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Semiclassical molecular dynamics simulations of excited state
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An ab initio excited state potential energy surface is constructed for describing excited state double
proton transfer in the tautomerization reaction of photo-excited 7-azaindole dimers, and the ultrafast
dynamics is simulated using the semiclass{&t) initial value representatioiVR). The potential
energy surface, determined in a reduced dimensionality, is obtained at the CIS level of quantum
chemistry, and an approximate version of the SC-IVR approach is introduced which |sczeely

with the number of degrees of freedom of the molecular system. The accuracy of this approximate
SC-IVR approach is verified by comparing our semiclassical results with full guantum mechanical
calculations. We find that proton transfer usually occurs during the first intermonomer
symmetric-stretch vibration, about 100 fs after photoexcitation of the system, and produces an initial
15 percent population decay of the reactant base-pair, which is significantly reduced by isotopic
substitution. ©1999 American Institute of Physids$S0021-960629)01820-4

I. INTRODUCTION 3-dimensional excited state potential energy surféREeS
onstructed at thab-initio quantum chemistry CIS level of

ory.
The 7-azaindole dimer is often considered to be a para-

Proton transfer in hydrogen-bonded complexes is one o,
the most fundamental chemical reactions and has therefore

been extensively mvestlga}tédl, not only bgcause It In- digm system for photo-induced double-proton transfer in
volves a guantum mechanical process Fha_t Is yet to be fu"bNA base-pairs and has been the subject of experimental
under;tood, but also becauge itis a qbqu|tou§ phenpmen%udies in solution, matrices, and supersonic-jet expansions
which influences t'he dynamical behav!or of a wide variety OfWhich have provided indirect photochemical information of
systems. In particular, the mechanisms of excited statf:he double-proton transfer mechani&n'® This early ex-
double-proton transfer after photoexcitation of _canonlcal rimental work followed the initial discovery that certain
base pairs have atracted a great deal of experimental a (gnformational isomers could undergo cooperative double-

. . -37 . . . . .
thzqrte_tlcql dmte(rje%f tati because (.)f Its |n_1pI|cat|I(:_n |fn roton transfer upon ultraviolet irradiation, as manifested by
radiation-induced mutations or carcinogenesis resufting rogg-\e large Stokes shift of the fluorescence spectra with dual

:Ee SOSS'bIde e.X'Stg?\lC: of :.he t.r;r%ifno' tautomeric forms of, s in the uv-vis regiot?. The structural diagram describ-
€ bases during LTA replication. - . ing the excited state double-proton transfer in 7-azaindole
However, a detailed understanding of the dynamical pro-. : .
. . 2 . S0 F “dimers is as follows:
cesses involved in these tautomerization reactions is still a
goal of current investigation¥ 3> Computational methods
able to provide a microscopic description of the involved
proton transfer dynamics are the subject of much current DIMER TAUTOMER
theoretical researct®" However, applications to these ex- m
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cited state tautomerization reactions are yet to be carried out,
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since these relatively large molecular systems present the
challenge of modeling multiple time scale dynamics with
significant motion of light atoms, where the quantum phe-
nomenon of proton tunneling can be significant at low tem-
peratures and determine the rate of the overall chemical re-
action. In this paper we report the first application of
molecular dynamics simulation methods to model the excited
state double-proton transfer dynamics involved in the tau-
tomerization reaction of the 7-azaindole dimers. Simulations
are based on an approximate version of the semiclassicalhere# w is the excitation energy. In an effort to elucidate
(SO initial value representation (IVR) utilizing a the reaction mechanism, a variety of ultrafast spectroscopic
studies have been recently performed probing both the tau-
dElectronic mail: miller@neon.cchem.berkeley.edu tomeric and dimeric excited state relaxation processes with
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picosecond and subpicosecond resolufitri! Various pos- large amplitude coordinaté$®®-"1The reaction surface is
sible interpretations have been suggested on the basis of tiebtained by minimizing the excited state potential energy of
analysis of the experimental signals, including the possibilitthe molecular system through geometry optimization with
of a step-wise reaction mechanism involving a zwitterionicrespect to the remainingveakly coupledl degrees of free-
intermediate’ or ultrafast interconversion to some interme- domz, subject to the constraints of fixed values fgrandr ,
diate electronic state before undergoing double-proton transt various base-pair, intermediate, tautomer and transition
fer reactior??3 In particular, the interpretation of experi- state configurations. The global potential energy surface is
mental spectra showing evidence for the quantunpbtained expanding thedependence to second order about
phenomenon of proton tunneling as the dominant mechanisitne equilibrium coordinatezy(r,,r,), and its dimensionality
for tautomerization at low temperatures was, in generalis reduced fromN to 3 defining a global reorganization co-
based on a one- dimensional double minimum potentiabrdinate to describe, on average, the motion of tNe-@)
modef® with an estimated barrier height of 1.2—1.4 kcal/mol locally harmonic degrees of freedam
describing the energetics of the reactf8#>*Ideally, how- Simulating the excited state dynamics of proton transfer
ever, one would like to provide a more rigorous interpreta-is particularly challenging because the protons being trans-
tion of the experiments based on a quantitative description dierred give rise to significant quantum mechanical effects
reaction dynamics from first principles, since fitting the ex-—i.e., tunneling— which cannot be described by classical
perimental values of rate constants using a one-dimensionatolecular dynamics simulations. A number of mixed
model may not necessarily yield a potential that bears anguantum-classical molecular dynamics methods have been
simple relation to the true Born—Oppenheimer potential enapplied to simulations of proton transfer reactiéfi$>>3
ergy surface describing this particular double-proton transfeMost of these methods, however, describe only approxi-
reaction. The reason for this is that the rate of double-protomately the coupling between light and heavy particle degrees
transfer in the photo-excited 7-azaindole dimers is signifi-of freedom according to branching processes defined by sto-
cantly enhanced by excitation of vibrational mod&&'itis  chastic hops that collapse transferring protons into either of
therefore essential to combine experimental studies witlthe possible states of distinct character. Other methods are
more realistic theoretical simulations to develop an underapplicable only to single-proton transfer reactions, or model
standing of the underlying proton transfer dynamics adight and heavy degrees of freedom on different dynamical
coupled to the other degrees of freedom in the syéfeth. footing. In this paper we present the implementation of an
This could be accomplished by first calculating the &tk  approximate version of the SC-IVR approach, which models
initio Born—Oppenheimer potential energy surfaces and thethe motion of light and heavy degrees of freedom on the
solving accurately the dynamical equations for motion onsame dynamical footing and also properly describes the mul-
these calculated surfaces. tidimensional mechanism of proton tunneling as determined
In an effort to investigate the potential energy surfacedy the coupling of proton motion to the remaining degrees of
involved in the double-proton transfer mechanism,freedom in the system.
semi-empirical>~2® and ab-initio quantum chemistry CIS The approximation we introduce to the SC-IVR ap-
calculationd! have been performed for describing the fully proach has to do with the calculation of the monodromy
optimized geometries of the base-pair, intermediate, taumatrix elements that are involved in the pre-exponential fac-
tomer and transition states of the 7-azaindole dimer. Howtor of the semiclassical amplitudeide infra). Their calcu-
ever, the possibility of mapping out the entire potential en-ation, in general, requires the integration Mf equations
ergy surface in its full dimensional configuration space is(whereN is the number of degrees of freedpand is there-
daunting because of the enormous number of calculationfore the bottleneck for the application of the SC-IVR ap-
required by the high dimensionality of the potential energyproach to large molecular systems. The approximation de-
surface. A variety of methods have been suggested for malscribed in Sec. Il Aand in the Appendixreduces this to the
ing the best use of a reasonable number of potential energptegration of onlyN equations, thus scaling with molecular
calculations for purposes of studying molecular dynamics okize in the same way as the classical trajectory equations
polyatomic molecular systems, including the reaction patithemselves. Our aim in this first application study is to ex-
method, where one computes the potential energy surfagaore the capabilities of this approximate version of the SC-
only for a one-dimensional curve in the multidimensional VR through direct comparison with full quantum mechani-
space that connects the reactants and productal calculations. At this point we do not attempt to reproduce
configurations®~%°However, most of these methods are notthe results of specific experiments but rather to provide a
adequate for modeling double-proton transfer dynamics imigorous description of dynamics on well-characterized elec-
7-azaindole dimers because the tautomerization reaction irtronic state potential energy surfaces.
volves significant tunneling motion of light atoms, which is The paper is organized as follows: In Sec. Il A we first
not confined to small amplitude fluctuations around a reaceutline the semiclassical approach for calculating the time
tion path and is coupled to the motion of other degrees oflependent reactant survival probability, according to the ap-
freedom in the system. In this paper we develop aproximate SC-IVR method described in the Appendix. In
3-dimensional excited state potential energy surface in termSec. |l B we characterize the nature of tB& electronic
of a reaction surface model obtained at the-initio CIS  excited state of the 7-azaindole dimerA(j,, and present
level of theory, where the proton displacementand the the comparison with the corresponding low-lying excited
intermonomer symmetric-stretch modesare described as state of the monomerAl. In Sec. Il C we describe the cal-
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culation of theab.—initio.81 r.eaction surface potential in an St:pt'qt_H(pt!qt)r 2.5
expanded low dimensionality space. In Sec. Ill we present

