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Semiclassical molecular dynamics simulations of intramolecular proton
transfer in photoexcited 2- (2'-hydroxyphenyl )—oxazole
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A full-dimensional excited state potential energy surface is constructed, and the proton transfer
dynamics associated with the Kketo-enolic tautomerization reaction in photoexcited
2-(2'-hydroxyphenyl-oxazole is simulated according to an approximate version of the
semiclassical initial value representation method introduced by Miller and co-wdike@uallar,

V. S. Batista, and W. H. Miller, J. Chem. Phykl0 9922(1999]. The full-dimensional potential
energy surface is developed according toadninitio 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[S0021-960680)01845-§

I. INTRODUCTION be very similar to the spectroscopy of HPO, since the only
structural difference between the two molecules is the
Excited state intramolecular proton transf®&SIPT) re-  methyl substitutional group in the oxazole residue. Figure 2
actions have been extensively investigatédi because of shows the experimental HPMO absorption spectrum, with a
their importance in biological syster,'” as well as in  |arge Stokes-shifted fluorescence bahend a biexponential
technological applications that include photostabiliZ€r8,  femtosecond fluorescence transient decay signal that has
UV filter materials?® and information storage devics?®  paen assigned in terms of the time-dependent reateant

In general, however, the ultrafast dynamics mechanisms in5qn jation decag* The interpretation of the experimental
volved in ESIPT reactions are yet to be fully understood, an ata presented in Fig. 2 was based on the coupling between

constitute  a subject of much current experimental,q jyafast proton motion, and a slower picosecond out-of-
interest? Recent experiments involve state-of-the-art

fermt d i ved ¢ h the s he-plane rotational motion around the C—C bond that links
emtosecond ime-resolved Spectroscopy wnere the signajg hydroxyphenyl with the 4-methyloxazole functional
are the result of complicated nuclear dynamics, the details o roup (see G—C, bond in Fig. 2.3*% The semiclassical re-
which cannot be extracted by a cursory examination of theq P g2

results. Therefore, it is essential to combine experimentfﬁu'tS reported in this paper, however, suggest an ESIPT

studies with theoretical simulations that face the challenge Omechanlsm vv_herg proton motion is S|gn|f|.cantly coupled to
n-the-plane vibrational modes, but approximately uncoupled

yielding a comprehensive understanding of the underlyin . . .
fom out-of-the-plane rotations. Furthermore, semiclassical

ultrafast reaction dynamics. In this paper we present the fir lculati dict th b ) b
molecular dynamics simulation study of the ESIPT dynamicgalculations predict the HPO absorption spectrum to be a

associated with the keto—enolic tautomerization reaction oproad band with a very diffused superimposed vibrational
photoexcited 22’-hydroxyphenyl—oxazole (HPO), de-  Structure. o _
scribed by the structural diagram of Fig. 1. In recent years, there has_ been a significant progress in
Experimental studies of ESIPT reactions involve the ob-the development of computational methods able to provide
servation and analysis of dual bands in the fluorescence spedccurate descriptions of proton transfer reactfins: How-
tra, with large Stokes-shifts suggesting the presence of botf\Ver. applications to ESIPT reactions of realistic systems
tautomeric forms. Although experimental studies of ESIPThave been hindered by the difficulty of modeling multiple
are yet to be carried out in HPO, several systems similar tdme scale dynamics in electronic excited states, where pro-
the HPO molecule have been the subject of experimentdPn tunneling coupled to the motion of the other degrees of
studies, including  hydroxyphenyl  derivatives of freedom in the system can be significant at low temperature
benzoxazol&;’ benzimidazoP'° benzothiazol&f and more  and determine the rate of the overall chemical reaction. The
recently 2¢2’-hydroxypheny}-5-phenyloxazole (HPPQ.2?  only application of semiclassical molecular dynamics to in-
The  2{2'-hydroxyphenyl-4-methyloxazole = molecule vestigate a real excited state proton transfer reaction to date,
(HPMO) is the most similar system to HPO that has beerhas been our study of double proton transfer dynamics in a
studied experimentally, and its spectroscopy is expected tDNA base-pair model? These simulations, therefore, con-
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H—0¢ " " % " rations made energetically accessible to the system by the
LN C—C¢ Ho Ny N, mechanism of internal energy redistribution. It is thus neces-
|‘|° \\:1_02// \\CS_H o T|° \C‘_Cz/ \\Cs—H sary to carry out more realistic calculations that do not as-
G / AN / Grre S TN L / sume the system to be confined to small amplitude fluctua-
W o AR W0 VA tions around any reaction path. This can be accomplished, as
o ‘o presented in this paper, by first calculating the bl initio

Born—Oppenheimer potential energy surface and then solv-
FIG. 1. Molecular structural diagram describing the ESIPT reaction in pho—ing accurate|y the dynamica| equations for motion on this
toexcited 2¢2'-hydroxyphenyl-oxazole(HPO). calculated surface.

The full-dimensional PES is developed according to the
stitute the first attempt to give a rigorous interpretation Ofapproach introduced in our previous work, as a quadratic

. . . - xpansion around a reaction surface potential obtained at the
ESIPT experiments in terms of a quantitative description o . .
. . L CIS level of quantum chemistR?. Such a method aims to
excited state proton transfer from first principles.

In an effort to investigate the excited state potential en_make the best use of a reasonable numbeboihitio calcu-

. - lations to map out the most relevant parts of the full-
ergy surfacePES that describes the proton transfer aSSOCI_dimensional PES for the purpose of simulating reaction dy-
ated with the HPO tautomerization reaction, the fully opti- . . purpc . . 9 y
mized geometries of the three stationary points in e namics. The reaction surface is defln(_ad in terms of reaction
electronic excited state have been computed aathéitio _coordmates chosen to be the pro'Fon d|splacemgnand the
CIS level of quantum chemistri. The proton transfer rate internal oxazole—.hydroxyphenyl_m-the-plane_bendllng mode
constant could be estimated in terms of the instantor}2 (sge the bepdmg gnglel(:2C7 in Fig. 1). T.h's choice Of. .
expressiod? simply by assuming an energy interpolating reaction coordinates is based on the analysis of the transition

curve between the three stationary points. Such an approa<§r1ate minimum energy geometry,_ th.a.t 'S plangr like the keto
has been implemented for studying various other protor‘?‘nd enol tautomer_lc forms, bu_t significantly displaced al_orjg
transfer reaction%* but might not necessarily yield a pro- ther andr, coordinates, relative to the keto and enol mini-

ton tunneling rate constant for the HPO system that bearS'!™M €Nergy geometriéS Ther , coordinate is also expected

any simple relation to the true rate constant at low temperat—0 be strongly coupled to,, and promote proton transfer,

