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Mixed gquantum-classical atomistic simulations have been carried out to investigate the mechanistic details of
excited state intramolecular electron transfer in a betaine-30 molecule in acetonitrile. The key electronic
degrees of freedom of the solute molecule are treated quantum mechanically using the semiempirical Pariser
Parr—Pople Hamiltonian, including the solvent influence on electronic structure. The intramolecular vibrational
modes are also treated explicitly at a quantum level, with the remaining elements treated classically using
empirical potentials. The electron-transfer rate, corresponding te S, relaxation, is evaluated via time-
dependent perturbation theory with the explicit inclusion of the dynamics of solvation and intramolecular
conformation. The calculations reveal that, while solvation dynamics is critical to the rate, the intramolecular
torsional dynamics also plays an important role. The importance of the use of multiple high-frequency quantum
modes is also discussed.

. Introduction R

Since electron transfer (ET) processes are ubiquitous in a large

variety of chemical and biological reactions, many recent AN
theoretical and experimental studies have been devoted to |
understanding the details and mechanisms of ultrafast ET
reactions. In particular, intramolecular ET has been a primary R [{] R
focus in recent research because the contributions of diffusional
encounter can be avoided, and the process can be photoinitiated. 0
For such an ultrafast ET reaction, nonequilibrium solvation
effects and the details of the accessible intramolecular vibrational
energy levels have been inferred to play a crucial role. To
incorporate these nonequilibrium effects on the ET rate, Sumi R
and Marcus described the dynamics with a formulation including
a low-frequency classical vibrational degree of freedom in O
addition to a diffusional evolution of a classical solvation -
coordinaté Jortner and Bixon pointed out that for electronic F19ureé 1. Molecular Str”Ct“rf tha b.eta'lne dye. For betaine-30, the
excited state ET, the potential impact of high-frequency pendant group R= CeHs and for the simplest betaine, R H.
vibrational modes was to introduce a manifold of vibrationally
hot ground-state levels as potential ET product vibronic pg girycture of a betaine molecule (a substituted pyridinium
surfaces. The treatment of both a diffusive solvent coordinate N-phenolate) is shown in Figure 1, where for betaine-30, the
and a quantized intramolecular vibrational mode was incorpo- pendant R groups are phenyl rings.
rated into an accessible low-dimensional hybrid model by The betaine-30 dye molecule is one of the most sensitive
Bar_bara and co-workefto account for their_experimental results solvatochromic probes and has been exploited as the basis for
for intramolecular ET of a solvated betaine-30 dye molecule. the Er solvent polarity scale of more than 300 solvehgince
- — _ ~ the ET reaction can be controlled by solvation dynamics or
(416'?'8"7""8'!-53“2'2““@‘3“9““-“toromo-ca' Telephone: (416)-978-6106. Fax: yjiprational Franck-Condon factors, or both, depending on the

. time scale for solvation dynamics, betaine-30 has been a target

*E-mail: rossky@mail.utexas.edu. Telephone: (512) 471-3555. Fax: el ! !
(512) 471-1624. molecule to explore the kinetics of ET in a relatively compre-
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hensive series of experimertt&.13 In addition, the most recent 2. Section 3 reports and discusses the numerical results of the
experiments on this systéfhave been interpreted as also simulations followed by some concluding remarks in section
reflecting intramolecular torsional dynamics, which was sug- 4.
gested as an important degree of freedom by earlier simulations
from our lab415 Il. Methods