our results and compare them with full quantum calculations@long with the usual classical equations of motion, and the
The analysis of the double-proton transfer dynamics is conPre-exponential factoCi(po,qo) involves the monodromy
cluded in Sec. IV, where the reaction mechanism suggeste®atrix (see the Appendix

by our SC MD simulation results is compared to the reaction ~ The survival probability is thus given by

mechanisms postulated by recent ultrafast spectroscopic

studies. P(t)=(2mfi) 2V f dpo f dao f dp’ f dq’o

Il. METHODS % el (St(Po.90) —Si(P'0.0"0)) /12

A. The semiclassical approach X Cy(P,G0)CF (P'0,9"0){(Polp’0.9'0)
The quantity of interest is the reactant survival probabil- w<(p". a.lh TRy 26

ity P(t), defined as the probability that at tinhéhe system _ (P t_’q d |pt’qt><p_o’q°| 0 _ (_ ) _

is still on the reactant side of the dividing surfa@e coor- Finally, in the Appendix we describe an approximation

dinate spacethat separates reactants and products, that we have used for the pre-exponential facpy one that

scaledinearly with the number of degrees of freedom of the

P(t)E<\PO|eiﬁt/ﬁ,h(q)efiﬁt/ﬁ|q,o> 2.1) system. It is essentially an adiabatic approximation for the

monodromy matrix elements and is given by
HereH is the Hamiltonian operator of the molecular system,
g represents the mass-weighted nuclear internal coordinates
of the molecular system, aft{q) is a function of the proton Ci(Po,d0) =
coordinates that is(0) on the reactanfproduc} side of the
dividing surface. The initial state on ti& PES is assumed whereM,(j,j) is defined as
to be the ground vibrational state 8§,

N 1/2
j[[1 Wj,j)} , 2.7

fnu,j)) 28

N |\ 14 a m2y(0)
(awo=11 (;J) exp(—fq(j)z), (2.2 "
=1 wherey(j) are the constant parameters in the coherent states

whereq(j) is thej-th coordinatep; = \k;u; /42, wherek; is  of Eq.(2.4). The canonical variable®,(j,j) andP,(j,j) are
thej-th harmonic constant, and, represents thith reduced  obtained by numerical integration of the following equations:
mass. The initial wavefunction, E¢2.2), is constructed on
the basis of the low temperature approximation —i.e., as- (5 G.)=P(i.i)
suming that contributions from anharmonicity and higher vi- R R
brational levels can be neglected— since measured experi- . -
mental tautomerization rates were found to vary only slightly ~ Pt(J,})=(})?Q(j,}),
at temperatures lower than 77°K.