tures. The reason for this is that such an approximation assince a displacement alomg reduces the N-O distance be-
sumes a reaction path through stationary points that migtiVeen the proton dondhydroxyphenyl and proton acceptor

not necessarily correspond to the true sequence of config@x@zole functional groupssee N—O distance in Fig. I,
as originally observed by Ernsting and co-workers in their

study of intramolecular proton transfer in
1 ~ 2-(2'-hydroxyphenylbenzoxazolédHBO).® The reaction sur-
face potential is obtained at various different configura-
tions, by minimizing theS1 excited state potential energy of
the system with respect to all other degrees of freedah
the three r,-constrained stationary points along thg
coordinate—i.e., enol-tautomeric form, transition state and
keto—tautomeric form. The global PES is then obtained by
expanding the dependence to second order about the equi-
librium coordinateszy(r,r»), using analytic CIS frequen-
CieSwO(rl,r2).
Fluo. . . .
0 L e S — In our previous work, we Ilml_ted our stqdy to.reactlon
300 400 500 600 dynamics simulations on a simplified three-dimensional PES,
@ Wavelength (nm) obtained by describing the motion of the locally harmonic
degrees of freedom in terms of a single global varigglé?
Such a model was able to describe the early time relaxation
dynamics in good qualitative agreement with recent ultrafast
time-resolved spectroscopic studiésut was limited with
regards to modeling vibrational energy redistribution. In this
paper, we treat all the vibrational degrees of freedom explic-
itly and we are thus able to provide a proper description of
ferwra| NN SRR N TEE R the vibrational energy redistribution. According to the results
0 5 10 15 20 of our simulation, this complete treatment is crucial for a
®) Delay (ps) proper description of dynamics at long times, since the sta-
bilization of the product tautomer involves primarily vibra-

FIG. 2. (a) Experimental absorption and fluorescence spectra oftional energy redistribution into most of the other in-the-
2-(2'-hydroxyphenyj-4-methyloxazolg HPMO) in n-hexane at room tem- ; f

perature, adapted from Ref. 3B) Femtosecond fluorescent transient at 420 plane. Vlbrat.lonal mOde.s' . .
nm for HPMO in 3-methylpentane, adapted from Ref. 35. The vertical scale ~ Simulating the excited state proton transfer dynamics is

has been expanded by a factor of 5 beyond 350 nm. particularly challenging because the protons being trans-
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ferred give rise to significant quantum mechanical effects—approximate methodology was verified for our system, and is
i.e., tunneling—which cannot be described by classical moexpected to be useful for other systems of biological interest,
lecular dynamics simulations. A number of mixed quantum-where proton transfer might be coupled to many otther
classical molecular dynamics methods have been applied wally harmonig degrees of freedom with approximately con-
simulations of proton transfer reactions®®4’Most of these  stant frequencies as a function of the proton displacement.
methods, however, describe the coupling between light and The paper is organized as follows: The methodology is
heavy particle degrees of freedom only approximately acpresented in Sec. Il; Sec. Il A outlines the calculation of the
cording to branching processes defined by stochastic hogsll-dimensional PES, in terms of aab initio S1 reaction

that collapse transferring protons into either of the possibleurface potential, and Sec. IIB describes the semiclassical
states of distinct character. Other methods are applicablepproach for simulating the photoabsorption spectrum, and
only to single proton transfer reactions, or model light andthe time dependent reactant population. Section Il then de-
heavy degrees of freedom on different “dynamical scribes our SC results, and compares them to the results ob-
footings”—i.e., these methods require one to speeifpri-  tained according to more approximate methodologies. The
ori the “quantum” or “classical” nature of each degree of analysis of ESIPT dynamics is concluded in Sec. IV, where
freedom in the system, and integrate their equations of mathe “mechanism” suggested by our simulations is compared
tion only approximately according to a self-consistent propato the reaction mechanism postulated by recent spectroscopic

gation scheme. studies.
In this paper we implement the semiclassical method
introduced in our previous papé&r,and we propagatall Il METHODS

degrees of freedom on the same dynamical footing according gycited state potential energy surface

to the classical equations of motion. We exploit the benefit of ) ) )
having a dynamically consistent methodology where there is The exc_lted state intramolecular proton transfe_r reaction
no need to specify the “quantum” or “classical” nature of N Photoexcited 22'-hydroxyphenyl—oxazole(HPO) is de-

the degrees of freedom in the system, even in the presence gﬁnbed in terms of the full-dimensional excited state potgn-
tunneling or interference effects, and we simulate protorfidl €nergy surface/(ry,r»,2), constructed as a quadratic
transfer dynamics in HPO where the proton motion become§XPansion around a two-dimensional reaction surface poten-
significantly coupled to both low and high frequency reorga—t'al Vo(ry,ra),

nization coordinates. The semiclassical methodology imple- V(r1,r2,2)=Vo(r1,ry)+ 3 z—29(r1,r5)]-F(ry,r,)

mented in this paper is specifically designed to avoid the

computational bottleneck for applications of the SC—IVR to (2= 20(ra,r2)], (2.)
Iarge molecular systems, which is caused by the Ca'CU|ati0Where rq is the proton disp|acement’ ar[q is the lowest

of the monodromy matrix elements involved in the pre-frequency in-the-plane bending mode 170 cm H—ie.,
exponential factor of the semiclassical amplitude. Thisthe hydroxyphenyl-oxazole internal bending mddee the
method reduces the computational effort necessary to inte&sending angle @C,C; in Fig. 1). The other 49 vibrational
grate theN? coupled differential equationsvhereN is the  modes in the system are modeled as locally harmonic de-
number of degrees of freedorto the integration of onlN  grees of freedomz, with ab initio CIS force constants
independent equations, thus scaling with molecular size iF(r,,r,) and equilibrium positions,(r;,r,) parametrized
the same way as the classical trajectory equations thenby the reaction coordinates, andr,. The ab initio CIS
selves. excited state reaction surface potentiaf(r,,r,) is con-

