
in photoexcited 2-~28-hydroxyphenyl!–oxazole~HPO! is de-
scribed in terms of the full-dimensional excited state pot
tial energy surfaceV(r 1 ,r 2 ,z), constructed as a quadrat
expansion around a two-dimensional reaction surface po
tial V0(r 1 ,r 2),

V~r 1 ,r 2 ,z!5V0~r 1 ,r 2!1 1
2@z2z0~r 1 ,r 2!#•F~r 1 ,r 2!

•@z2z0~r 1 ,r 2!#, ~2.1!

where r 1 is the proton displacement, andr 2 is the lowest
frequency in-the-plane bending mode~;170 cm21!—i.e.,
the hydroxyphenyl–oxazole internal bending mode~see the
bending angle C1C2C7 in Fig. 1!. The other 49 vibrational
modes in the system are modeled as locally harmonic
grees of freedomz, with ab initio CIS force constants
F(r 1 ,r 2) and equilibrium positionsz0(r 1 ,r 2) parametrized
by the reaction coordinatesr 1 and r 2 . The ab initio CIS
excited state reaction surface potentialV0(r 1 ,r 2) is con-
structed by fully optimizing the geometry of the system w
respect to all other degrees of freedomz, subject to the con-
straint of a fixed value ofr 2 for the geometries of the eno
transition state, and keto tautomeric forms. In order to m
out the most relevant parts ofV0(r 1 ,r 2), for the purpose of
simulating ESIPT dynamics,ab initio energy points are com
puted holding fixed ther 2 coordinate at five different con
figurations where the N–O distance is 3.0 Å, 2.8 Å, 2.6
2.4 Å, and 2.3 Å, respectively~see Fig. 1!, since such a range
of configurations allows one to compute the energy of
other energetically accessible configurations according
simple interpolation procedure. In all theab initio calcula-
tions the CIS67 level of quantum chemistry theory—i.e., a
single excitations with a spin-restricted Hartree–Fock ref
ence ground state~CIS!, using the 6-31G* basis set within
the GAUSSIAN 94 series of programs68—has been considere
for the S1 state~10 spin-restricted singlet states have be
included in the CIS calculation!. Since this level of quantum
chemistry is expected to give only a good qualitative desc
tion of the excited state potential energy surface, we h
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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9513J. Chem. Phys., Vol. 113, No. 21, 1 December 2000 Simulations of proton transfer
explored including electronic correlation in terms of high
levels of quantum chemistry theories, including CIS–MP
TDDFT, and CASSCF. The CIS/6-31G* level of quantum
chemistry was found to be the only current feasible cho
for computing both the reaction surface and harmonic
quencies for all energetically accessible configurations:
CIS–MP2 theory was found to have difficulties in the d
scription of potential energy barriers along the proton d
placement coordinate~similar difficulties were described in
Ref. 33!; since TDDFT gradients are yet to be developed,
recalculated theS1 surface at the TDDFT level of theor
using CIS geometries, but we found that such approxima
was not reliable for our system. The computation of t
CASSCF~8,8!/6-31G* reaction surface is currently work i
progress in our group, and our preliminary results indic
that the CASSCF relative exothermicity, and barrier heig
are reproduced by the CIS/6-31G* computations within a
10% error. The current choice of 6-31G* basis set involves
approximately 200 basis functions, and corresponds to
limit of our current computational resources in terms of bo
disk space and available memory for CIS frequencies ca
lations.

Figure 3 shows theab initio CIS energies for the opti
mized r 1 geometries at various differentr 2 configurations,
and the corresponding interpolating curves as a function
r 2 . Figure 3 shows that ther 2 coordinate is an efficien

FIG. 3. Proton displacement equilibrium geometriesr 1 ~upper panel!, and
CIS/6-31G* ab initio energies~lower panel!, as a function of the interna
oxazole–hydroxyphenyl in-the-plane bending moder 2 .
Downloaded 08 May 2001 to 130.132.58.224. Redistribution subject to A
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tuning mode for proton transfer, since it modulates both
relative distance between the keto and the enol config
tions along ther 1 coordinate~see upper panel of Fig. 3!, and
the potential energy barrier for proton transfer through
transition state~see TS energies in the lower panel of Fig. 3!.
Figure 3~see lower panel! also shows that according to ou
model potential the excited state tautomerization reactio
exothermic.

Figure 4 shows the energy profiles at various differentr 2

values as a function ofr 1 . These energy profiles along ther 1

coordinate are constructed in terms of two morse potent
associated with the equilibrium positions of the donor a
acceptor configurations, coupled by adjusting the energy
rier to the CIS TS energy for that particularr 2 geometry. The
complete reaction surface potentialV0(r 1 ,r 2) is obtained
from these interpolating curves by fitting their adjustable p
rameters to polynomial expressions ofr 2 . Figure 4 shows
that the proton transfer energy barrier decreases whenr 2

increases, i.e., when the distance between the proton d
~hydroxyphenyl! and the proton acceptor~oxazole! de-
creases.