The hybrid model mentioned above generally successfully
reproduced temperature and solvent dependences of experimen- Since the electronic transition of the ground to the first excited
tal data, with a model consisting only of a classical diffusive state of betaine-30 is the promotion of an electron froorbital
solvent mode, with a single low-frequency and single high- to axz* antibonding orbital, the accurate treatment of electrons
frequency solute vibrational mode. However, it is of consider- of the & subsystem is crucial to elucidate the intramolecular
able interest to see to what extent such a model with a smalltransition. Unlike conventional molecular dynamics (MD)
number of empirically derived parameters accurately capturessimulations, therefore, we have to treat the key electronic
the high dimensional molecular system. Further, it has been degrees of freedom of subsystem quantum mechanically and
suggested that the use of more realistic multiple time scale recalculate their wave functions at every MD time step. The
responses, including the fastest inertial time scale, is importantelectronic structure is calculated by employing the semiempirical
for the proper description of the true ET dynamiés'8 Inertial Pariser-Par—Pople (PPP) SCF meth8d5 with single excita-
solvent relaxation processes occur on the tens to hundreds okjon configuration interaction (Cl). This method has proved quite
femtoseconds time scale, and slower diffusional solvent motions adequate in reproducing the electronic transition energies of
occur on the picosecond time sca¥Since the inertial solvent  5romatic and conjugated syste®is®® The remaining electrons

relaxation can account for a large fraction of the electronic 4nq nyclej are treated as effective classical nuclear cores. For
energy gap dynamics, the relative importance of the two regimes ., re_core interactions, we include nonbonded interactions to
will depend on the accessible final vibronic states of the reactant. correctly describe torsional motions by steric eff@étThe

Eeerz;?]es’vcgreers fsrttl)lrlne;qZteltrzgfeodrtggtscurri]?iiz:flggtLS:iis (:rr}ar:ecrigll? excited-state energies are calculated from the diagonalization
. P P Y of the CI matrix. The most time-consuming part in the present

studied system. . ; . . . -
simulations is the calculation of the excited-state forces, which

i ' 4,15 i i - o ;
In earlier work from this lad"' practical mixed quantum- 56 performed by the matrix inversion of the coupled perturbed
classical simulation methods for such large molecular systems . tcca Fock equationd! For complete details, the reader is
were presented which treated most of the molecular elememsreferred to earlier simulétioriévﬁ '

in microscopic detail. The important quantum mechanical . . .
degrees of freedom, including electronic state, were treated ' e CHCN molecules are realized as a rigid three site model
with interaction sites at the atomic positions of the methyl

explicitly, with a surface-hopping algorithm for nonadiabatic . k
electronic transitions. These studies successfully reproduced &£rPon, carbon, and nitrogen. We use the solvent representation

number of properties, such as the absorption intensity, width, 02sed on the OPLS force fiékiinstead of that derived from
and position of the §to S, band. They also revealed interesting ab initio calculation® since the former potential parameters
elements, including the fact noted above, that the transition @re found to be superior in the ability to reproduce the observed
energy is strongly coupled with the central dihedral ring angle Spectral shiftd? One important difference between the two sets
(6 in Figure 1), that angle having the gas-phaseeScited- of parameters is that the dipole moment in the OPLS parameters
state minimum (and the minimum energy gap) for perpendicular is significantly smaller. The smaller dipole moment of solvent
rings. However, they were not able to evaluate a back ES  stabilizes the ground-state less and the energy gap between the
S rate, since that work used an unrealistic approximation for ground and excited states becomes smaller.

the intramolecular vibrations that the internal normal modes have  A. Nonadiabatic Transition Rate. To calculate the nona-

not only the same frequencies in the ground and excited state diabatic transition rate, we make use of the Kufimyozawa

but also that their minima were not displaced. This approxima- approack* treating intramolecular high-frequency vibrations
tion rg_stricts_, trans_itions_ between electronic states to vibrational explicitly. In spirit of the Sumi-Marcus modef, we assume
transitions involving single quanta. The very slow rate of the transition rate can be taken as a function of solvation
nc_)nad|abat|c _transmon inferred in the S|mu_lat|on is co_nS|stent progress that is time-dependent. The rate can be calculated by
with the hybrid model result that a more highly vibrationally 5y eraging over many trajectories starting from different initial

excited ground state is the preferred product channel. ~ conditions rather than by evaluating the required free energy
In the present paper, we address the roles of solvation quantities.