In our previous paper, we tested the capabilities of thestructed by fully optimizing the geometry of the system with
approximate SC—-IVR method for modeling ultrafast protonrespect to all other degrees of freedapsubject to the con-
transfer by comparing our simulation results for a three-straint of a fixed value of, for the geometries of the enol,
dimensional PES with full quantum mechanical calculationstransition state, and keto tautomeric forms. In order to map
The method was found to describe properly the time depersut the most relevant parts ®(r4,r»), for the purpose of
dent probability of proton transfer, and the multidimensionalsimulating ESIPT dynamicsb initio energy points are com-
mechanism of proton tunneling as determined by the couputed holding fixed the, coordinate at five different con-
pling of proton motion to the remaining degrees of freedomfigurations where the N—O distance is 3.0 A, 2.8 A, 2.6 A,
in the system. This approach, however, requires diagonaliz&.4 A, and 2.3 A, respectivelgee Fig. ], since such a range
tion of the N?> Hessian matrix for computing the instanta- of configurations allows one to compute the energy of all
neous normal mode frequencies at each integration time stepther energetically accessible configurations according to a
In this paper, we introduce an approximation that reduces theimple interpolation procedure. In all tfab initio calcula-
computational overhead to the diagonalization of &2 tions the CI$’ level of quantum chemistry theory—i.e., all
Hessian matrix involving only reaction coordinates. This issingle excitations with a spin-restricted Hartree—Fock refer-
accomplished by assuming that the frequencies of the locallgnce ground statéClS), using the 6-31& basis set within
harmonic modes are approximately constant along the reathe GAUSSIAN 94 series of prograni&—has been considered
tion surface, and that the eigenvalues of the Hessian can ber the S; state(10 spin-restricted singlet states have been
computed to a good approximation by neglecting the off-included in the CIS calculatignSince this level of quantum
diagonal Hessian matrix elements that involve both a reacehemistry is expected to give only a good qualitative descrip-
tion coordinate and a harmonic mode. The accuracy of thison of the excited state potential energy surface, we have
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explored including electronic correlation in terms of higher T N
levels of quantum chemistry theories, including CIS—MP2, ’ ;

TDDFT, and CASSCF. The CIS/6-3*¥Qevel of quantum :
chemistry was found to be the only current feasible choice 37.74 "

® Ab initio data
Interpolating curve

for computing both the reaction surface and harmonic fre- g

guencies for all energetically accessible configurations: the ?g 052
CIS—MP2 theory was found to have difficulties in the de- fi

scription of potential energy barriers along the proton dis- %
placement coordinatésimilar difficulties were described in 5§ 1261 _

Ref. 33; since TDDFT gradients are yet to be developed, we
recalculated theS1 surface at the TDDFT level of theory 0.0
using CIS geometries, but we found that such approximation

was not reliable for our system. The computation of the
CASSCHS8,8)/6-31G" reaction surface is currently work in

progress in our group, and our preliminary results indicate

that the CASSCF relative exothermicity, and barrier heights

are reprOduced by the CIS_/6-3’_LG:omputa_tions \.Nithin a FIG. 4. CIS/6-31G stationary state energies at various differentonfigu-
10% er_ror' The current_chmce _Of 6-31Masis set involves rations, and interpolating curves as a function of the proton displacement
approximately 200 basis functions, and corresponds to thg . The reaction surface potentish(r;,r,) is constructed from these in-
limit of our current computational resources in terms of bothterpolating curves, by fitting their adjustable parameters as a functios of
disk space and available memory for CIS frequencies calcu-

lations.

. Figure 3 ShOV\./S thab |n.|t|o CI.S energies fgr the. opti- tuning mode for proton transfer, since it modulates both the
mizedr, geometries at various differemp configurations, relative distance between the keto and the enol configura-
and the corresponding interpolating curves as a fur_1c_tion O{ions along the ; coordinate(see upper panel of Fig)3and
ro. Figure 3 shows that the, coordinate is an efficient the potential energy barrier for proton transfer through the

transition statésee TS energies in the lower panel of Fig. 3
Figure 3(see lower panglalso shows that according to our
model potential the excited state tautomerization reaction is
14 Enol exothermic.
Figure 4 shows the energy profiles at various differgnt
values as a function af;. These energy profiles along the
TS coordinate are constructed in terms of two morse potentials
associated with the equilibrium positions of the donor and
acceptor configurations, coupled by adjusting the energy bar-
rier to the CIS TS energy for that particular geometry. The
Keto complete reaction surface potenti}(r,,r,) is obtained
from these interpolating curves by fitting their adjustable pa-
rameters to polynomial expressions rof. Figure 4 shows

i
7 a.u./ \a.\ﬂ
t2

rq[a.u]

3 2 A 0 1 2 3 4 that the proton transfer energy barrier decreases when
rola.u.] increases, i.e., when the distance between the proton donor
(hydroxyphenyl and the proton acceptotoxazole de-
60 creases.
The equilibrium positionsy(r,,r,) of the locally har-
50 | TS . ; .
i monic degrees of freedom are computed at an arbitrary point
g 40 1 (rq,r,), by interpolating between the equilibrium positions
= at the CIS optimized configurations. The valueggtf | ,r,)
N ok at the optimized configurations are obtained by projecting
= 20 { the geometry difference, with respect to a reference configu-
g ration, onto the corresponding normal mode eigenvectors.
5 197 Enol The equilibrium positions of the 16 out-of-the-plane vibra-
0 - W/ tional modes are found to be independent of the reaction
10 Ke coordinates ; andr,. Therefore, according to thab initio

CIS model potential implemented in our calculations, only
the 34 in-the-plane vibrational modes are significantly
r2 [a.u] coupled to the proton displacement, including 33 locally har-
FIG. 3. Proton displacement equilibrium geometniggupper pane| and mo,mC modeg, and the reaction coordlnatg. Table I P'e'
CIS/6-31G ab initio energies(lower panel, as a function of the intemal ~ SCTibes the complete set of locally harmonic mor&s(with
oxazole—hydroxyphenyl in-the-plane bending moge j=1-33 that influence the ESIPT dynamics according to

-3 -2 -1 0 1 2 3 4
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TABLE I. Description of the 33 harmonic normal modgsn terms of the stretchingstretch), bending(bend),
and torsion frequencies and their corresponding reduced masses in parentheses. Frequencies are expressed in
cm ! and reduced mass in amu.

Mode description Frequency in cth(reduced mass in amu

Internal bend. 411(3.4), 549.65.0)

Hydroxyphenyl and oxazole 584.57.0), 676.26.5), 879.57.1), 913(7.0

ring torsion 336.48.1), 1003.67.8), 1077.G4.9), 1100.62.9)

CCH bend., Aromatic &C stretch., 1190.21.6), 1202.62.1), 1254.81.7)

COH bend. 1594.71.9), 1682.62.9), 1527.41.9)
1326.81.7), 1550.62.2)

Aromatic C—N and C-C stretch., 1234.82.9), 1282.11.5), 1364.%6.6), 1399.92.2)

C-0 oxazole stretch.