The equilibrium positionsz0(r 1 ,r 2) of the locally har-
monic degrees of freedom are computed at an arbitrary p
(r 1 ,r 2), by interpolating between the equilibrium position
at the CIS optimized configurations. The values ofz0(r 1 ,r 2)
at the optimized configurations are obtained by project
the geometry difference, with respect to a reference confi
ration, onto the corresponding normal mode eigenvect
The equilibrium positions of the 16 out-of-the-plane vibr
tional modes are found to be independent of the reac
coordinatesr 1 and r 2 . Therefore, according to theab initio
CIS model potential implemented in our calculations, on
the 34 in-the-plane vibrational modes are significan
coupled to the proton displacement, including 33 locally h
monic modesz, and the reaction coordinater 2 . Table I de-
scribes the complete set of locally harmonic modesz( j ) ~with
j 51 – 33! that influence the ESIPT dynamics according

FIG. 4. CIS/6-31G* stationary state energies at various differentr 2 configu-
rations, and interpolating curves as a function of the proton displacem
r 1 . The reaction surface potentialV0(r 1 ,r 2) is constructed from these in
terpolating curves, by fitting their adjustable parameters as a function ofr 2 .
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 08 M
TABLE I. Description of the 33 harmonic normal modesz, in terms of the stretching~stretch.!, bending~bend.!,
and torsion frequencies and their corresponding reduced masses in parentheses. Frequencies are ex
cm21 and reduced mass in amu.

Mode description Frequency in cm21 ~reduced mass in amu!

Internal bend. 411.5~7.4!, 549.6~5.0!

Hydroxyphenyl and oxazole
ring torsion

584.5~7.0!, 676.2~6.5!, 879.5~7.1!, 913.~7.0!
336.4~8.1!, 1003.6~7.8!, 1077.0~4.8!, 1100.6~2.9!

CCH bend., Aromatic CvC stretch.,
COH bend.

1190.2~1.6!, 1202.6~2.1!, 1254.8~1.7!
1594.7~1.8!, 1682.6~2.9!, 1527.4~1.9!
1326.8~1.7!, 1550.6~2.2!

Aromatic C–N and C–C stretch.,
C–O oxazole stretch.

1234.8~2.8!, 1282.1~1.5!, 1364.5~6.6!, 1399.9~2.2!

Alcohol C–O stretch. 1451.7~3.8!

Aromatic CvC stretch. 1605.5~3.1!, 1648.4~4.2!, 1689.8~4.1!
1763.9~5.3!

C–H stretch. 3370.8~1.1!, 3385.1~1.1!, 3399.7~1.1!
3415.3~1.1!, 3452.4~1.1!, 3495.3~1.1!
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the model potential introduced by Eq.~2.1!. The frequencies
v0

( j ) and reduced massesm ( j ), tabulated in the second co
umn of Table I, are assumed to be independent of the r
tion coordinates.

B. Semiclassical approach

The ESIPT dynamics involved in the tautomerization
action of HPO is analyzed in terms of both the total pho
absorption cross sections(l) of the HPO molecule, as a
function of the photolysis wave lengthl, and the time-
dependent reactant populationP(t).

The total photoabsorption cross sections(l) is given by
the Fourier transform of the survival amplitudej(t),

s~l!5
1

2p\ E
2`

`

dt j~ t !eivt, ~2.2!

with v52pc/l, and

j~ t ![^C0ue2 iĤ t/\uC0&5^C0uC t&. ~2.3!

Substituting the time evolution operator in Eq.~2.3! by
its coherent state IVR~vide infra!,43

e2 iĤ t/\5~2p\!2NE dp0E dq0 eiSt~p0 ,q0!/\

3Ct~p0 ,q0!ugqt ,qt
&^gq0 ,p0

u, ~2.4!

we obtain the SC–IVR of the survival amplitude,

j~ t !5~2p\!2NE dp0 E dq0 Ct~p0 ,q0!

3eiSt~p0 ,q0!/\^C0upt ,qt&^p0 ,q0uC0&, ~2.5!

where the integration variables (p0 ,q0) are the initial condi-
tions for classical trajectories, andqt[qt(p0 ,q0) and pt

[pt(p0 ,q0) are the time-evolved coordinates and momen
q[(r 1 ,r 2 ,z) represents the nuclear coordinates collective
andp represents their corresponding momenta.
ay 2001 to 130.132.58.224. Redistribution subject to A
c-

-
-

.
,

St(p0 ,q0) is the classical action along this trajector
obtained by integrating the following equation:

Ṡt5pt•q̇t2H~pt ,qt!, ~2.6!

along with the usual classical equations of motion,

dq~ j !

dt
5

]H~q,P!

]p~ j !
and

dp~ j !

dt
52

]H~q,p!

]q~ j !
. ~2.7!

The initial stateuC0&, is assumed to be the ground v
brational state ofS0 ~Condon approximation!,

^quC0&5)
j 51

N S a j

p D 1/4

expS 2
a j

2
q~ j !2D , ~2.8!

whereN535 is the number of coupled degrees of freedo
q( j ) is the j th coordinate, anda j5Akjm

( j )/\2, wherekj is
the j th harmonic constant, andm ( j ) represents thej th re-
duced mass.

As presented above, the computational task to comp
the survival amplitudej(t) is to evaluate the 70-dimensiona
integral over initial conditions, introduced by Eq.~2.5!. This
integral is computed according to an importance samp
Monte Carlo technique, where the sampling function of i
tial conditions (p0 ,q0) is defined according to the norm o
the coherent state transform of the initial sta
u^gq0 ,p0

uC0&u. The wave function for the coherent sta
ugq0 ,p0

&, introduced by Eq.~2.4!, is

^qugq0 ,p0
&5)

j 51

N S 2g~ j !

p D 1/4

expS 2g~ j !@q~ j !2q0~ j !#2

1
i

\
p0~ j !@q~ j !2q0~ j !# D , ~2.9!

and similarly for the wave function̂qugqt ,pt
&.