dynamics and intramolecular dynamics on the ET rate by

implementing a detailed molecular description of the solvated

excited state in a calculation carried out in the spirit of the hybrid

model. However, without the assumption about the character 1 i

of the vibrational modes involved or of the solvation dynamics, k,_, = —2de exr{ﬁAElJr} X

this is done in terms of a Fermi golden rule rate expression in h )

which the effect of solvation dynamics appears parametrically _! N

and the vibrational FranekCondon contributions are calculated B/”(T) exp+{ hf dr'A(r )}VJ'(O)D @

explicitly, although approximately. To do this, we extend the

elements included in the previous mixed quantum classical where A andV,; are the diagonal and off-diagonal coupling

simulations to explicitly include the full set of vibronic channels terms, respectively. The energy gap is defined\&g = E; —

consistent with a detailed multidimensional displaced harmonic E, determined from the diagonalization of the CI matrix and

oscillator model of the solut&22 exp; denotes a positive time-ordered exponential operator. If
The paper is organized as follows. We present the theoreticalwe assume that the ground and excited states can be described

and simulation methods implemented for this study in section by two identical mutually displaced multidimensional harmonic

In the lowest order of perturbation theory, the transition rate
between two adiabatic statesndJ is given by®
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surfaces, the diagonal coupling term is

_ 2 1‘ 2 2
A= Zwa 0,Q, + ZZwa 04 (2)

whered,, is the displacement of the equilibrium coordinate,

is the frequency, an@, is the mass-weighted coordinate for
normal mode. In earlier studi@s2?the effects of the frequency
shifts and Duschinsky rotations were not strong in the vibronic
spectra of the simplest betaine pyridiniddaphenoxide (R=

H in Figure 1). The effects were also found to be small in the
ET reaction between the tryptophan cation radical and tyr&8ine.
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TABLE 1: Sample Values of |[5,[J in a Dimensionless Unit

|5 o (cm™) |50 w (cm™)

0.403 1750.0 0.167 552.2
0.284 700.6 0.153 793.4
0.201 843.4 0.142 118.4
0.197 1212.5 0.135 1155.0
0.187 987.0 0.131 1337.2
0.186 1536.7 0.131 1695.1
0.185 728.7 0.129 1044.5
0.179 1613.4 0.126 1757.2
0.179 638.4 0.124 345.8
0.173 1669.4 0.121 1285.3

2The values are obtained by averaging the results of all time steps

Therefore, we assume that the effects can be neglected inin 21 trajectories. The 20 largest values are listed.

betaine-30, as well.
The adiabatic states depend parametrically on the nuclear
coordinates and the off-diagonal coupling term is given by

1 2
Vip =) WP, |W,P, + 5 WP IW,0  (3)
08

whereW, is thelth Cl wave function ané®, is the corresponding
momentum foro. mode. Following the KubeToyozawa
approact¥* we ignore the second term and assufe=
WP, | W ko be independent of the nuclear coordinates. Then,
the transition rate can be obtained as

1 i
Ky (t) = - [dr ex;{ gAEU(t)r} X

—1268(0 [cothu,( —1)—isi 117+
w. |cothu (COoSw T I SInw,T
‘Zha oo a o a a

1 2 -
52‘% w,[cothu,(cosw,r — 1) — i sinw,1]

o8

%ZSuz(t)wa[coth U, Cosw,T — i sin war]} (4)

with u, = fhw4/2. Note it is only the last term that allows the
normal mode with zero displacement to contribute to the rate.
The time-dependent ratk;—i(t) is evaluated by taking an
equilibrium average over initial vibrational states under the
assumption that the vibrational relaxation is very fast. This
assumption is in a similar spirit to that of the hybrid motiel.
Since we neglect the frequency shifts and Duschinsky
rotations, the values ab, can be obtained from the ground
state. The geometry optimization and normal-mode analysis of
the ground state for betaine-30 are performed with AM1
semiempirical Hamiltonian in the Gaussian 98 progfanio
obtain the values of the displacemedy, the normal-mode
analysis of the excited state should be performed but the numbe

of atoms in betaine-30 makes the analysis intractable at a reliable

level of the electronic Hamiltonian. Instead, we employ an
approximate projection method. The normal coordinates of the
ground state of betaine-30 are projected onto those of the
simplest betaine obtained in previous wotk$? We make the