Alcohol C-0O stretch. 1451(3.9)

Aromatic C=C stretch. 1605(3.1), 1648.44.2), 1689.84.1)
1763.95.3

C—H stretch. 3370(8.1), 3385.11.1), 3399.71.1)

3415.31.1), 3452.41.1), 3495.31.1)

the model potential introduced by E@.1). The frequencies Si(po.qo) is the classical action along this trajectory,
oY) and reduced massgs’), tabulated in the second col- obtained by integrating the following equation:

umn of Table |, are assumed to be independent of the reac-

tion coordinates. St=pe- G~ H(pe, a0, (2.6

along with the usual classical equations of motion,

o : o dq(j) _ 9H(q,P) dp(j)  dH(a.p)
The ESIPT dynamics involved in the tautomerization re- at () and a 5a(7)

action of HPO is analyzed in terms of both the total photo-

absorption cross sectioa(\) of the HPO molecule, as a The initial state|W¥,), is assumed to be the ground vi-

function of the photolysis wave length, and the time- brational state o5, (Condon approximation

dependent reactant populatiét).

B. Semiclassical approach

(2.7)

. . L N 1/4
The total photoabsorption cross sectief)\) is given by B @j I PR
the Fourier transform of the survival amplitugét), <Q|‘1’o>—jﬂl —| &X 5 a7/, (2.8
1 (= . _ac
o(\) = J dt £(t)el @t 29 whereN=235 is the number of coupled degrees of freedom,
() 27h ) - &) @22 q(j) is thejth coordinate, andl'J-:\/kj,u,(])/ﬁZ, wherek; is
i i (M 3 -
with w=2mc/\, and the jth harmonic constant, angd'’ represents thgth re
i duced mass.
g(t)z<\If0|e_th/h|\Po>:<\If0|\Ilt>_ (2.3 As presented above, the computational task to compute

the survival amplitud€(t) is to evaluate the 70-dimensional
integral over initial conditions, introduced by E@®.5). This
integral is computed according to an importance sampling
Monte Carlo technique, where the sampling function of ini-
tial conditions @,,q,) is defined according to the norm of
the coherent state transform of the initial state,

Substituting the time evolution operator in EG.3) by
its coherent state IVRvide infra),*3

e—iﬁt/h:(zwﬁ)—r\lf dpof dg €Si(Po-co)/h

X Cy(Po.0)|9a, q.(Fag.po | (2.4 {94y.0/ Vo)l The wave function for the coherent state
we obtain the SC-IVR of the survival amplitude, 94q.p,)» introduced by Eq(2.4), is
N N /o, () 14 _
&) =(27h) fdpof ddo Ci(Po,do) <q|gq0’p0>:j1j[1 (YT> eXF{_‘}’(J)[Q(j)—qo(j)]Z
X &!StPo- 90 (W | p, i) {(Po. ol Vo). (2.9 i
where the integration variablepq,qo) are the initial condi- + %po(j)[q(j)—qo(j)]), (2.9

tions for classical trajectories, angi=q.(pg,ds) and p;

=p(Po.0o) are the time-evolved coordinates and momentaand similarly for the wave functioq|gg, p,)-

g=(rq,r»,2) represents the nuclear coordinates collectively, = The pre-exponential facta€,(py,qo), in Eq. (2.4), in-
andp represents their corresponding momenta. volves the monodromy matrix elements that we propagate
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according to the adiabatic approximation introduced in Refmt(l 1) and|\~/|t(2 2), in Eq.(2.14, are obtained according

5r26 C.:rtrgggéqg)’ r'ggsqgﬁced by Eq(2.4), is given by the ap- Eq. (2.1, with Q,(j,j) andP,(j,j) integrated according
proxi xp ! to Egs.(2.12), using the instantaneous normal mode frequen-

N 2 ciesw{!) and w{? that are obtained through diagonalization
Ci(Po.do) = ,1:[1 Mt(j-j)} : (210 of the 2x2 Hessian matrix involving only coordinates
andr,.
whereM,(j,j) is defined as P(t) is defined as the probability that at tinh¢he sys-
-~ .. tem is still on the reactant side of the dividing surfgoe
M(j.j)= E(’Q (j.j)+i Pt(JvJ_)) 2.1 coordinate spagethat separates reactanisnol tautomeric
RN 2| <t 2y )" form) and productgketo tautomeric form

where y\) are the parameters in the coherent states of Eq.
(2.9. The canonical variable®,(j,j) and P,(j,j) are ob-
tained by numerical integration of the following equations of
motion:

P(t)=(W | Vih(q)e MW ), (2.16

whereH is the Hamiltonian operator, art{q) is a function
of the transfering proton coordinatg that is 10) on the
M(j)(jt(j ,j)='|5t(j " reactan.t(produc) side of the dividing surface. The SQ—IVR
2.12 of the tw_ne _depend_ent reactant populatlé(t)_ is obtained

by substituting the time evolution operators in E2.16) by
the coherent state IVR, given by E@.4),

Puini) =~ uVLo1PQu.)),
with initial conditionsQq(j,j)=1 andPq(j,j)=—ik2y0).
The instantaneous normal mode frequenai$, introduced —comi-2n [ g q o’ [ do:
by Eq.(2.12), are obtained by diagonalization of the Hessian” (1) = (277%) Po | GCo | UPo | GPo
K; along the classical trajectories.

In order to reduce the computational effort involved in X €' (S:(Po-G0)=%(Po %)% Cy (g, o) CF (Pg ,dlp)
the calculation of the instantaneous normal mode frequen- y g
cies, we introduce two approximations: First, we assume that X{WolPo . do) (Pt .t [Pt G} {Po. ol Vo). (2.17

the eigenvalues of the Hessian can be obtained to a gogey (2.17) is useful to perform a “direct” calculation of
approximation by neglecting the off-diagonal matrix ele- py__j e without having to store or calculate any other
ments that involve both a reaction coordinate and a harmonig,iarmediate quantity.