The pre-exponential factorCt(p0 ,q0), in Eq. ~2.4!, in-
volves the monodromy matrix elements that we propag
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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9515J. Chem. Phys., Vol. 113, No. 21, 1 December 2000 Simulations of proton transfer
according to the adiabatic approximation introduced in R
52. Ct(p0 ,q0), introduced by Eq.~2.4!, is given by the ap-
proximate expression

Ct~p0 ,q0!5F)
j 51

N

M̃ t~ j , j !G1/2

, ~2.10!

whereM̃ t( j , j ) is defined as

M̃ t~ j , j !5
1

2 S Q̃t~ j , j !1 i
P̃t~ j , j !

\2g~ j ! D , ~2.11!

whereg ( j ) are the parameters in the coherent states of
~2.9!. The canonical variablesQ̃t( j , j ) and P̃t( j , j ) are ob-
tained by numerical integration of the following equations
motion:

m~ j !Q8 t~ j , j !5 P̃t~ j , j !,
~2.12!

P8 t~ j , j !52m~ j !@v t
~ j !#2Q̃t~ j , j !,

with initial conditionsQ̃0( j , j )51 and P̃0( j , j )52 i\2g ( j ).
The instantaneous normal mode frequenciesv t

( j ) , introduced
by Eq.~2.12!, are obtained by diagonalization of the Hessi
K t along the classical trajectories.

In order to reduce the computational effort involved
the calculation of the instantaneous normal mode frequ
cies, we introduce two approximations: First, we assume
the eigenvalues of the Hessian can be obtained to a g
approximation by neglecting the off-diagonal matrix e
ments that involve both a reaction coordinate and a harm
mode, and second we assume that the frequencies o
locally harmonic modes are approximately constant alo
the reaction surface~we have observed that these frequenc
typically change only up to 20% along the reaction surfac!.
By introducing these two approximation, we therefore
duce the computational effort necessary to obtain the ins
taneous eigenfrequenciesv t

( j ) to the diagonalization of a
232 Hessian matrix involving only reaction coordinates.

The computational task involved in the propagation
the canonical variablesQ̃t( j ) and P̃t( j ), associated with the
locally harmonic modesz( j ) with j 512(N22), is reduced
by choosing the parameters in the coherent states to
2g ( j )5v ( j )m ( j ). The (N22) independent equations of mo
tion associated with the locally harmonic modes can then
integrated analytically to obtain

Q̃t~ j , j !5e2 iv~ j !t,
~2.13!

P̃t~ j , j !52 im~ j !v~ j !e2 iv~ j !t,

since these modes are orthogonal among themselves
their frequencies are assumed to be constant along the
tion surface.

Summarizing,Ct(p0 ,q0) is computed according to th
approximate expression

Ct~p0 ,q0!5@M̃ t~1,1!M̃ t~2,2!#1/2e2 iVt, ~2.14!

where

V5
1

2 (
j 53

N

v~ j !. ~2.15!
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M̃ t(1,1) andM̃ t(2,2), in Eq.~2.14!, are obtained according
to Eq. ~2.11!, with Q̃t( j , j ) and P̃t( j , j ) integrated according
to Eqs.~2.12!, using the instantaneous normal mode frequ
ciesv t

(1) andv t
(2) that are obtained through diagonalizatio

of the 232 Hessian matrix involving only coordinatesr 1

and r 2 .
P(t) is defined as the probability that at timet the sys-

tem is still on the reactant side of the dividing surface~in
coordinate space! that separates reactants~enol tautomeric
form! and products~keto tautomeric form!,

P~ t ![^C0ueiĤ t/\h~q!e2 iĤ t/\uC0&, ~2.16!

whereĤ is the Hamiltonian operator, andh(q) is a function
of the transfering proton coordinater 1 that is 1~0! on the
reactant~product! side of the dividing surface. The SC–IVR
of the time dependent reactant populationP(t) is obtained
by substituting the time evolution operators in Eq.~2.16! by
the coherent state IVR, given by Eq.~2.4!,

P~ t !5~2p\!22NE dp0E dq0E dp08E dp08

3ei ~St~p0 ,q0!2St~p08 ,q08!!/\Ct~p0 ,q0!Ct* ~p08 ,q08!

3^C0up08 ,q08&^pt8 ,qt8uhupt ,qt&^p0 ,q0uC0&, ~2.17!

Eq. ~2.17! is useful to perform a ‘‘direct’’ calculation of
P(t)—i.e., without having to store or calculate any oth
intermediate quantity.

In principle, the most efficient implementation of E
~2.17! is the one that samples the more important initial co
ditions (p0 ,q0) and (p08 ,q08) for pairs of trajectories tha
propagate forward in time, and contribute toP(t) at each
time t according to the integrand of Eq.~2.17!. In practice,
however, we found that such approach converges extrem
slowly for systems with many degrees of freedom, ev
when implemented according to a stratified adaptive Mo
Carlo technique. We were therefore forced to change
integration variables (p08 ,q08) to (pt8 ,qt8), and to optimize
convergence for each specific timet by sampling the phase
space points (pt8 ,qt8) according to a defensive importanc
sampling technique.69

Equation~2.17! can be written in terms of the new inte
gration variables (p0 ,q0) and (pt8 ,qt8), according to

P~ t !5~2p\!22NE dp0E dq0E dpt8E dpt8

3ei ~St~p0 ,q0!2St~p08 ,q08!!/\Ct~p0 ,q0!Ct* ~p08 ,q08!