reasonable assumption that the geometric structures and torsional

degree of freedom of the central framework in the two betaines
are similar to each other. The pendant rings in betaine-30 are
not coplanar with this framewor¥:*> This assumption is also
consistent with the fact that the effects of the frequency shifts
and mode mixing are weak for the simplest bet&## To find

the most similar mode between the normal coordinates of

betaine-30 and those of the simplest betaine, we calculate their

inner products; the displacemeht of o mode of betaine-30 is

r

taken as that of the simplest betaine that gives the maximum
value of the inner product. If the maximum value of the inner
products is smaller than a preselected value, wedset 0
assuming that no similar mode exists in the simplest betaine.
(Betaine-30 has a large number of additional modes.) After
calculating the intramolecular vibrational reorganization energy
with the equation:

e = g Yowedy? we find that 0.3 as a preselected value
produces a reasonable intramolecular vibrational reorganization
energy, 4538 cmt.413Table 1 shows the frequencies of the 38
modes of betaine-30 with nonzero displacement that are
determined by this process. For completeness, we note here that
the solvent reorganization energy was determined previsusly
to be 3625 cm™.

We have also considered an alternative model where hydrogen
atoms in the simplest betaine corresponding to the phenyl rings
in betaine-30 have masses ofHz. In order words, the model
assumes that the betaine-30 has the same electronic structure
as the simplest betaine except heavy-mass hydrogen atoms. In
this case, projection is not required, and we can use the same
values ofd, as those in the simplest betaine, neglecting all other
modes in betaine-30. We find no significant differences between
results for electronic dynamics reported below that are deter-
mined for these two models, suggesting that the assumptions
inherent in the projection approach are not crucial. Therefore,
all the results below are calculated with the projection method.
It should be noted that these methods are used only to find the
values ofd, and all the time-dependent simulations are done
with the full betaine-30 molecule.

The energy gap\E and the nonadiabatic coupling matrix
elementS, are time-dependent and should be recalculated at
every time step. We neglect nonadiabatic coupling due to solvent
motion, since it was found to be small in the previous
simulation!41> The value of §, can be obtained from a
calculation similar to that for the excited-state forces, but for
the off-diagonal quantity™W,|d/0R|Y ;01 For the details and
definitions of the required terms, the reader is referred to eqgs 4
and 7 in refl* We can make use of the linear transformation
coefficients{l} between the Cartesian and the normal mode

coordinates as
0 . 0
o]
Bﬂ‘an J Iz i |8R J

DenotingSy(t) as a survival probability that the system is still
in the state] att, the evolution equation

ds(t
% = — ki, ()S(1)

(5)

(6)
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can be integrated to obtaf(t). Because the rate is dependent
on the solvent coordinate that is time-dependent, the survival

probability need not be exponential, in genéfal &
B. Simulation Methods. After an initial equilibration of a 5’
total of 1200 CHCN solvent molecules at 298.15 K, maintain- <

ing a solvent density of 0.78675 g/ énthe betaine-30 molecule,

in an equilibrium gas-phase structure, is inserted. Removing
overlapping solvent molecules with the dye molecule makes
the total number of solvent molecules 1172. The system is again
equilibrated with the ground-state potential. The Neldeover
thermostat technique is used for equilibratién.

Initial ground state configurations to be photoexcited are
prepared by running further equilibration for at least 5 ps with
a time step of 2 fs to minimize correlations between trajectories.
The photoexcitation is simulated by placing the betaine-30
molecule in the first excited state instantaneously. The ground
state potential should then be replaced with that of the excited
state from this vertical excitation time step. We assume that
trajectories are adiabatic on the excited state and we do not
calculate the surface hopping probability, unlike earlier simula-
tions. The simulation of the excited state is basically the same
as that of the ground state except that the Nddeover
technigue is not used. To calculate the excited-state energies ) _ )
and forces efficiently, we consider only 50 single excitation Figure 2. Time evolutions of (a) energy gap, (b) central ring angle,
configurations, which are chosen at every time step by selecting2"d () Su.lr""’a' prIObab('j“t}’q' Tlhe C“f"l’e of survival pfr_obab;]hty o plgtted
the 50 lowest energy diagonal elements of the Cl matrix. For on a sernilog scale and the line of least-squares fit to the datafor