mode, and second we assume that the frequencies of the | hrinciple, the most efficient implementation of Eq.
locally harmonic modes are approximately constant alongy 17 is the one that samples the more important initial con-
the reaction surfacéwve have observed that these frequenciesjitions (Po.00) and (),qy) for pairs of trajectories that
typically change only up to 20% along the reaction surface propagate forward in time, and contribute Rgt) at each
By introducing these two approximation, we therefore re-;q ¢ according to the integrand of E€2.17). In practice,
duce the computational effort necessary to obtain the i”Starh'owever, we found that such approach converges extremely
taneous ei_genfrquenciesﬁ‘_) to the diagonalization of & gjowly for systems with many degrees of freedom, even
2X2 Hessian matrix involving only reaction coordinates.  \yhen implemented according to a stratified adaptive Monte
The computational task involved in the propagation ofcario technique. We were therefore forced to change the
the canonical variable®(j) andPy(j), associated with the integration variables(;,q5) to (p; ,q;), and to optimize
locally harmonic modes(j) with j=1—(N—2), isreduced convergence for each specific tirhdy sampling the phase
by _Choosing_ the parameters in the coherent states to %ace points F(t’ 'qt’) according to a defensive importance
2y=0 (). The (N—2) independent equations of mo- sampling techniqué®
tion associated with the locally harmonic modes can then be  Equation(2.17) can be written in terms of the new inte-

integrated analytically to obtain gration variables ffy,do) and () ,q;), according to
~ .. ZieW
QI(J!J):e I Jt’ —2N ’ ’
) R 213 PW=@mn) ™ [ ap [ dao [ dni [ ap
Puj)=—iplwle e,
since these modes are orthogonal among themselves and x el ((Po:90)=S(Po 40N/ G, (py, ) CF (Ph ,0lg)
their frequencies are assumed to be constant along the reac- . A
tion surface. ><<‘P0|p0 ’q0>| (vaqupt 'qt)<pt ’Qt |pt iqt>
Summarizing,C(pg,do) is computed according to the X{(Pg, ol W), (2.18

approximate expression

~ - . wherel(pg,do,P: ,a;), in Eg. (2.18, is the complex error
Cu(Po, o) = [M(1,D1,(2,2]¥% 14, (214 (Po.o.Pr ,G). n Eq. (2.1 P

function
where 1 (pa(1),ca(0),P4(D). 1 (D; YY)
N
Q=%Z o) (2.15 :JD dr eV Mlr=ra@+rioy2= 2y a0 -pi)1? (2 19
j=3 -
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since according to the construction of the reaction surface, 2 4 L L
presented in Sec. Il A, the dividing surface that separates
reactants and products is definedras 0.

In order to evaluate Eq2.18), trajectories are initialized
through MC sampling of coordinates and momerg, o)
according to the localized phase space distribution
[{Po., G0/ ¥o)|?. The partial contribution of a single trajectory
to P(t) requires forward propagation from the initial phase
point (py,qo) to the resulting phase poinp{,q;) at timet.

At this time the trajectory undergoes a coordinate and mo-
mentum stochastic hopp{,q,)— (p; ,q;), and then evolves
backward from p; ,q;) to the resulting phase poinp§,d;)

at time 0. 0 . T T

The sampling functiorf, for coordinates and momenta 200 250 Wave|e3n0?h (o 350 400
(p{ ,q{) is defined in terms of the overlap of the coherent 9

states at time as FIG. 5. Semiclassical photoabsorption spectrum of HPO obtained according
to the methodology described in Sec. Il B, implemented on the full-

N S dimensional S1 PES described in Sec. Il A.
fu(pe,a)=(1- B, p

A. Full-dimensional model

—_
1
T

Absorbance (arb. units)

s @~ AP{ (D= peiN?+(af ()= ar(i)*)
Figure 5 shows the semiclassical photoabsorption spec-
+BIEL(p{(D).a(DIPd(i).a(i)], (220 trum o(A) of HPO in the gas phase, as a function of the
photon wavelength\. The spectrum was obtained, as de-
scribed in Sec. 11 B, propagating 4@emiclassical trajecto-
ries on the full-dimensionabl PES described in Sec. 11 A
. o . for 200 fs after photoexcitation of the system. Figure 5
|ze/d fj|str|bl_1t!on that samples coordinates and_ MOMENt3 65 that some of the overall features of this spectrum re-
(P ’q.t) sufficiently clqse to .pt’q‘) as to h_ave partial can- g those of the experimental absorption spectrum of
cellation of the phase in the integrand, while the second terMyb MO in n-hexane at room temperature, presented in Fig. 2,
is a broad distribytion that is esse_ntial to p.rovide an Uppefncluding the frequency rang@00—330 nm of the absorp-
bound to the variance when the first term is much smaIIeEion band, and the presence of a superimposed structure with
than the value of the integrand. a spacing between peaks ofL1 nm. The assignment of the
superimposed structure predicted by our calculations, how-
ever, differs from the assignment given by experimental
Ill. RESULTS studies of HPMC? According to our calculations, this is a
vibronic structure associated with transient excitations of
Results are presented in two sections. First, Sec. Ill Ayigh frequency modes that include internal bending, and ring
presents results for the survival amplituglg), the photoab-  torsion (see Table )l This assignment is described later in

sorption spectruno(A), and the time dependent reactant this section in terms of the recurrence features observed in
(enol) populationP(t) decay, obtained according to the SC—

IVR methodology described in Sec. 1B, using the full-
dimensional PES described in Sec. Il A. Section Il A also
compares our SC—IVR calculations with the corresponding
results obtained according to more approximate semiclassi-
cal methodologies, as well as the analysis of the isotopic

where§ is a constant parameter, and the convergence@ate
is adjusted according to the dimensionality of the problem
The role of the first term, in Eq2.20), is to provide a local-

substitution effect orP(t). Finally, Sec. llIB verifies the &,
accuracy and reliability of our methodology by comparing —
the semiclassical results féX(t), o(\), and&(t) with exact ;@,
full quantum mechanical calculations for a simplified model g

PES in reduced dimensionality.

Semiclassical trajectories are integrated according to a
standard fourth-order Runge—Kutta algoritffwith a 0.024
fs integration step, using the parallel programming model -1.0 .
described in Ref. 71. The rather small integration step is 0
necessary to have both energy conservation, and a Jacobian
factor J=4d(p;,0,)/d(Po.0o) approximately equal to unity FIG. 6. Real part, and modulus of the survival amplitu¢), obtained
according to the semiclassical methodology presented in Sec(dbkd

throthOUt the whole simulation. All forces and second de-Iine), implemented on the full-dimensional S1 PES described in Sec. Il A,

rivatives necessary for_ ir)tegr_ating the equatio_ns of MotionRyng the comparison with more approximate semiclassical results (ot
were calculated using finite difference expressions. obtained according to the classical Wigner mogkzisheks

T T
50 100 150 200
time (fs)
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the survival amplitude. In contrast to this interpretation, ex- 1.00 g L L ' ' '
perimental studies of HPMO have assigned the two peaks at “f"\-:\\\zf\,\_‘ SC/LD)
309 and 322 nm to the vertical excitation, and the 0-0 tran- _ ¢ g5 \‘:?\A'/?TEE-EB')‘:—Z%N‘\’”“‘-"”-““*“*‘
sition, respectively. 2 N\