3^C0up08 ,q08&I ~p0 ,q0 ,pt8 ,qt8!^pt8 ,qt8upt ,qt&

3^p0 ,q0uC0&, ~2.18!

where I (p0 ,q0 ,pt8 ,qt8), in Eq. ~2.18!, is the complex error
function

I~p1~t!,q1~t!,p18~t!,q18~t!;g
~1!!

5E
2`

0

dr e2g~1!@r2~r1~t!1r18~t!!/22~ i /2g~1!!~p1~ t !2p18~ t !!#2
, ~2.19!
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since according to the construction of the reaction surfa
presented in Sec. II A, the dividing surface that separa
reactants and products is defined asr 150.

In order to evaluate Eq.~2.18!, trajectories are initialized
through MC sampling of coordinates and momenta (p0 ,q0)
according to the localized phase space distribut
u^p0 ,q0uC0&u2. The partial contribution of a single trajector
to P(t) requires forward propagation from the initial pha
point (p0 ,q0) to the resulting phase point (pt ,qt) at time t.
At this time the trajectory undergoes a coordinate and m
mentum stochastic hop, (pt ,qt)→(pt8 ,qt8), and then evolves
backward from (pt8 ,qt8) to the resulting phase point (p08 ,q08)
at time 0.

The sampling functionf t for coordinates and moment
(pt8 ,qt8) is defined in terms of the overlap of the cohere
states at timet as

f t~pt8 ,qt8!5~12b!P j 51
N Ad

p

3e2d@~pt8~ j !2pt~ j !!21~qt8~ j !2qt~ j !!2#

1bP j 51
N u^pt8~ j !,qt8~ j !upt~ j !,qt~ j !&u, ~2.20!

whered is a constant parameter, and the convergence rab
is adjusted according to the dimensionality of the proble
The role of the first term, in Eq.~2.20!, is to provide a local-
ized distribution that samples coordinates and mome
(pt8 ,qt8) sufficiently close to (pt ,qt) as to have partial can
cellation of the phase in the integrand, while the second t
is a broad distribution that is essential to provide an up
bound to the variance when the first term is much sma
than the value of the integrand.

III. RESULTS

Results are presented in two sections. First, Sec. I
presents results for the survival amplitudej(t), the photoab-
sorption spectrums(l), and the time dependent reacta
~enol! populationP(t) decay, obtained according to the SC
IVR methodology described in Sec. II B, using the fu
dimensional PES described in Sec. II A. Section III A al
compares our SC–IVR calculations with the correspond
results obtained according to more approximate semicla
cal methodologies, as well as the analysis of the isoto
substitution effect onP(t). Finally, Sec. III B verifies the
accuracy and reliability of our methodology by compari
the semiclassical results forP(t), s(l), andj(t) with exact
full quantum mechanical calculations for a simplified mod
PES in reduced dimensionality.

Semiclassical trajectories are integrated according t
standard fourth-order Runge–Kutta algorithm,70 with a 0.024
fs integration step, using the parallel programming mo
described in Ref. 71. The rather small integration step
necessary to have both energy conservation, and a Jaco
factor J5](pt ,qt)/](p0 ,q0) approximately equal to unity
throughout the whole simulation. All forces and second
rivatives necessary for integrating the equations of mot
were calculated using finite difference expressions.
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A. Full-dimensional model

Figure 5 shows the semiclassical photoabsorption sp
trum s(l) of HPO in the gas phase, as a function of t
photon wavelengthl. The spectrum was obtained, as d
scribed in Sec. II B, propagating 106 semiclassical trajecto
ries on the full-dimensionalS1 PES described in Sec. II A
for 200 fs after photoexcitation of the system. Figure
shows that some of the overall features of this spectrum
semble those of the experimental absorption spectrum
HPMO in n-hexane at room temperature, presented in Fig
including the frequency range~300–330 nm! of the absorp-
tion band, and the presence of a superimposed structure
a spacing between peaks of;11 nm. The assignment of th
superimposed structure predicted by our calculations, h
ever, differs from the assignment given by experimen
studies of HPMO.33 According to our calculations, this is
vibronic structure associated with transient excitations
high frequency modes that include internal bending, and r
torsion ~see Table I!. This assignment is described later
this section in terms of the recurrence features observe

FIG. 5. Semiclassical photoabsorption spectrum of HPO obtained accor
to the methodology described in Sec. II B, implemented on the f
dimensional S1 PES described in Sec. II A.

FIG. 6. Real part, and modulus of the survival amplitudej(t), obtained
according to the semiclassical methodology presented in Sec. II B~solid
line!, implemented on the full-dimensional S1 PES described in Sec. I
and the comparison with more approximate semiclassical results foruj(t)u
obtained according to the classical Wigner model~dashes!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the survival amplitude. In contrast to this interpretation, e
perimental studies of HPMO have assigned the two peak
309 and 322 nm to the vertical excitation, and the 0–0 tr
sition, respectively.