] ) ) ~> M o 2 ps is indicated.
the transition to the first excited state, which is the only transition
considered in the simulation, it is verified that the ground state experimental value of 16300 crh“ This implies that the

alkl)sorpti_ct))? specft_rum generated by th(_aseil 50 configug?tions andyround-state properties can be somewhat better described with
all possible con |.gurat|onfs are numerically comparable. . e present set of parameters. The equilibrium central ring angle

The neighbor list technique and periodic boundary condition ; {he ground state is about S8vhich is a comparable value
are used and all the interactions are truncated with a smoothto the experimental value of 68! or to other semiempirical

_cutoff of half_ the box Ien_gth. The equations _of motion are ., jation results of 4812 or 60F.42
integrated using the velocity Verlet algorithm with a time step The ph itation invol h . f |

of 2 fs. We use constraint dynamics such as RATTLE and ¢ ep otoexi|tatlloqn ||nvo VeIS. ¢ € promothpbq an € ectrlon
SHAKE to keep the rigidity of the acetonitrile and the betaine- T0M a7 to azx* orbital, resulting in an equilibrium centra

30 molecule€® The CHCN solvent molecules are realized as "N @ngle in the excited state of 9Qvhere the steric effects
arigid three site model. For betaine-30 molecule, we allow the &€ /S0 minimized. The most significant geometric change of
six ring rotations and the single stretching motion of the central Pétaine-30 due to the excitation should be that of the central

N—C bond, fixing all other degrees of freedom. ring angled, which can charac_terize the solute reorganiz_ation.
In the present work, we explicitly include the solute central 1he €xpected strong correlation between energy gapaisd
N—C bond stretching motion, in addition to the ring torsional Clearly seen in Figure 2, for times longer than 1 ps.
motions since the electronic distribution is expected to be The dependences of the rate on the energy gap and the central
coupled to this stretching motion. Electronic coupling across ring angle are plotted in Figure 3. We average the accumulated
this bond connects the two charge centers in Figure 1. Hence,results from all instantaneousE andé in 37 trajectories. One
by including this motion explicitly, we allow the electronic can notice the relatively larger statistical noise at smd]
distribution to be fully coupled to this degree of freedom. since the energy gap is much less frequently small. The figure
Nevertheless, there is a compromise here that needs to be notedhows similar strong dependences of the rate on hd&ttand
When treating the vibronic levels via normal modes in the rate 6 since they are correlated. The maximum rate in fact occurs at
expression, the contribution of this relatively low-frequency local a relatively large energy gap, not at the smallest gap, mirroring
motion to the energy gap is, in effect, included twice. As the the Franck-Condon density of vibronic states at that gap.
number of normal modes active in the process will be seen to Similarly, the maximum rate occurs at aroufid= 80° not at
be rather large, we have accepted this inconsistency. 90°. The fully twisted conformation is not an important one for
the ET dynamics.

In Figure 2a, the energy gap is seen to drop rapidly over the

To understand the details of the relaxation processes afterfirst 0.2 ps of trajectories. This rapid drop of about 0.7 eV is
photoexcitation, we plot the energy gap relaxation between the dominated by the inertial motion of the solvent molecules subject
ground and the first excited states and central ring angle as at0 the different forces present on two electronic surfaces. Then,
function of time in Figure 2. To minimize statistical noise, we the energy gap reduces more slowly until about 5 ps. After 5
have averaged 37 independent trajectories. First, we can observ@s, no significant decrease of the energy gap is found. These
the properties of the ground-state equilibrium from the data at different regimes can be also seen in the time dependence curve
t = 0. The averaged energy gap in the ground state is found toof central ring angle. The first one is the fast relaxation over
be 2.01 eV or 16200 cm. This is a slightly smaller value than  the first 1 ps of trajectories followed by a slower relaxation
17600 cm! in earlier simulations but very close to the phase until about 5 ps. And then the angle seems to diffuse