The Herman—KIukKHK),*° or coherent state IVR for the
time evolution operator, is

~ 1.
Mt(]l]):§<Qt(Jlj)+l

(2.9

with initial conditions Qu(j,j)=1, and Py(j.j)
=—ih2vy(j), where the instantaneous normal mode fre-
quenciesw,(j) are obtained by diagonalization of the Hes-
sian along the classical trajectories.

e*(;{)ﬁtz(zwﬁ)*’\‘f dpof daee'SiPe%AC, (g, qo) As presented above, the computational_ task_ necessary to
calculate the pre-exponential factGf(pog,qo) is to integrate
X |9q,.p)(Gagp- (2.3 theN independenSecqnd-ordgr different?al equations i'ntro-
duced by Eq(2.9). This constitutes a minor computational
where the wavefunction for the coherent states is task when compared to the numerical effort involved in the

diagonalization of the Hessian, and we thus solve it exactly

N 2y(j)\ V4 _ ) - according to the standard fourth-order Runge-—Kutta

(Al9gy.pp) = Hl (T) exp( —y()lal) —a(i)] method® In the Appendix we also describe an approximate
: analytic solution that may be accurate and more efficient for

i . i ) applications with many locally harmonic degrees of freedom.
+ 72 Po(DA() —ao(D], (2.4

and similarly for(q|gq, p,)-

The integration variablespg,qg) in Eq. (2.3 are the
initial conditions for classical trajectories, andy; In this section we characterize t$2 andS2 electronic
=0:(po,q0) and p;=p:(po,dg) are the time-evolved coordi- excited states of the base pair 7-azaindole dimel{7 in
nates and moment&;(py,do) is the classical action along terms of the CIS eigenvectors, the optimized excited state
this trajectory, obtained by integrating the following equa-energies, and the oscillator strength constants. We also com-
tion: pare these two states with tH® (7, #*) and Sy(7,7*)

B. Molecular orbitals
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(30) (31) (32) 33)
HOMO LUMO
(59) (66) FIG. 2. Highest filled and lowest empty molecular orbitals of 7-azaindole

monomer calculated from CIS/6-31G for i8¢ optimized geometry struc-
ture. The circle diameters are proportional to the maximpymA\O coeffi-

FIG. 1. Highest filled and lowest empty molecular orbitals of 7-azaindole cients(no circle indicates a maximum coefficient smaller than 0.1, a small
dimer calculated from CIS/6-31G for tH® optimized geometry structure. ~Ccircle indicates maximum coefficients between 0.1 and 0.15, a medium
The circle diameters are proportional to the maximpmAO coefficients circle corresponds to coefficients between 0.15 and 0.3 and large circles
(no circle indicates a maximum coefficient smaller than 0.1; a small Cirdeindicate coefficients larger than 0.3; black and white indicate a pOSitiVe or
indicates maximum coefficients between 0.1 and 0.15, medium circle corbegative sigh

responds to coefficients between 0.15 and 0.3 and large circles indicate

coefficients larger than 0.3; black and white indicate positive or negative

sign). 7Al. The S; excited state involves primarily th¢HOMO)

— (LUMO) excitation, and an important amount of

(HOMO-1) — (LUMO+1). The S, state is a mixture of
electronic excited states of the 7-azaindole monome&t, 7 (HOMO) — (LUMO+1), and(HOMO-1) — (LUMO) MO
which are found to be analogous to the, and L, states, aycitations.
respectively, of linear condensed-ring moleciife¥ The comparison of the molecular orbitals indicates that

Figure 1 shows ther MOs (59), (62), (63) and(66) of  the MOs (59), (62), (63) and (66) are approximately the

the (7Al), base-pair at th&1 minimum energy geometry, in (HOMO-1), (HOMO), (LUMO) and(LUMO +1) of the moi-
terms of the maximunp, atomic orbital(AO) coefficients ety that undergoes reorganization, while the M68), (61),
represented in diagram form, where the distribution of node$64) and (65) are the analogous MOs of the monomer that
is given by the signs and relative values of the expansiopreserves approximately its ground state geometry. The CIS/
coefficients. These MOs are responsible for the more impor6-31G eigenvectors, optimized energies and oscillator
tant single excitations which determine tB& andS2 elec-  strength constants presented in Table | indicate that although
tronic structures, as indicated by the CIS eigenvectors prethe S1 and S2 excited states are somewhat affected by
sented in Table |. theSl state with a predominant dimerization they still preserve their own electronic nature.
contribution from the (62)-(63) MO excitation, andth€2  The electronic excited state analogous to the state of
state with an admixture of the (59)(63) and the (62) condensed ring molecules—i.e., tiSg state— is lower in
—(66) MO excitations. Figure 1 shows that the four mo-energy, and has a larger oscillator strength constant than the
lecular orbitals are localized in the upper monomer, repreelectronic state analogous fd, state of condensed ring
senting the monomer that undergoes preferential rearrangenolecules —i.e., thé, state— and this holds for both the
ments when the geometry of the base-pair is optimized? Al monomer and the (K1), base-pair molecular systems.
according to theS1 or S2 electronic excited state PESs.
Under such a geometry optimization process, the other moi-

. . . . _.C. Excited state potential energy surface
ety preserves approximately its ground electronic state mini-

mum energy geometry and localizes theMOs (60), (61), In this section we develop a 3-dimensional potential en-
(64) and(65—not displayed in Fig. 1—which are analogous ergy surface to describe the excited state double-proton
to thesr MOs (59), (62), (63) and(66), respectively. transfer in 7-azaindole dimers. The model is based on CIS

Figure 2 shows the key MOs of the 7-azaindole mono- reaction surface potentia éV)(rl ,I'») for the two low-lying
mer —i.e., the(HOMO-1), HOMO, LUMO and (LUMO singlet electronic excited states that define $ePES, for
+1)— which according to the CIS eigenvectors presented irther, andr, range of configurations explored in our simu-
Table | are responsible for the single excitations that deterlation study.VEf)(rl,rz) are thus parametrized by the one-
mine theS1 and S2 electronic structures of the monomer dimensional proton coordinate;, and the intermonomer

TABLE I. CIS eigenvectors, optimized energies and oscillator strength constants for the optBpiaad S,
electronic excited states of the 7-azaindole dimekl()3 and 7-azaindole monomerAT.