Figure 6 shows the semiclassical results for the real part, S 0.90 4 ) §;~-.S.Q/_I;(!-li |
and modulus of the survival amplitudgt), for the first 200 § ’ e SR
fs of dynamics after photoexcitation of the system. This fig- - Sc/HK( N L, .
ure shows that there is an ultrafast fall-off of the overlap g 0.851 < WKB(H [
between the initial and final wave functiofsithin the first s -
20 fs of dynamics that is caused MY, moving away from T 0.80 A -
V¥, as the high frequency modes, associated with hydroxy-
phenyl and oxazole ring torsion degrees of freedom, move in .75 :

T T T T T
phase space away from their initial Frank—Condon configu- 0 50 100 W%Cr]ne 2f080 260 300 3580
rations. This ultrafast relaxation at very short time is respon- ’
sible for the width of the absorption spectrum in the fre-FIG. 7. Time dependent reactafeno) population decayP(t) (boxes ob-
quency domain, shown in Fig. 5, and all the subsequerfﬁi”ed by simulating the tautomerization dynamics according to the SC
dynamics at longer times determines the superimposed strufiSthodology presented in Sec. 118, using the full-dimensional PES de-
L : scribed in Sec. Il AP(t) is compared to the corresponding results obtained
ture but does not affect the position or overall width of the according to the classical Wigner model for the undeuter8eiL(H)], and
absorption band. The longer time dynamics gives rise to pardeuteratedSC/L(D)] system, as well as to the corresponding semiclassical
tial recurrences, the most prominent of which occur by 40 fgesults obtained according to the WKB approximation for the undeuterated
after photoexcitation of the system. This recurrence featurfVKB(H)l: and deuteratefiVkB (D)] system.
results from the partial overlap of the initial and final wave
functions, caused by the return of the coordinates of high
frequency modes to the region of configurational space asso-
ciated with their initial conditions. This recurrence event iSeffectS, e.g., tunneling and interference, that are crucial for a
only partial, since at this later time the system is found to beyroper description of the overall relaxation dynamics in this
displaced relative to the initial conditions associated with thQarge polyatomic system.
low frequency modes, e.g., the hydroxyphenyl-oxazole in-  Figure 7 shows the time dependent reactanb) popu-
ternal bending. The lack of a similar recurrence feature by 8@ation P(t) for the first 300 fs of dynamics after photoexci-
fs shows the transient character of this vibrational excitationtation of the system, as predicted by the SC—IVR methodol-
and indicates that there is significant vibrational energy reogy implemented on the full-dimensional PES. Figure 7
distribution even at this very early relaxation time. The specshows that the reactant population decays about 17% during
troscopic consequence of transient vibrations can be ohhe first 300 fs, according to a relaxation process that cannot
served in Fig. 5 in terms of a rather diffuse vibronic structurepe described by a Sing|e exponentia| function. The reason for
with only a few prominent peaks. Figure 6 also compares thehjs is that the tautomerization reaction involves proton
modulus of the survival amplitude with the correspondingtransfer through an effective potential energy barrier that is
results obtained according to the classical Wigner model, strongly modulated by both ultrafast vibrational energy re-
distribution among high frequency modes and the motion
_ —2N w, w, along the internal hydroxyphenyl—oxazole bending coordi-
|€]=(27%) |f dqof dpo F*(do,Po)F™ (G, Py, nate. We have calculatelél(f) at only five different times,
(3.1 within the first 300 fs, since calculating(t) at each time
requires a separate calculation of a 140-dimensional integral
and demands running approximately’ 1€emiclassical tra-
jectories. This enormous computational effort aims to pro-

where the Wigner distribution of initial conditions is

|:W(|go,0|0):foc dAqePoAd i (go+Ag2,ge) Ve duce the most rigorous simulations to date of the excited
- state time dependent proton-transfer dynamics, associated
X (Go+Aa/2,00) (3.2 with the tautomerization reaction of a relatively large poly-

atomic system, and demonstrates for the first time that is

and similarly forF"¥(q,,p,). Figure 6 shows that the classi- possible to converge the full double phase space SC-IVR of
cal Wigner model is able to describe the early time relax-P(t) for a system with 35 coupled degrees of freedom even
ation, for the first 15 fs of dynamics, and to capture the rigmafter 300 fs of (_jynamlcs..Furthermore, these rigorous resylts
timing for recurrences at longer times. However, the classicallow us to estimate the importance of quantum mechanical
model is not able to describe the amplitudes associated witffeCts on the relaxation dynamics of a large polyatomic sys-
these recurrent events as predicted by the more rigorous SG€M. and to evaluate the reliability of more approximate cal-
IVR methodology. Figure 6 thus shows that there is a sigulations basedzon the WKB approximatior the Wigner
nificant part of the overall relaxation process that is purelycl@ssical modef;

classical in nature, including the early time fall off, and the

timing for recurrencies, but the magnitude of the recurrencies _

at longer times is largely controlled by quantum mechanical P(t)=(27%) ZNJ dqof dpo F*(do.Po)(ar), (33
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whereF"(q,,po) is the Wigner distribution of initial condi- make comparisons with ultrafast spectroscopic signals,
tions introduced by E(3.2), andh(q;) is the function of the analogous to those presented in Fig. 2 for HPMO in
transfering proton introduced by E(2.16). 3-methylpentane. Figure 8 also shows, once again, that the
Figure 7 compares the reactant populat{h) given by  reactant population decay cannot be described by a single
the SC-IVR methodology, implemented for the undeuterate@xponential function.
system SC/HKH), and the corresponding results obtained
according to the classical Wigner model SG4), and the
WKB approximation WKEH). The first feature to note is
that the classical Wigner model provides a good description  In this section we compare the semiclassical results of
for proton transfer within the first 20 fs of dynamics, during simulations on a Slmpllfled three-dimensional excited state
which the first encounter between the proton donor and th€ES to the corresponding full quantum mechanical calcula-
proton acceptor functional groups takes p|ace’ and also déanS for the early time relaxation dynamics of photoexcited
scribes quite accurately the time at which proton transfer i$1PO. The comparison presented in this section for the wave
favorable at longer times, since this is primarily determinedPacket motion, reactant population decay, the survival ampli-
by the reorganization of classical degrees of freedom. Figuréide, and the photoabsorption spectrum, aims to check the
7 shows that a significant amoufit 75%) of the total reac- accuracy and reliability of the semiclassical methodology as
tant popu|ation decay is well predicted by the c|assica|imp|emented for the full-dimensional model potential in Sec.
Wigner model, with only~25% of the reactant population !l A. This comparison, together with similar tests reported
due to quantum mechanical effects such as tunneling anefore3” provide important documentation on the ability of
interference. This extra probability of proton transfer is fairly these new semiclassical techniques to simulate realistic ex-
well reproduced by the stochastic semiclassical methogited state proton transfer reactions, where proton motion is
based on the WKB approximation. These results are therdound to be significantly coupled to the motion of the re-
fore totally consistent with the comparison of results§er) ~ maining degrees of freedom in the system.
presented in Fig. 6. The PESV given by Eq.(2.1) can be written for the
Figure 7 also compard?(t) for the undeuterated system reduced three-dimensional space as
with the_reactant population decay_ for Fhe deuterated sysf[em, V(Fy,To, R =Vo(r1,F2)+ Y or(r1,r)]?
as predicted by the WKB approximation, and the classical
Wigner model. Both methods predict that the reactant popu- X[R=Ry(r1,r2)1%, (3.9

lation decay is significantly affected by isotopic substitution.;, 1arms of a global reorganization coordindte=|z|—i.e.,