Figure 6 shows the semiclassical results for the real p
and modulus of the survival amplitudej(t), for the first 200
fs of dynamics after photoexcitation of the system. This fi
ure shows that there is an ultrafast fall-off of the overl
between the initial and final wave functions~within the first
20 fs of dynamics that is caused byC t moving away from
C0 as the high frequency modes, associated with hydro
phenyl and oxazole ring torsion degrees of freedom, mov
phase space away from their initial Frank–Condon confi
rations. This ultrafast relaxation at very short time is resp
sible for the width of the absorption spectrum in the fr
quency domain, shown in Fig. 5, and all the subsequ
dynamics at longer times determines the superimposed s
ture but does not affect the position or overall width of t
absorption band. The longer time dynamics gives rise to p
tial recurrences, the most prominent of which occur by 40
after photoexcitation of the system. This recurrence fea
results from the partial overlap of the initial and final wa
functions, caused by the return of the coordinates of h
frequency modes to the region of configurational space a
ciated with their initial conditions. This recurrence event
only partial, since at this later time the system is found to
displaced relative to the initial conditions associated with
low frequency modes, e.g., the hydroxyphenyl–oxazole
ternal bending. The lack of a similar recurrence feature by
fs shows the transient character of this vibrational excitati
and indicates that there is significant vibrational energy
distribution even at this very early relaxation time. The sp
troscopic consequence of transient vibrations can be
served in Fig. 5 in terms of a rather diffuse vibronic structu
with only a few prominent peaks. Figure 6 also compares
modulus of the survival amplitude with the correspondi
results obtained according to the classical Wigner mode

uj~ t !u5~2p\!22Nu E dq0E dp0 FW~q0 ,p0!FW~qt ,pt!u,

~3.1!

where the Wigner distribution of initial conditions is

FW~p0 ,q0!5E
2`

`

dDq eip0Dq/\C0* ~q01Dq/2,q0!C0*

3~q01Dq/2,q0!, ~3.2!

and similarly forFW(qt ,pt). Figure 6 shows that the class
cal Wigner model is able to describe the early time rel
ation, for the first 15 fs of dynamics, and to capture the ri
timing for recurrences at longer times. However, the class
model is not able to describe the amplitudes associated
these recurrent events as predicted by the more rigorous
IVR methodology. Figure 6 thus shows that there is a s
nificant part of the overall relaxation process that is pur
classical in nature, including the early time fall off, and t
timing for recurrencies, but the magnitude of the recurrenc
at longer times is largely controlled by quantum mechan
Downloaded 08 May 2001 to 130.132.58.224. Redistribution subject to A
-
at
-

rt,

-

y-
in
-
-

-
nt
c-

r-
s
re

h
o-

e
e
-
0
,
-
-
b-
e
e

-
t
al
ith
C–
-
y

s
l

effects, e.g., tunneling and interference, that are crucial fo
proper description of the overall relaxation dynamics in t
large polyatomic system.

Figure 7 shows the time dependent reactant~enol! popu-
lation P(t) for the first 300 fs of dynamics after photoexc
tation of the system, as predicted by the SC–IVR method
ogy implemented on the full-dimensional PES. Figure
shows that the reactant population decays about 17% du
the first 300 fs, according to a relaxation process that can
be described by a single exponential function. The reason
this is that the tautomerization reaction involves prot
transfer through an effective potential energy barrier tha
strongly modulated by both ultrafast vibrational energy
distribution among high frequency modes and the mot
along the internal hydroxyphenyl–oxazole bending coor
nate. We have calculatedP(t) at only five different times,
within the first 300 fs, since calculatingP(t) at each time
requires a separate calculation of a 140-dimensional inte
and demands running approximately 107 semiclassical tra-
jectories. This enormous computational effort aims to p
duce the most rigorous simulations to date of the exci
state time dependent proton-transfer dynamics, associ
with the tautomerization reaction of a relatively large po
atomic system, and demonstrates for the first time tha
possible to converge the full double phase space SC–IVR
P(t) for a system with 35 coupled degrees of freedom ev
after 300 fs of dynamics. Furthermore, these rigorous res
allow us to estimate the importance of quantum mechan
effects on the relaxation dynamics of a large polyatomic s
tem, and to evaluate the reliability of more approximate c
culations based on the WKB approximation,36 or the Wigner
classical model,72

P~ t !5~2p\!22NE dq0E dp0 FW~q0 ,p0!h~qt!, ~3.3!

FIG. 7. Time dependent reactant~enol! population decayP(t) ~boxes! ob-
tained by simulating the tautomerization dynamics according to the
methodology presented in Sec. II B, using the full-dimensional PES
scribed in Sec. II A.P(t) is compared to the corresponding results obtain
according to the classical Wigner model for the undeuterated@SC/L~H!#, and
deuterated@SC/L~D!# system, as well as to the corresponding semiclass
results obtained according to the WKB approximation for the undeutera
@WKB~H!#, and deuterated@WKB~D!# system.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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whereFW(q0 ,p0) is the Wigner distribution of initial condi-
tions introduced by Eq.~3.2!, andh(qt) is the function of the
transfering proton introduced by Eq.~2.16!.