Electronic state Si(m,7*),(7Al), Sy(m,7),(TAl), Sy(m,7*),7Al Sy(m,7*),7Al

Optimized energy 5.07 eV 5.70 eV 5.28 eV 5.83 eV
Oscillator strength $0.33 f=0.09 =0.38 =0.07
CIS excitation (62—(63) (62— (66) (31)—(32 (3)—(33
CIS coefficient 0.66 -0.27 0.66 -0.28
CIS excitation (59— (66) (59— (63) (300—(33) (300—(32
CIS coefficient 0.17 0.57 0.18 0.55
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symmetric-stretch coordinatg; r, describes the sequential panding thez dependence to second order about the equilib-
proton displacements in a nonconcerted double-proton trangium coordinateszy(ry,r>,),

fer mechanism, and, determines the intermonomer separa-

tion. 1

The CIS calculations of the reaction surface potentials ~ V(r1,r2,2)=V{(ry,r,)+ slz- z0(ry.r2)]

Vgo(rl,rz) show that concerted proton displacements in-

volve higher energy configurations, and that for most of the FO(ryry)-[z— zgg)(rl,rz)], (2.11

nuclear configurations the first singlet electronic excited state

S1 corresponds to the eigenstate with a predominant contrivhere/=(Z,C) indicates the nature of the electronic excited

bution from the (62)-(63) MO single excitation. Such an state, and

excited electronic state has an intermediate with zwitterionic

character, that we denote here as I€), and results from © VO (ry,r,,2)

the partial charge separation associated with the first proton Fi (rl'rZ):(W

transfer from the moiety that localizes the electronic excita- R

tion to the other. However, there are some molecular con- ) ) .

figurations around the minimum energy geometry of the¥Ve reduce the dimensionality of the system from N to 3,

INT.(Z) where another eigenstate becomes the lowest singldftroducing a global reorganization coordinde=|z| —i.e.,

excited state. Such an eigenstate has a predominant contribfie norm of the&N-2) dimensional vector— to describe on

tion from the (62)-(64) MO single excitation —i.e., in- average the motion of the_ Iocall_y harmonic degrees of free-

volves an intermonomer electron transfer excitation from the&lomz. In the reduced 3-dimensional space the potential en-

MO (62), which is localized in the monomer that donates the€'dY surfaces introduced by E.11) become

first proton, to the MQ(64) localized in the monomer where

the first proton is transferred. The intermediate complex in

that other electronic excited state thus involve a “covalent”

electronic structure, since the charge associated with the first

proton transferred is neutralized by the intermonomer elec-

tron transfer excitation, and is denoted here as (N]. 0 i ©
The Born—Oppenheimer PES that describessheslec-  WNereRy: (rl’é[)2) is the norm ofzg”(r3,r2), and the average

tronic excited state of the molecular system is obtained fronfréauénciesng’(ry,r;) are computed according to

the quantum chemistry calculation with the two-state wave 0

function, wg’(r1,r2)

(2.12

)z—zgg)(rl,rz)

1
V({)(rl,rz,R)%Vgg)(rl,rz)+ E[wg)(rl,rz)]z

X[R=RE(ry,r )12, (2.13

2[V(f)(rl,rz,Rff)(rl(o),rz(o)))_Vgg)(rlarz)] 12

[RE(r1(0),r5(0) —R§(ry,r2)1?

where|,) describes the “zwitterionic” electronic state, and (2.19
| i) is the “covalent” state wavefunction. The lowest elec-
tronic eigenvalue, i.e., the Born—Oppenheimer PESjn terms of the reference geometfr;(0),r,(0)) chosen to
Vg.0.(0), is then given by the root of theX22 secular equa- be the initialr ;(0) equilibrium geometry of the base-pair at
tion written in terms of the “zwitterionic” and “covalent” the fixed intermonomer separation definedrb{0).
PESs V(@ andV(©, and the exchangér resonant matrix Figure 3 shows the CIS/6-31G energy data points
elements which are approximated as constantd.b kcal/ Vf)%t(rl(k),rz), and the corresponding interpolation curves
mol) to match the energy gap at the crossings between thas a function of , for the base-paifB.P.,k=1), transition
two PESs.Vg o (q) is thus developed in the spirit of the state 1[T.S(1), k=2], intermediate[INT.= INT.(Z,C), k
so-called empirical valence bon@EVB) method®”® but  =3], transition state 2T.S(2), k=4) and tautome(TAU.,
contrary to theempirical valence bond method where no k=5) at the optimized (k) configurations displayed in Fig.
electronic matrix elements are actually calculated, we com4. The stationary state energiégzp’t(rl(k),rz) define the re-
pute the two PES¥® and V(® according to the reaction action surface/{’(ry,r,) in terms of the Lagrange form of
surface model in an expanded 3-dimensional sféce. the interpolation polynomia’ where the proper asymptotic

The reaction surface‘s’gg)(r 1,f») are calculated at the limits along ther, coordinate are enforced according to the
ab-initio CI1S/6-31G level of theory —i.e., all single excita- CIS proton frequencies at the B.P. and TAU. equilibrium
tion with a spin-restricted Hartree—Fock reference groundyeometrieqrq(1),r,) and(r.(5),r,), respectively. Figure 5
state(CIS), using the 6-31G basis set within the Gaussian 94hows the reaction surfadé?(r;,r,) with three well de-
series of prograni®&— minimizing the potential energy of fined local minima that correspond to the B.P., IiZJ.and
the molecular system in the electronic excited stateith TAU. minimum energy geometries. The energies ando-
respect to the remainind\¢2) degrees of freedom subject  ordinates of the three local minima are also displayed in Fig.
to the constraint of fixed values far, andr, at selected 3, where it is shown that the TAU. minimum energy~4..6
configurations for the base-pair, intermediate, tautomer ankical/mol lower than the B.P. minimum energy geometry.
transition states. The potential energy surfa¢€d are then  Thus, our model describes the tautomerization reaction to be
obtained in terms of the reaction surfadég)(rl,rz), ex-  exothermic. The other important topological aspect shown in