The agreement between these two calculations also shoWse norm of the 33-dimensional vectar—that describes on
that the reactant population decay for deuterated systems };t?/erage the motion of the locally harmonic degrees of free-

almost completely classical, since the zero point energy igom ; that are significantly coupled to the proton displace-
lower and therefore the probability of proton tunneling is ont Ro(r1,F,) is the norm ofz(ry,r,), and the average

much smaller. _ _ harmonic frequencyg(r,r,) is computed according to the
Having validated the reactant population decay predmteqlonowing expression:

by the WKB approximation, Fig. 8 showB(t) for the un-

B. Simplified model

deuterated system for the first 18 ps of dynamics after pho- _ SN [ (ry,rp) 12280 (ry,r5)2) Y
toexcitation of the systergsolid line). Figure 8 also includes wr(r1.r2)= Ro(r1,rp)? '
the raw data convoluted with a typical instrument resolution (3.5

function (FWHM=150fs) which would be appropriate to where 1, M, andz0) correspond to the reduced mass,

frequency and displacement of the instantaneous normal
modej.

Figure 9 compares the evolution of the semiclassical
wave packep(r)="*(r)¥(r) in the space of reaction co-
ordinatesr—i.e., after integrating out the reorganization co-
ordinate R—to the corresponding full quantum mechanical
results at various different times during the early time relax-
ation. Wave packets are represented by five contour lines
equally spaced by 0.03 units in the 0.005-0.155 range of
amplitude. The distribution of population into reactant and
tautomer configurations can be visualized in Fig. 9 in terms
n of the probability density that lies on either of the two sides
of the dividing surface represented by the transition state at

I’1=O.
0‘0_2 0 2 4 B 8 10 12 14 16 18 20 As illustrated by panel$a) and (b), the system is ini-
time (ps) tially localized at the Franck—Condon region with; (r»)
FIG. 8. Time dependent reactajenol population decay obtained by simu- N.(fo'.g’_ 1.12) ?’u'fg)an.d moves alpng th?c.oordmate di-
lating the first 18 ps of tautomerization dynamics according to the semiclasMinishing the P-N© distance during the first 75 fs after
sical stochastic method based on the WKB approximation. photoexcitation of the system. Pan@d) shows the wave

0.6

Reactant Population
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6 SC-IVR (35-D)
2 o (.85 -
= WKB (35-D)
2 [o]
o 0.80 L
- o
S o
S 0 (C) 0.75 -
Il 150 fs
0.70 T T T T
2 0 100 200 300 400 500
time (fs)
2
FIG. 10. Comparison between the semiclassical time dependent reactant
— populationP(t) (plus symbolg and the corresponding full quantum me-
@ 0 (b) chanical result$solid line, full-QM(3D)] for the early time tautomerization
N dynamics, as described by the model in reduced dimensionality. These re-
80 fs sults are also compared to the reactant population decay described by the
5 2 model in full dimensionality(35D), that includes the proper description of
[ vibrational energy redistribution at longer times.
2 2
g o o chanical results for the early time tautomerization dynamics,
N (a) simulated on the three-dimensional model potential intro-
ot Ofs duced by Eq(3.4). P(t) is obtained according to ER.17),
2 ‘ -2 as described in Sec. I B, projecting the time dependent wave
A 0 | - 0 j packet into the reactant side of the dividing surféicecoor-
r1[a.ul] r[a.u] dinate spacethat separates both tautomeric forms. This fig-

FIG. 9. Comparison of semiclassical and full quantum mechanical waveure also compares the resultsth) obtained for the model

packetsp(r)=W* (r)W(r), reduced to the space of reaction coordinates 1N reduced dimensionality, with the reactant population de-
andr, at various different times during the early time relaxation after pho- cay obtained for the 35-dimensional model PES.
toexcitation of the systeripanel(a), 0 fs; panelb), 80 fs; panelc), 150 fs; The comparison of the SC reactant population decay
panel (d), 195 f. Wave packets are represented by five contour lines,yiih the results obtained according to full quantum mechani-
equally spaced by 0.045 units in the 0.005-0.185 range of amplitude. . .
cal calculations shows that all the dynamical features are
properly described by the SC approach, including the initial
population decay within the first 75 fs of dynamics, and the
packet right after reaching a turning point along the internaplateau at longer times with a superimposed modulation.
bending coordinate during the initial relaxation process. AtThese features can be interpreted in terms of the wave packet
this point the effective barrier heights are minimum and pro-motion described earlier in this section. The initial popula-
ton transfer is most favorable. The semiclassical results retion decay within the first 100 fs, corresponds to the motion
produce the exact full quantum evolution of the system andlong the internal bending coordinate that brings the proton
describe correctly the shape and position of the wave packetonor (hydroxyphenyl and proton acceptdioxazolg func-
along the reaction surface potential. tional groups close together, reducing both the proton tunnel-
At later times[see panelc)], the wave packet moves ing barrier heights and the distance along thecoordinate
back to the Franck—Condon region within approximately 150etween both tautomeric forms.
fs, a period that corresponds approximately to the harmonic The comparison oP(t) from this three-dimensional to
frequency of the internal bending mode. This panel alsdhat from the full 35-dimensional model shows that the three-
shows that the semiclassical results describe properly thdimensional model properly describes the early time relax-
amount of productgketo tautomer formed after the first ation during the first 100 fs. The model potential in reduced
oscillation period along the R-0® distance. dimensionality gives a population decay with a more promi-
At even later timegsee panel(d)], the wave packet nent superimposed structure, since here the reorganization of
moves again towards the region of low energy barriers, folthe remaining degrees of freedom in the system is described
lowing the vibrational motion associated with the internalby a single global coordinate with a characteristic time of
bending mode. The comparison with full quantum mechani-about 43 fs. The most important difference between the 3D
cal results, in terms of the overall shape and position of thend the 35D models is that the reactant population for the
wave packet, shows that the description provided by the agfull-dimensional model continues to decrease for times be-
proximate SC—IVR method is once again very satisfactory.yond 100 fs(with significant drops at time intervals ef150
Figure 10 compares the SC time dependent reactaris after an initial 75 fs decay timewhile that for the 3D
population P(t) with the corresponding full quantum me- model remains approximately constant after the initial 100
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FIG. 11. Semiclassical HPO photoabsorption spect(sofid line) and the ol o _'-4-"1 '~r~' " b "‘
corresponding full quantum mechanical resukté\) (dashed ling as a 0 50 100 150 200 250
function of the photon wave length
Time [fs]