Figure 7 compares the reactant populationP(t) given by
the SC–IVR methodology, implemented for the undeutera
system SC/HK~H!, and the corresponding results obtain
according to the classical Wigner model SC/L~H!, and the
WKB approximation WKB~H!. The first feature to note is
that the classical Wigner model provides a good descrip
for proton transfer within the first 20 fs of dynamics, durin
which the first encounter between the proton donor and
proton acceptor functional groups takes place, and also
scribes quite accurately the time at which proton transfe
favorable at longer times, since this is primarily determin
by the reorganization of classical degrees of freedom. Fig
7 shows that a significant amount~;75%! of the total reac-
tant population decay is well predicted by the classi
Wigner model, with only;25% of the reactant populatio
due to quantum mechanical effects such as tunneling
interference. This extra probability of proton transfer is fai
well reproduced by the stochastic semiclassical met
based on the WKB approximation. These results are th
fore totally consistent with the comparison of results forj(t)
presented in Fig. 6.

Figure 7 also comparesP(t) for the undeuterated system
with the reactant population decay for the deuterated sys
as predicted by the WKB approximation, and the class
Wigner model. Both methods predict that the reactant po
lation decay is significantly affected by isotopic substitutio
The agreement between these two calculations also sh
that the reactant population decay for deuterated system
almost completely classical, since the zero point energ
lower and therefore the probability of proton tunneling
much smaller.

Having validated the reactant population decay predic
by the WKB approximation, Fig. 8 showsP(t) for the un-
deuterated system for the first 18 ps of dynamics after p
toexcitation of the system~solid line!. Figure 8 also includes
the raw data convoluted with a typical instrument resolut
function (FWHM5150 fs) which would be appropriate t

FIG. 8. Time dependent reactant~enol! population decay obtained by simu
lating the first 18 ps of tautomerization dynamics according to the semic
sical stochastic method based on the WKB approximation.
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make comparisons with ultrafast spectroscopic sign
analogous to those presented in Fig. 2 for HPMO
3-methylpentane. Figure 8 also shows, once again, that
reactant population decay cannot be described by a si
exponential function.

B. Simplified model

In this section we compare the semiclassical results
simulations on a simplified three-dimensional excited st
PES to the corresponding full quantum mechanical calcu
tions for the early time relaxation dynamics of photoexcit
HPO. The comparison presented in this section for the w
packet motion, reactant population decay, the survival am
tude, and the photoabsorption spectrum, aims to check
accuracy and reliability of the semiclassical methodology
implemented for the full-dimensional model potential in Se
III A. This comparison, together with similar tests report
before,52 provide important documentation on the ability
these new semiclassical techniques to simulate realistic
cited state proton transfer reactions, where proton motio
found to be significantly coupled to the motion of the r
maining degrees of freedom in the system.

The PESV given by Eq.~2.1! can be written for the
reduced three-dimensional space as

V~r 1 ,r 2 ,R!'V0~r 1 ,r 2!1 1
2@vR~r 1 ,r 2!#2

3@R2R0~r 1 ,r 2!#2, ~3.4!

in terms of a global reorganization coordinateR[uzu—i.e.,
the norm of the 33-dimensional vectorz—that describes on
average the motion of the locally harmonic degrees of fr
dom z that are significantly coupled to the proton displac
ment.R0(r 1 ,r 2) is the norm ofz0(r 1 ,r 2), and the average
harmonic frequencyvR(r 1 ,r 2) is computed according to th
following expression:

vR~r 1 ,r 2![S ( j 51
N m~ j !* @v~ j !~r 1 ,r 2!#2* z0

~ j !~r 1 ,r 2!2

R0~r 1 ,r 2!2 D 1/2

,

~3.5!

wherem ( j ), v ( j ), and z( j ) correspond to the reduced mas
frequency and displacement of the instantaneous nor
modej.

Figure 9 compares the evolution of the semiclassi
wave packetr(r )5C* (r )C(r ) in the space of reaction co
ordinatesr—i.e., after integrating out the reorganization c
ordinateR—to the corresponding full quantum mechanic
results at various different times during the early time rela
ation. Wave packets are represented by five contour li
equally spaced by 0.03 units in the 0.005–0.155 range
amplitude. The distribution of population into reactant a
tautomer configurations can be visualized in Fig. 9 in ter
of the probability density that lies on either of the two sid
of the dividing surface represented by the transition stat
r 150.

As illustrated by panels~a! and ~b!, the system is ini-
tially localized at the Franck–Condon region with (r 1 ,r 2)
'(20.3,21.12) a.u., and moves along ther 2 coordinate di-
minishing the O~8!–N~9! distance during the first 75 fs afte
photoexcitation of the system. Panel~b! shows the wave

s-
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na
A
ro
r
n

ck

s
5
n
ls
t

fo
a
n
th
a
ry
ta
-

ics,
ro-

ave

g-
l
e-

cay
ni-
are
tial
he
on.
cket
la-
ion
ton

nel-

ee-
ax-
ed
i-

n of
ibed

3D
the
be-

00

av

ho

e

ctant
-

e re-
y the
f
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packet right after reaching a turning point along the inter
bending coordinate during the initial relaxation process.
this point the effective barrier heights are minimum and p
ton transfer is most favorable. The semiclassical results
produce the exact full quantum evolution of the system a
describe correctly the shape and position of the wave pa
along the reaction surface potential.

At later times @see panel~c!#, the wave packet move
back to the Franck–Condon region within approximately 1
fs, a period that corresponds approximately to the harmo
frequency of the internal bending mode. This panel a
shows that the semiclassical results describe properly
amount of products~keto tautomer! formed after the first
oscillation period along the N~9!–O~8! distance.