|\P>:az| ¢z>+ac|¢c>v (2.10
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T e . FIG. 3. CIS stationary state energies
: *fqt?\ (solid squaresat various different in-
& N termonomer symmetric-stretch coordi-
g 0.04 k- . RS 7 nater, values in the—4.20-4.32 a.u.
<3} range, and interpolation curves.
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Fig. 3 is the variation of the energy barrier between the B.Pthe ~900 cmi ! values in the B.P. region —i.e.; <s(r,)—
and the zwitterionic intermediate—i.e., the TB. pave predominant contributions from tke-C, C—N and
energy—as a function af,. The minimum energy barriers jntermonomer asymmetric stretching modes, while the low
correspond to small intermonomer separations, in the  frequency values in the intermediate region between the two
=4—6 a.u. range, where according to Fig. 4 the geometriegansition states have predominant contributions from the in-
of the base pair and intermediate states are closer togethglrmonomer bending modes-(350 cni Y).
along ther, coordinate. ) _ Figure 8 show®R{? as a function of the reaction surface
Figure 7 shows the average frequens§’ as a function  coordinates; andr,. This figure shows that according to
of ry andr,. According to the analysis of vibrational modes, gyr model potential the maximum reorganization relative to

FIG. 4. CIS equilibrium geometriay
(starg at various different intermono-
mer symmetric-stretch coordinate,
values in the—4.20-4.32 a.u. range,
and the corresponding interpolation
curves.

H coord., r; [Bohrs]

I 1 1 1

-6 -4 2 0 2 4 6,

symm. stretch coord., r; [Bohrs]
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0.1
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0.02 FIG. 5. Zwitterionic reaction surfacé{?(r) as a func-

tion of ry andr,.
-0.02

H coord.

> 7 [B ohrs]

the initial configuration of the dimer is achieved at the inter- Véc)(rl,r2)=VEf,3t(r1(3),rz)
mediate and tautomeric geometries, while the rearrange-
ments for both of the two transition state geometries are
quite comparable in magnitude and increase monotonically
with the intermonomer separation.

Figure 3 shows the optimized CIS/6-31G energy data

points Vop(T'4(3).r2) for the. cpvalent .mtermedlate which is a model limited to only configurations within the
INT.(C), and the corresponding interpolation curve as a

function of r,. This figure shows that the IN{C) is more a.ccessible. engrgy ra(rcl)ge near (h€3) optimized geometrigs
stable than the INTZ) whenever the intermediate geometry displayed in Fig. Hory (r2) are the CIS proton frequencies
is optimized subject to the constraintipf<4.3 a.u., and has at the(ry(3), r,) configuration. The covalent potential en-
a global minimum geometry ar {~—3.8 a.u), which in-  ergy surfacev(®(r,,r,,R) is then obtained in terms of the
volves a much larger intermonomer separation than in théeaction surface/{”(r,,r,) according to Eq(2.13, where
INT.(Z) minimum energy geometry where the two mono-the average frequenayy’~ 350 cni L.
mers are much closer together 4.6 a.u). Figure 9 shows the adiabatic Born—OppenheirSér
The covalent reaction surfacé® , displayed in Fig. 6, PES for three different values & that correspond approxi-
has a minimum equilibrium geometry at aboyt=2.25 a.u. mately to the F.C. initial geometryR= —1.5 a.u), the op-
andr,=—3.8 a.u—i.e., significantly displaced relative to timized S1 base-pair configuratiorR=0 a.u), and the tau-
the position of the zwitterionic intermediate minimum en- tomeric equilibrium geometryR=1.5 a.u). The first feature
ergy geometry, displayed in Fig. 5 at aboyt=1.0 a.u. and to note when comparing the B.O. PES at the three different
r,=4.6 a.u— and is described according to the quadraticonfigurations of the reorganization coordin&eés that ac-
approximation cording to our model potential the reactant B.P. is more

1
+5lo0)Pra3) - (219

Energy

[Hartrees)
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FIG. 6. Covalent reaction surfad&?(r) as a function
of ry andr,.
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stable than the intermediate or product tautomer in thejuantum mechanical calculations. Finally, in Sec. Il C we
—1.5-0 a.u. range oR. However, the relative stability presentthe analysis of the isotopic substitution effect.
changes in favor of the intermediate and product tautomer SC results were converged with 300 000 trajectories in-
when R is further increased through reorganization of thetegrated according to a standard fourth-order Runge—Kutta
dimer. Figure 9 also shows th& modulates the relative algorithm® with a 0.025 fs integration step, using the paral-
stability of the covalent and zwitterionic states, changing sigiel programming model described in Ref. 91. Parameters
nificantly the intermediate minimum energy geometry fromy(j) introduced by Eq(2.4) for each individual coordinate
r~(1.0,4.6) a.u. wheR=—1.5 a.u., tor~(2.0,-4.3) a.u.  were set according to the initial wavefunction dispersion of
whenR=1.5 a.u. These changes of relative energies in thghe corresponding coordinat¥sAll forces and second de-
B.P., INT. and TAU. configurations also affect the energyrivatives necessary for integrating the equations of motion

barrier heights, and the proton transfer thus becomes effegyere calculated using finite difference expressions.
tively coupled to both the symmetric stretch coordinate and