<6 (deg)>

A
=04

—

0.2

time (ps)

Ill. Results
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TABLE 2: Normal Mode Frequencies (cnT?) and
0.4 Displacements in the Ground State of Betaine-30with
Nonzero Displacement
mode 0 ) ) 0 mode 0
0.2 1 1141 053 16 752.0-041 31 1750.0 0.06
2 1184 —-596 17 7934 -0.04 32 1757.2 0.06
3 1253 020 18 901.2 041 33 17584 0.08
4 1904 022 19 938.1 0.06 34 1763.31.04
B 5 2926 038 20 9419 020 35 17795 0.02
2 6 3208 —0.78 21 947.8 041 36 1807.6 0.02
E 7 4335 —-0.78 22 9618 0.06 37 20076 0.31
Yo 8 4453 022 23 9633 0.03 38 31862 0.05
’ 9 464.7 —057 24 9714 0.20 . .
10 552.2 0.03 25 1377.1-0.16
11 578.8 —0.57 26 1379.8 —0.62
0.2 12 6165 0.03 27 1570.0—0.32
13 6384 0.20 28 15931 0.30
14 678.0 0.07 29 16951 0.02
15 7233 041 30 1726.0-0.41

90 80 60 50

70
a2 AM1 Hamiltonian is used to perform a geometry optimization for

6 (de:
) (deg) ) the ground state.
Figure 3. Averaged electron-transfer rate as a function of the energy

gap (upper) and the central ring angle (lower).

[in A Y PO
A AR 2O N WA A S

around 78, which can be understood by the fact that the SAJ-S 1
: . o . f lut

potei\n:[ll?’al surface regarding the rotation is relatively flat for large o frosa ey |

angle? E

Examining the two curves in parts a and b of Figure 2, we
can characterize at least four relaxation time scales. The first
one corresponds to the inertial solvent reorganization time scale
for 0—0.2 ps. The second relaxation on the time scale of 0.21
ps is caused by the diffusive solvent reorganization. Then, the
relaxation for 15 ps can be attributed to the solute reorganiza-
tion represented by the change of the central ring angle. After
5 ps, both the solvent and the solute seem to be completely
relaxed.

In Figure 2c, we plot the calculated survival probability as a
function of time. The smooth curve obtained by averaging 37
trajectories shows that the relaxation rate is nearly constant after
around 2 ps. The back transfer r&tg evaluated by a linear fit
to the data fort > 2 ps is 0.23 ps! and the corresponding
lifetime et is 4.35 ps. This value is much larger than 0.03%ps
of earlier simulation34 Since the major difference between the - . . .
present and the earlier results is the improved inclusion of high- o 1 2 3
frequency internal molecular modes, this result numerically time (ps)
proves that the high-frequency vibronic channels play an Figure 4. Time evolutions of (a) energy gap, (b) central ring angle,
important role in the ET reaction. However, the evaluated rate @nd () survival probability when the solute (solid line) or the solvent
is smaller than the experimental results of 8%&hd 2 psl4 (dashgd line) is frozen. The curve of survival probability is plotted on

. . a semilog scale.
Considering the character of the present model, particularly the
approximate electronic structure for the excited state, we The rate obtained with only the three most important modes
consider the agreement with experiment to be quite good, andyields a rate only about 5% of the total, while using the largest
sufficient to justify further analysis of the underlying compo- six yields only 10%. This reinforces the importance of the use
nents of the rate process. of multiple quantum modes rather than a single mode, in a