At even later times@see panel~d!#, the wave packet
moves again towards the region of low energy barriers,
lowing the vibrational motion associated with the intern
bending mode. The comparison with full quantum mecha
cal results, in terms of the overall shape and position of
wave packet, shows that the description provided by the
proximate SC–IVR method is once again very satisfacto

Figure 10 compares the SC time dependent reac
population P(t) with the corresponding full quantum me

FIG. 9. Comparison of semiclassical and full quantum mechanical w
packetsr(r )5C* (r )C(r ), reduced to the space of reaction coordinatesr 1

andr 2 at various different times during the early time relaxation after p
toexcitation of the system@panel~a!, 0 fs; panel~b!, 80 fs; panel~c!, 150 fs;
panel ~d!, 195 fs#. Wave packets are represented by five contour lin
equally spaced by 0.045 units in the 0.005–0.185 range of amplitude.
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chanical results for the early time tautomerization dynam
simulated on the three-dimensional model potential int
duced by Eq.~3.4!. P(t) is obtained according to Eq.~2.17!,
as described in Sec. II B, projecting the time dependent w
packet into the reactant side of the dividing surface~in coor-
dinate space! that separates both tautomeric forms. This fi
ure also compares the results ofP(t) obtained for the mode
in reduced dimensionality, with the reactant population d
cay obtained for the 35-dimensional model PES.

The comparison of the SC reactant population de
with the results obtained according to full quantum mecha
cal calculations shows that all the dynamical features
properly described by the SC approach, including the ini
population decay within the first 75 fs of dynamics, and t
plateau at longer times with a superimposed modulati
These features can be interpreted in terms of the wave pa
motion described earlier in this section. The initial popu
tion decay within the first 100 fs, corresponds to the mot
along the internal bending coordinate that brings the pro
donor ~hydroxyphenyl! and proton acceptor~oxazole! func-
tional groups close together, reducing both the proton tun
ing barrier heights and the distance along ther 1 coordinate
between both tautomeric forms.

The comparison ofP(t) from this three-dimensional to
that from the full 35-dimensional model shows that the thr
dimensional model properly describes the early time rel
ation during the first 100 fs. The model potential in reduc
dimensionality gives a population decay with a more prom
nent superimposed structure, since here the reorganizatio
the remaining degrees of freedom in the system is descr
by a single global coordinateR with a characteristic time of
about 43 fs. The most important difference between the
and the 35D models is that the reactant population for
full-dimensional model continues to decrease for times
yond 100 fs~with significant drops at time intervals of;150
fs after an initial 75 fs decay time!, while that for the 3D
model remains approximately constant after the initial 1

e

-

s

FIG. 10. Comparison between the semiclassical time dependent rea
populationP(t) ~plus symbols!, and the corresponding full quantum me
chanical results@solid line, full-QM~3D!# for the early time tautomerization
dynamics, as described by the model in reduced dimensionality. Thes
sults are also compared to the reactant population decay described b
model in full dimensionality~35D!, that includes the proper description o
vibrational energy redistribution at longer times.
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fs. The reason for this is that the reactant population reac
an equilibrium in the three-dimensional model as a resul
recrossing events, since there are no other coupled m
where the internal energy can be redistributed. This nat
limitation of the three-dimensional model shows the imp
tance of including explicitly the motion of the remainin
degrees of freedom in the system, in order to model of p
ton transfer as coupled to vibrational energy redistribution
longer times.

Figure 11 shows the comparison of the semiclass
HPO absorption spectrum to the corresponding full quan
mechanical results for the 3D model, as a function of
photon wavelengthl. The vertical transition between th
ground electronic state and theS1 PES has been rescaled b
a factor of 0.74 to correct approximately for the energy sh
usually introduced by theab initio CIS calculations. This
figure shows that the semiclassical results reproduce
overall qualitative features of the full quantum mechani
spectrum, in terms of the overall shape, as well as the s
ing and widths of the superimposed structure of vibro
bands. However, there are small differences in the inten
profile of the semiclassical band when compared to the
quantum mechanical results. The origin of these discrep
cies can be traced to small deviations observed in the
vival amplitude, as discussed later in this section.

The physics involved in the dynamics of relaxation r
sponsible for the spectroscopic features observed in the
toabsorption spectrum can be addressed in terms of
analysis of the phase space dynamics of semiclassical tr
tories. The photolysis event populates excited vibratio
states of both the internal bending and the reorganiza
modes on the excited electronic state PES. The mole
thus vibrates along these modes as it undergoes tautome
tion whenever the configuration of the system is favora
for proton transfer to occur. Therefore, the origin of t
structure in the photoabsorption spectra is the transient vi
tion of internal bending and reorganization modes on
reactant side of the dividing surface. In contrast to the sp
trum obtained for the model in full dimensionality, then
50 – 6 vibronic bands are sharp and well defined. In

FIG. 11. Semiclassical HPO photoabsorption spectrum~solid line! and the
corresponding full quantum mechanical resultss(l) ~dashed line!, as a
function of the photon wave lengthl.
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absence of the other modes involved in ultrafast vibratio
energy redistribution, tautomerization is the only possi
mechanism that can damp out the oscillatory motion of
reorganization coordinate, and therefore this motion is p
served for much longer time.