the motion of the remaining degrees of freedom in the sys® Wave packet motion
tem. Figure 10 compares the evolution of the semiclassical
wave packep(r)="*(r)¥(r) in the space of reaction co-
ordinates —i.e., after integrating out the reorganization co-
ordinateR— with the corresponding full quantum mechani-
We present our results in three subsections. First, in Segal results at various different times during the early time
Il A we present the comparison of the semiclassical waveelaxation. Wave packets are represented by five contour
packet motion with the corresponding full gquantum mechanijipnes equally spaced by 0.045 units in the 0.005-0.0185
cal results. In Sec. Il B, we then present the analysis of theange of amplitude. The distribution of population among the
time dependent reactant population obtained according to oase-pair, intermediate and tautomer configurations can be
semiclassical methodology, and the comparison with the fullisalized in Fig. 10 from the superimposed equilibrium co-
ordinates, introduced by Fig. 4, for the three stationary state
proton coordinates,(1),r1(3) andr.(5) as a function of
As illustrated by panelga) and (b), the system is ini-
tially localized at the Franck—Condon region with
~(0.0,—1.33,) a.u., and moves during the first 100 fs in the
=== direction of the symmetric-stretch coordinateapproaching
the two monomers with respect to each other. During this
early time relaxation process the wave packet remains local-
ized in the B.P. region around thie equilibrium positions,
but undergoing reorganization of the remaining degrees of
freedom in the system. Compared to the quantum mechanical
results, our semiclassical wave packets are in excellent
hirs) agreement. Panét) shows the wave packet right after the
initial relaxation process at=100 fs, reaching a turning
FIG. 8. Equilibrium positionR, of the reorganization coordina as a  POiNt along the symmetric-stretch coordinate 4(0.0,2.3)
function ofr, andr,, and CIS data pointésolid squares a.u., where the effective barrier heights —from the B.P to the

Ill. RESULTS
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SJ,’?I

. Stt, 2
” of
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FIG. 9. The Born—Oppenheimer potential energy sur-
face as a function aof;, andr,, at three different values
of R, including the approximate initial geometrR&
—1.5 a.u), the optimized base pair geometriR£0
a.u) and the tautomeric configuratio®RE& 1.5 a.u).
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INT. configurations— are minimum and the proton transferquantum mechanical results in terms of its shape and posi-
is most favorable. Once again, there is very good agreemetion. Panel(d) also shows that the transmitted population is
with the full quantum mechanical results, including the de-distributed into intermediate and tautomeric configurations,
scription of both the shape and position of the wave packetyith intermediate geometries relaxed uprte (2.0,0.0) a.u.,
and the proton transfer process in terms of the wave packetnd the tautomer at~(2.5,3.5) a.u. The comparison with
spreading into intermediate configurations uprte(1.,4.0) quantum mechanical results is once again very satisfactory.
a.u. Paneld) shows the wave packet at164 fs. At this The semiclassical wave packet reproduces the most impor-
later time, the wave packet in the reactant channel is nowant features in the full quantum mechanical distribution of
displaced towards the F.C. region when compared to its pggopulations, and presents only small amplitude deviations
sition in panel(c), and there is very good agreement with thedisplayed by the 0.005 amplitude contour line.
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B. Reactant population decay

Figure 11 shows the comparison between the semiclas-
sical time dependent reactant populatift) and the corre-
sponding full quantum mechanical results for the early time
tautomerization dynamics wheR{t) show the more signifi-
cant changes, while at longer timB¢t) changes only very
slowly and SC calculations demand a lot more computational
time. As described in Sec. Il &(t) is obtained according to
Eq. (2.1 projecting the time dependent wave packet into the
reactant base-pair region according to a dividing surface
which defines the transition state positioii2) as a function
of r.

The first feature to note when comparing the semiclassi-
cal reactant population decay with full guantum mechanical
results is that all the features are well reproduced by our SC
calculations, including the initial delay timet= 60—-100 fs,
the overall population decay of about 15 percent, and the
superimposed modulation with a period of about 40 fs. All of
these features can be interpreted in terms of the wave packet
motion described in Sec. Il A. The initial delay time corre-
sponds to the motion along the symmetric-stretch coordinate
(with CIS eigenfrequencyw~118 cni'l), when the two
monomers approach each other reducing the effective barrier
heights and the probability of proton transfer increases. The
superimposed modulation, with a period of about 40 fs, is
assigned to the reorganization of the remaining degrees of
freedom in the system witwg~ 900 cm i. The reduced
dimensionality model, however, presents its natural limita-
tions with regards to the proper description of vibrational
energy redistribution at longer times. These limitations of the
model could, in principle, be overcome by describing all
normal mode coordinates explicitly as described in Sec. Il C
before reducing the dimensionality of the model. This more
complete description will be presented in future wdtk.

C. Isotopic effect

Figure 12 shows the comparison between the time de-
pendent reactant populatid¥(t), and the corresponding re-
actant population decay of the deuterated system. We simu-
late the relaxation dynamics during the first picosecond after
photoexcitation of the system, in terms of the effective
potential®’

Vett=Vg.o0. 1€, (3.1

whereVyg g is the Born—Oppenheimer PES, and the absorb-
ing potentiale is defined according to

0 rl<r1(3)1

—iylwy][ri—ri(3)]% ri>ry(3),
(3.2

where y=my/(2r3), with my the proton mass and, the
initial proton equilibrium position, whilew,=3500 cm 1,

€(rq,rp)=

FIG. 10. A comparison between the semiclassical and the full quantunﬁnd r1.('?’) represent_s the pOSit.ion of the interme.diat_e con-
mechanical wave packet(r)=¥*(r)¥(r), reduced to the space of reac- figuration as a function of,. This effective potential simu-
tion coordinates; andr at various different times during the early time |ates approximately dynamics in reduced dimensionality as-

relaxation after photo-excitation of the systéRanel(a): 0 fs; panel(b): 48
fs; panel(c): 97 fs; paneld): 164 f9. Wave packets are represented by five

suming that the excess energy in the reaction coordinates is

contour lines equally spaced by 0.045 units in the 0.005-0.185 range d#fficiently absorbed by the remaining degrees of freedom

amplitude.