. . FIG. 12. Upper panel: Comparison of the real part of the survival amplitude
fs. The reason for this is that the reactant population reaChet&t), obtained according to the SC—IVRolid line), and full QM calcula-

an equilibrium in the three-dimensional model as a result ofions (dashesfor the model in reduced dimensionality. Lower panel: com-
recrossing events, since there are no other coupled modesrison of the modulus of the survival amplituglg), obtained according to
where the internal energy can be redistributed. This naturdhe SC-IVR(solid line), the classical Wigner modétiots, and full QM
limitation of the three-dimensional model shows the impor_calculatlons(dashe}:for the simplified model in reduced dimensionality.
tance of including explicitly the motion of the remaining
degrees of freedom in the system, in order to model of pro-
ton transfer as coupled to vibrational energy redistribution aibsence of the other modes involved in ultrafast vibrational
longer times. energy redistribution, tautomerization is the only possible
Figure 11 shows the comparison of the semiclassicainechanism that can damp out the oscillatory motion of the
HPO absorption spectrum to the corresponding full quantummeorganization coordinate, and therefore this motion is pre-
mechanical results for the 3D model, as a function of theserved for much longer time.
photon wavelength\. The vertical transition between the Figure 12 shows the comparison of the SC—IVR result
ground electronic state and t88 PES has been rescaled by for the survival amplitude£(t) during the first 250 fs of
a factor of 0.74 to correct approximately for the energy shiftdynamics after photoexcitation of the system, to the corre-
usually introduced by theb initio CIS calculations. This sponding result obtained from the full quantum mechanical
figure shows that the semiclassical results reproduce thealculation and from the classical Wigner model, all for the
overall qualitative features of the full quantum mechanical3D model. This figure shows that with the exception of small
spectrum, in terms of the overall shape, as well as the spacleviations in the shape of the envelope of the survival am-
ing and widths of the superimposed structure of vibronicplitude, the semiclassical results are in very good agreement
bands. However, there are small differences in the intensityith the full quantum mechanical calculations throughout the
profile of the semiclassical band when compared to the fulivhole dynamical range of proton transfer, starting with an
guantum mechanical results. The origin of these discrepaniltrafast fall-off of the overlap between the initial and final
cies can be traced to small deviations observed in the suwave functions(within the first 22 fs of dynamigsthat is
vival amplitude, as discussed later in this section. caused byW, moving away fromW¥, as the reorganization
The physics involved in the dynamics of relaxation re-coordinate is displaced relative to its initial position. This
sponsible for the spectroscopic features observed in the phoitrafast relaxation at short times is responsible for the broad
toabsorption spectrum can be addressed in terms of thenvelope of the absorption spectrum in the frequency domain
analysis of the phase space dynamics of semiclassical trajeseen in Fig. 11, and all the subsequent dynamics at longer
tories. The photolysis event populates excited vibrationatimes determines the structure in the frequency spectrum but
states of both the internal bending and the reorganizatiodoes not affect the position or overall width of the absorption
modes on the excited electronic state PES. The moleculeand. The longer time dynamics gives rise to a recurrence
thus vibrates along these modes as it undergoes tautomeriZgature of the survival amplitude at about 43 fs. The ampli-
tion whenever the configuration of the system is favorabldude of this recurrence feature is slightly more pronounced in
for proton transfer to occur. Therefore, the origin of thethe full quantum amplitude than in the semiclassical calcula-
structure in the photoabsorption spectra is the transient vibraions. In this simplified model, the partial overlap of the ini-
tion of internal bending and reorganization modes on theial and final wave functions is caused by the displacement of
reactant side of the dividing surface. In contrast to the specthe internal bending mode relative to its initial position when
trum obtained for the model in full dimensionality, the the reorganization coordinate returns to the Franck—Condon
=0-6 vibronic bands are sharp and well defined. In theregion at timet.
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IV. SUMMARY AND CONCLUSIONS destabilization to higher energy configurations. Our simula-
.liions, however, do not rule out the possibility of detecting

We have shown in this paper how the ultrafast ESIP .
keto rotamers when conformational changes are thermally

reaction associated with the keto-enolic tautomerization re

. X . : . duced.
action of photoexcited HPO can be investigated in terms o™ . :
an approximate semiclassical initial value representation We have demonstrated that SC calculations predict the

method, and a full-dimensionab initio CIS model PES. HPO absorption spectrum to be similar to the experimental

These calculations constitute the first effort to give arigorou%bsorptlon spectrum of HPMO, an asymmetric absorption

interpretation of ESIPT, as coupled to the motion of the2@"d in the 30?_3‘?0 nmhfreq;ﬁzncy rEnge, with :dtljgfuse
remaining degrees of freedom in the system, in terms opUPENMpOSed structure where the peaks are spac o

a quantitative description of reaction dynamics from first"™M- In contrast to experimental studies of HPMO, where the
principles. two peaks at 309 and 322 nm were assigned to the vertical

We have shown how to extend the simplified three_excitation and the 0-0 transition, respectively, our calcula-

dimensional model developed in our previous study of eX_tlons show the peaks to correspond to a vibronic structure

cited state proton transfer dynamics to incorporate the propé}ssociat(_ad with tran;ient excitations <_3aninternal bending and
description of vibrational energy redistribution in the model fng :‘orsmn hmodeihlnt the 336;411: freqlljency ra}?ge.tl

of excited state reaction dynamics. We have shown that thig\/e ave snown that proton ftransier-is aiso sighincantly
could be accomplished by first calculating the full- coupled to the lowest frequency in-the-plane bending mode

~ _l 1
dimensional excited state PES, at the CIS level of quantung 177 cm™), although the SC a}bsorptlon spectrum_does not
show a structure associated with the N-O stretching mode.

chemistry, and then solving accurately the dynamical equaLI_he low frequency mode changes the N-O distance, and

tions for motion on these calculated surfaces. theref difies both the heiaht and width of th i
We have demonstrated the capabilities of the approxi- eretore modifies bo € height and wi ot the proton
ransfer energy barrier.

mate initial value representation method to study ESIPT irf
photoexcited HPO, showing consistency between the SC—

IVR and more approximate semiclassical methods, based ohRCKNOWLEDGMENTS
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