Figure 12 shows the comparison of the SC–IVR res
for the survival amplitudej(t) during the first 250 fs of
dynamics after photoexcitation of the system, to the cor
sponding result obtained from the full quantum mechani
calculation and from the classical Wigner model, all for t
3D model. This figure shows that with the exception of sm
deviations in the shape of the envelope of the survival a
plitude, the semiclassical results are in very good agreem
with the full quantum mechanical calculations throughout
whole dynamical range of proton transfer, starting with
ultrafast fall-off of the overlap between the initial and fin
wave functions~within the first 22 fs of dynamics! that is
caused byC t moving away fromC0 as the reorganization
coordinate is displaced relative to its initial position. Th
ultrafast relaxation at short times is responsible for the br
envelope of the absorption spectrum in the frequency dom
seen in Fig. 11, and all the subsequent dynamics at lon
times determines the structure in the frequency spectrum
does not affect the position or overall width of the absorpt
band. The longer time dynamics gives rise to a recurre
feature of the survival amplitude at about 43 fs. The amp
tude of this recurrence feature is slightly more pronounced
the full quantum amplitude than in the semiclassical calcu
tions. In this simplified model, the partial overlap of the in
tial and final wave functions is caused by the displacemen
the internal bending mode relative to its initial position wh
the reorganization coordinate returns to the Franck–Con
region at timet.

FIG. 12. Upper panel: Comparison of the real part of the survival amplit
j(t), obtained according to the SC–IVR~solid line!, and full QM calcula-
tions ~dashes! for the model in reduced dimensionality. Lower panel: com
parison of the modulus of the survival amplitudej(t), obtained according to
the SC–IVR~solid line!, the classical Wigner model~dots!, and full QM
calculations~dashes! for the simplified model in reduced dimensionality.
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IV. SUMMARY AND CONCLUSIONS

We have shown in this paper how the ultrafast ESI
reaction associated with the keto-enolic tautomerization
action of photoexcited HPO can be investigated in terms
an approximate semiclassical initial value representa
method, and a full-dimensionalab initio CIS model PES.
These calculations constitute the first effort to give a rigoro
interpretation of ESIPT, as coupled to the motion of t
remaining degrees of freedom in the system, in terms
a quantitative description of reaction dynamics from fi
principles.

We have shown how to extend the simplified thre
dimensional model developed in our previous study of
cited state proton transfer dynamics to incorporate the pro
description of vibrational energy redistribution in the mod
of excited state reaction dynamics. We have shown that
could be accomplished by first calculating the fu
dimensional excited state PES, at the CIS level of quan
chemistry, and then solving accurately the dynamical eq
tions for motion on these calculated surfaces.

We have demonstrated the capabilities of the appro
mate initial value representation method to study ESIPT
photoexcited HPO, showing consistency between the S
IVR and more approximate semiclassical methods, base
the WKB approximation, and the classical Wigner mod
We have also demonstrated the reliability of the semicla
cal methodology to model ESIPT in photoexcited HPO,
showing agreement with full quantum mechanical calcu
tions in the description of the wave packet motion, the re
tant population decay, the survival amplitude, and the
sorption spectrum for a simplified three-dimensional mo
potential.

The SC method was specifically designed to avoid
computational bottleneck for applications of the SC–IVR
large molecular systems, which is caused by the calcula
of the monodromy matrix elements involved in the pr
exponential factor of the semiclassical amplitude. With su
an approach we have demonstrated for the first time that
possible to converge the SC–IVR for both the survival a
plitudej(t) and the time dependent reactant probabilityP(t)
for a system with 35 coupled degrees of freedom, for the fi
300 fs of dynamics after photoexcitation of the syste
These semiclassical calculations were useful for estima
the validity of more approximate semiclassical metho
based on the WKB approximation and the classical Wig
model.

We have shown that the reaction mechanism sugge
by our calculations differs from the barrierless~or near bar-
rierless! reaction mechanism postulated by recent spec
scopic studies of HPMO, that were based on stabilization
the keto tautomer according to out-of-the-plane twisting m
tion around the interaromatic C–C bond.33,34 According to
our calculations, proton transfer is not a barrierless proc
and it should be possible to observe a significant isoto
effect by probing the time dependent reactant population
cay with picosecond~or subpicosecond! resolution. Out-of-
the-plane rotations are found to be approximately uncoup
from proton transfer, and rather than stabilizing the syst
relative to the corresponding planar geometries they prod
Downloaded 08 May 2001 to 130.132.58.224. Redistribution subject to A
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destabilization to higher energy configurations. Our simu
tions, however, do not rule out the possibility of detecti
keto rotamers when conformational changes are therm
produced.

We have demonstrated that SC calculations predict
HPO absorption spectrum to be similar to the experimen
absorption spectrum of HPMO, an asymmetric absorpt
band in the 300–330 nm frequency range, with a diffu
superimposed structure where the peaks are spaced by;11
nm. In contrast to experimental studies of HPMO, where
two peaks at 309 and 322 nm were assigned to the ver
excitation and the 0–0 transition, respectively, our calcu
tions show the peaks to correspond to a vibronic struct
associated with transient excitations of internal bending
ring torsion modes in the 336–411 cm21 frequency range.
We have shown that proton transfer is also significan
coupled to the lowest frequency in-the-plane bending m
~;177 cm21!, although the SC absorption spectrum does
show a structure associated with the N–O stretching mo
The low frequency mode changes the N–O distance,
therefore modifies both the height and width of the prot
transfer energy barrier.
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