once the system evolves beyond the intermediate configura-
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tions. Figure 12 shows that the time dependent reactant Comparing the early time relaxation dynamics presented
population drops at time intervals 6f200 fs after an initial in Fig. 12 for the undeuterated species with the population
100 fs delay time, and also that the isotopic substitution redecay displayed earlier in Fig. 11, we see that the most im-
duces significantly the transmitted amount —i.e., the protorportant effect of the absorbing potential is to eliminate the
transfer probability— but does not affect the time intervals atrecrossing dynamics which is modulated by the reorganiza-
which we observe population decay. These observations cdion coordinateR. The agreement displayed in Fig. 11 be-
be well understood in terms of the description of the wavetween the SC and the full quantum mechanical description of
packet motion presented in Sec. Il A: the initial relaxationthe superimposed structure indicates that the approximate
process does not involve any significant proton displaceSC-IVR method provides a proper description of dynamics,
ment, and the system moves only along the symmetriceven in the presence of recrossing and tunneling.

stretch coordinate with some reorganization of the remaining

d.egr_e.es of freedom. The tra_nsmitteq amount, hqwever, iﬁ/. CONCLUSIONS AND COMPARISONS WITH
significantly reduced wher is substituted byD with &  ExpERIMENTS

lower zero point energy and a more localized wave function.
We have shown in this paper how the ultrafast excited

state double-proton transfer dynamics involved in the tau-

1 ‘ . . , ; . ; tomerization reaction of the photo-excited 7-azaindole
i dimers can be investigated in terms of an approximate semi-
‘\.._..._.\ classical initial value representation method to model quan-
o8 r B ) tum reaction dynamics. The main idea in the approximate

T ND-ND-o ] semiclassical approach is to integrate the dynamical vari-
ables necessary for the calculation of the classical probability
associated with individual trajectories —i.e., the pre-
exponential facto€,(pg,0o)— according to the adiabatic ap-
oar ] proximation, reducing the computational effort to the propa-
gation of onlyO(N) independent dynamical variables after
diagonalization of the Hessian.

We have demonstrated the capabilities of the approxi-
mate semiclassical method to study the excited state double-
proton transfer dynamics in 7-azaindole dimers, showing
good agreement with full quantum mechanical calculations
in describing all dynamical features in the wave packet mo-

FIG. 12. A comparison between the time dependent reactant populatioFllon and the reactant pODUIatlon decay’ even in the presence

(solid line), and the corresponding reactant population decay of the deuterOf tuqneling and recrossing eve'nts- The approximate semi-
ated systenflong dashes classical approach aims to provide a more tractable alterna-

06| ) NH-NH

02

1 L ' n L . )
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tive to exact quantum mechanical methods for dynamics calthe positive charge associated with the first proton transfer is
culations of polyatomic systems in terms of a dynamicallyneutralized by the single intermonomer (62§64) MO ex-
consistent treatment of all degrees of freedom, integrated acitation. Our reaction mechanism, however, does not rule out
cording to fully deterministic classical equations of motion, the possibility of detecting transient population on the zwit-
where quantum effects such as tunneling and interference aterionic intermediate state, when proton transfer takes place
included correctly and naturally in the description. at fairly small intermonomer separations.

We have shown that the reaction mechanism suggested We have shown that the first proton transfer takes place
by our simulation results differs from both of the two reac- only after the system undergoes nuclear relaxation, a process
tion mechanisms postulated by recent ultrafast spectroscopibat approaches the two monomers to configurations where
studies, particularly with regards to the nature of the elecproton transfer is most favorable. The initial nuclear relax-
tronic states and the assignment of the characteristic timeation process involves primarily intermonomer symmetric-
involved3~3%%7|n order to make a comparison with these stretch motion with a period of about 200 fs which is insen-
other postulated mechanisms, we first outline the experimersitive to isotopic substitution, together with reorganization of
tal findings and then make contact with our SC MD simula-the remaining degrees of freedom in the system, including
tion results. Zewail and co-workers reported studies of théntermonomer asymmetric stretch motion, and reorganization
femtosecond dynamics of the isolated pair in a moleculapf single to double aromatic bonds with frequencies charac-
beam using pump-probe time-resolved mass spectroscopigristic of the C—C and C-N stretching modes. The relax-
where the observed biexponential decay was interpreted i@tion process involves an initial 15 percent reactant popula-
terms of a postulated sequential step-wise mechaffiSth. tion decay, with a delay time of about 100 fs after
The ultrafast component of the biexponential decay was ag?hotoexcitation of the system, and further leakage of reactant
signed to proton tunneling from an initial base pair to a zwit-population at intervals of about 200 fs. Isotopic substitution
terionic intermediate, through an estimated energy barrier ofeduces significantly the amount of transmitted population,
about 1.2 kcal/mol, and the fast component was assigned Ut does not affect the timing for the successive events of
the tunneling event of the second proton from the zwitteri-reactant population depletion.
onic state to the tautomer configuration. More recently, their ~ Finally, we have shown that the populated state with
work was extended to investigate the effect of the solutiodarger oscillator strength constant in the FC region corre-
phase on the DPTR in the same pair, using fluorescence ugPonds to th&1 state, which although somewnhat affected by
conversion techniques, finding that the fast and ultrafast redimerization is similar to theS1 state of the monomer that
laxation constants were similar to those obtained for the isoundergoes preferential geometry reorganization, and thus
lated base pa#®® Castleman and co-workers reported a@nalogous to the 1.,” state of condensed ring molecules
experiments using Coulomb explosion techniques, whictith predominanfHOMO) — (LUMO) MO single excita-
were interpreted in terms of a zwitterionic arrestedtion. We have also shown that the state analogous to the
intermediate” Takeuchi and Tahar%® reported extensive Ly State of condensed ring molecules—i.e., with pre-
studies of the DPTR in 7-azaindole dimers in the condensedominant(HOMO) — (LUMO +1) MO single excitation—
phase, where they also found biexponential relaxation wit£orresponds to th&2 state and has a smaller transition di-
similar time constants to those obtained by Zewail and coPole moment. _
workers, but interpreted their results according to a reaction !N this paper we have not presented a comparison be-
mechanism that involves initial population of the'l,” ~ tWeen our population decay profiles and the experimental
state—assumed to have a larger oscillator strength, and 149nals, since simply raising the ground state population up
located at a higher energy than théL” state—followed to the excited state corresponds to irradiating with a broad