Since the nonadiabatic coupling from each normal mode realistic description.
contributes to the ET reaction in a collective fashion, including  To further analyze the observed multiple time scale relax-
potential cancellation in their sum, it is not straightforward to ations, we carry out simulations for the cases that solute or
single out the magnitude of the contribution of each mode. solvent molecules are completely frozen. In Figure 4, the time
Nevertheless, the value ¢f%,[J may be used as a measure of profiles of energy gap, central ring angle, and survival prob-
the magnitude of the contribution, as seen in eq 4. The ability are plotted for the frozen solute and solvent cases. We
instantaneous values o0f&,[] in a representative set of 21  have averaged 20 trajectories for the frozen solute case, while
trajectories are averaged for eaehmode and the 20 largest only four trajectories are sufficient to see the impact for the
values are reported in Table 2. The largest contribution comesfrozen solvent case. In the frozen solute case, the initial rapid
from the mode withw = 1750.0 cn?, which is very similar to energy gap relaxation is nearly the same as in the normal case
the value {qm = 1554 cnl) of the single quantum mode used for the first relaxation period of-80.2 ps. The second relaxation
in earlier work? However, Table 2 demonstrates clearly that it regime of the diffusive solvent reorganization for 82 ps is
is not the single dominant contribution, and determination of observed but the solute reorganization regime disappears. Thus,
the majority of the coupling requires a few dozen normal modes. the figure shows the dominance of the inertial solvent reorga-

<6 (deg)>

<S,(t)>
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displaced multidimensional harmonic surfaces. The values of
frequencies are obtained from the analysis of the ground state
for betaine-30 and the values of displacements are obtained by
using a projection method onto the modes of the simplest

betaine. The evaluated back transfer iggis 0.23 ps®. This
value is much larger than that in earlier simulations from our
lab and comparable to the experimental results, with inclusion
of a large number of the high-frequency vibronic channels.
The atomistic simulation results give a clear demonstration
that multiple time scale relaxations are important to describe
the election transfer dynamics correctfy!8 The fastest inertial
time scale dominates the large initial subpicosecond relaxation.
It is followed by the diffusive solvent relaxations on the
picosecond time scale and then by a slow torsional angle
relaxation of betaine-30. These multiple time scales are each
indispensable for the proper description of the energy gap
dynamics. We also find that the relaxation time scale of the
torsional angle is strongly dependent on the mobility of the
solvent molecules. Another important point of the present
simulation results is that a relatively large number of high-
frequency quantum modes participate in the electron transfer
_ dynamics. While the hybrid model with a single quantum nfode
time (ps) captures correctly the idea that both the low and high frequency
Figure 5. Time evolutions of (a) energy gap, (b) central ring angle, modes are important, multiple quantum modes are necessary
e The ey et e sents e reained o linyg (3 Y descrie the eecton ransier dynamicsof e igh
10 and 0.1 to masses of atoms in acetonitrile, respectivelz. The%zwgsd'mens.lonal molecular SySte".‘- Further, the fact that solvation
for acetonitrile obtained by averaging the same four trajectories are dynamics is found to be required to obtain a rate comparable
added for comparison. to experiment suggests that even in solvents with relatively slow
average relaxation times, observed ET rates likely reflect a

nization in the first period and the existence of the slower solvent Significant component of ultrafast solvation dynamies'?
reorganization period after that. In the frozen solvent case, no  Thus, the present simulation results provide considerable new
meaningful changes both for energy gap and central ring angleinsight into the ultrafast intramolecular electron transfer reaction.
are observed since the frozen solvent environment prevents theéBy successfully capturing the effects of high-frequency and low-
solute reorganization too. The evaluated rates are far slower,frequency quantum vibrational modes and contributions by
0.049 pstand 1.0x 104 ps for the frozen solute and solvent ~ Solvation, the detailed molecular level results can be useful for

cases, respectively. For the completely frozen solvent, a vastlythe interpretation of experimental observations. The methods
slower rate is seen. employed in this work to describe a delocalized electronic

To check the ET rate dependence on the solvent relaxationSystem should also be applicable to other interesting systems,
rate, we have also considered a change in the masses of théncluding conductive polymer¥.
solvent molecules. To mimic solvents which have slower and
faster relaxation rates, we multiply all masses of the solvent Acknowledgment. The authors gratefully acknowledge the
atoms by 10 and by 0.1, respectively. We have averaged fourSupport pf this research by a gra.\r?t from the National SC|.ence
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