a . . .
by ultrafast electronic relaxation to the'l",” state (with a ~ and of frequencies which populate only t5& electronic

rate constant of 200 fsand then fast concerted double- state. Our interest here was thus to characterize the electronic

proton transfer to the tautomeric form in the sanm & state with larger oscillator strength constant and simulate the

electronic state. These authors ruled out the possibility of¢/axation dynamics made available by nuclear and elec-
assigning the fast fluorescence component to a hypotheticPNiC Processes, sampling all the possible types of initial
2witterionic state, since the fluorescence peak at 350 nm wa2nditions at the low-temperature limit. However, the more
away from the 420—450 nm range expected for the zwitteri—amb't'ous task of simulating specific time dependent experi-

onic fluorescence. Furthermore, they considered that the u'i‘-“e”ta' signals is the subject of future wdfkwhere the

trafast component was not relevant to the actual proton trané\pprquate SC-IVR method IS mplgmented accqrdmg toa
location, since the time constant of the ultrafast componen'ieactlon surface model potential in higher dimensionality.
remained unchanged by deuterium substitution.
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APPENDIX: APPROXIMATE SC-IVR METHOD

Here we present the derivation of the approximate pre-

exponential factoiC,(py,qg) given by Egs.(2.7)—(2.9) and

used for all the SC calculations in this paper. The exact ex

pression for the HK pre-exponential factor is

Ct(Po.Go) = vdef{M,], (A1)

where the matriXM, is the following linear combination of
components of the monodromy matrix:

1|49 ., ap 1 .dp
s A R T
do Po ' d0o
., 90
—2ih— -/, A2
a0s Y (A2)

Qt:_Kt'Qtv

which is isomorphic to arN-state coupled channel Schro
dinger equationqwith t playing the role of the “translational
coordinate’). The adiabatic approximation to this is obtained

(A9)

by introducing the orthogonal transformatian that diago-

nalizes the HessiaK,; at each timd,
L{ K Li=w?, (A10)

where @, is a diagonal matrix of frequencids.f. the “in-
stantaneous normal modes”If one neglects time deriva-
tives of L—this is the adiabatic approximation— then the

transformed matrice®, and P,
étELtT'Qt'Lta

~ (A11)
P=L{-P:L,,

remain diagonal at all timet The diagonal elements are

where y is the diagonal matrix whose elements are the co-obtained by integrating th one-dimensional equations,

herent state parameters in £8.4), and
( G| _ Io(i)
9o/ ; %))’

Defining the matrice®, andP; as the following linear com-
binations of the monodromy matrix elements:

etc. (A3)

st [ 99
Qt:a—%_z'h(a_m) Y
SR o
d0o IPo
one sees that the matrid; of Eq. (A2) is given by
_1 i —1
Mt_z Qi+ TR Pt) (AS5)

Furthermore, the matriced; andP,; can be obtained by in-
tegrating the following equations:

Qt:Pt:
pt:_Kt‘QI!

whereK, is the Hessiar{or mass-weighted force constant
matrix at timet along the trajectory,

(AB)

Vg 0.(0)
K --=+; A7
(Ko, d9y(1)dq:(j) (A7)
the initial conditions for Eq(A6) are
Qo=1,
Po=—2ifiy. (A8)

The exact calculation of the matrid; (and thus the
pre-exponential factor, as its determinathtus requires one
to integrate the matrix equatioi86), with initial conditions
(A8), with M, then being given by EqA5). The integration
of these equations is @D(N?) process because of the matrix
operations that are involved.

Qu(k,k)=Py(k,k),

- . (A12)
Pi(k,k) = — 0y (k)“Qi(k,k),
for k=1,... N, with initial conditions
Qolk,k) =1,
~ ) (A13)
Po(k,k)=—2i% y(k).
Finally, the matrixM; is then given by
1~ L1 t
Mt:Lt'E Qt"‘ﬁ?’ Pf-Ly, (A14)
and since det(t)=det(LtT)= 1, one has
1/ =
de(M,)=de 5 Qt"'ﬁ'}’ P,
(A15)

N1 i -
=g§@wm+ﬁwwwwmy

whereby Eq(A1l) gives the adiabatic pre-exponential factor
described in Sec. Il A.

This adiabatic approximation should be good if the fre-
quenciesw;(k) remain well separatecor the local normal
modes are not strongly coupledlong the trajectory, but we
note that the pre-exponential factor will also be given cor-
rectly by this approximation in theppositelimit, i.e., if the
frequencies undergo a sharply avoided crossiogal Fermi
resonanceat some timet. In this “diabatic” limit the in-
stantaneous frequencies=(the potential energy curves in
the analogy to coupled-channel Sattirmger equationsim-
ply re-label themselves, and since the pre-exponential factor
involves thedeterminanti.e., a product of them all, the order
of the product is immaterial. One thus has the fortuitous
situation that the result fo€, will be given correctly, not
only in the adiabatic limit but also in the diabatic limit. One
can hope that it will not be too far off in intermediate cases.
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Finally, we note that it may sometimes be useful to solve?V. I. Pechenaya and V. I. Danilov, Chem. Phys. Létt, 539 (1972).

the one-dimensional equatiofa12) with a WKB approxi-
mation. With the boundary conditions of E@\13) this gives

( ) 1/2 t ’
Quk k)= ( (k)) SUOdt wt,(k))
2iA y(k) ( )
— 5 dt’ (k)
(oo k) f ul

. (A16)
ﬁgkmz—mdmmwnmw<kmmwmﬁ

1/2
t( )) {fdt’wt )
so that Eq(A15) becomes

1 wo(K) (k)
§<\/wt(k) \/ )

o I L(k)
xcos(fodt wtr(k)> 2( wo(K) wy(K)
+M) Sin( jtdt’wt;(k))- (A17)

0

—ﬁﬁﬂm(

N
detMt>=k[[l

2hy(k)

This WKB approximation, however, does not take accoum‘46
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