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Molecular dynamics simulations have been used to study the torsional potential surface and dynamics of 9,9’-bianthryl (BA)
in the polar aprotic solvent acetonitrile. In the gas phase, the ground state (So) torsional potential has a minimum at the perpendicular conformation with a twist angle of 90°, while for the first excited singlet electronic state (S1), the 90° twist angle corresponds to a local maximum with symmetric minima located at ~70° and ~ 110°, respectively. The solvent coupling to the
torsional coordinate in both the ground and excited states results in increased twisting with respect to the gas phase potential.
Two models for the charge distribution in the electronically excited state were studied corresponding to a locally excited (LE)
and a charge transfer (CT) state, respectively. The partial atomic charges representative of the So, LE, and CT states of BA were
obtained from fits to molecular electrostatic potentials created by electronic structure calculations employing the semi-empirical
INDO/1S Hamiltonian. The transfer of an electron between the two anthracene rings does not have a large effect on the torsional
potential of mean force in acetonitrile. This surprising result is partly attributed to delocalization of the electronic charge occurring over a large molecular region without substantial atomic charge buildup or depletion occurring on any specific atomic site
fully exposed to the solvent. The torsional dynamics ofbianthryl following photoexcitation was modeled by running nonequilibrium trajectories on the excited state surfaces with initial configurations chosen from the ground state distribution. The relaxation
time zt for bianthryl on the torsional surface in the excited state is estimated to be between 1.5 and 2 ps in acetonitrile. We have
also calculated the time correlation function C(t) for the fluctuations in the bianthryl-acetonitrile electrostatic potential. The
relaxation time is estimated to be zs ~ 200 fs. The possible consequences of the relation zs < zt are discussed.

1. Introduction
Electronically excited states in aromatic molecules
belonging to the special class of twisted intramolecular charge transfer (TICT) compounds have been
studied extensively over the past thirty years [ 1-3 ].
These molecules exhibit dual fluorescence in polar
solution from both locally excited (LE) and charge
transfer (CT) excited states. At present, there are over
50 compounds known to form TICT states [ 2 ]. A variety of experimental and theoretical methods have
been used to examine the TICT mechanism, including photodynamic studies of the kinetics for TICT
state formation [ 1 ].
One TICT molecule whose excited state fluorescence has been studied both experimentally and theoretically is 9,9’-bianthryl (BA), see fig. 1. Experimental studies have been performed using supersonic
beams and laser-induced fluorescence spectroscopy
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Fig. 1. Diagram of 9,9’-bianthryl.

to determine its gas phase torsional potential [ 4-6 ].
Other studies have examined the behavior of bianthryl in a wide range of solvents [ 1,7 ]. In the gas
phase, the ground state torsion of bianthryl has a
minimum at the perpendicular conformation 90°,
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while the excited state has a double minimum located at + 12°-23° to either side of a 90° maximum
[4-6 ]. The excited state is exclusively LE in character in the gas phase. In solution, the effective potential for torsional twisting will be modified due to the
interactions between bianthryl and the solvent. Furthermore, the LE and CT states are expected to interact very differently with a polar solvent. Experiments
indicate that the Stokes red-shift ofbianthryl is highly
dependent on the solvent polarity [ 8 ].
Both outer sphere (solvent dynamics) and inner
sphere (torsional twisting) processes have been invoked as rate limiting mechanisms for electron transfer in different TICT molecules. For bianthryl, a theoretical treatment of the steady state absorption and
emission spectra, and the time dependent fluorescence, has been based on an adiabatic excited state
potential surface [9]. In this phenomenological
model, the LE and CT states are strongly coupled, and
the charge transfer is assumed to be governed solely
by the solvent dynamics. The model fits the experimental data well. However, based on electronic
structure arguments, the torsional motion of bianthryl is expected to influence the dynamics of the
charge transfer process. At a twist angle of 90°, the
intramolecular electron transfer between the rt orbitals of the anthracenes is forbidden because the two
sets of ring orbitals are orthogonal. Based on orbital
overlap considerations, the rate constant for electron
transfer is expected qualitatively to increase quadratically with bianthryl twist away from 90 °. Assuming
that in solution there is also a significant population
of 90 ° conformers in the ground state, whether the
charge transfer is controlled by the twisting dynamics
or the solvent dynamics depends on the relative rates
of the two processes. If the twisting occurs on a time
scale that is comparable to or faster than the dielectric relaxation time of the solvent, then the charge
transfer should correlate with the "solvation time" of
the solvent [ 7,10-12 ]. On the other hand, if the
twisting is much slower than the solvation time, then
a population of bianthryl conformers should remain
unreactive on the solvation time scale. Molecular dynamics simulations of bianthryl in solution provide
a powerful approach to addressing the problem of the
relative time scales of twisting and solvent dynamics.
In this connection, we note the long history of the use
of molecular dynamics simulations to study the cis-

trans photoisomerization solution dynamics of ~t
conjugated systems (polyenes and polyethylene)
[13-15].
Equilibrium and nonequilibrium molecular dynamics simulations have been carried out to study the
effect of the polar aprotic solvent acetonitrile on the
torsional potential surface and torsional dynamics of
bianthryl. The simulations have been used to construct effective potentials (potentials of mean force)
for the twisting motion in acetonitrile. While the effect of solvent on the torsional potential of nonpolar
molecules tends to be small [ 16,17 ], there can be
quite large solvent effects on the torsional potential
of highly polar molecules [ 18 ]. Bianthryl presents an
interesting case since the ground state corresponds to
a nonpolar solute, while in the charge transfer excited
state, the molecule is highly polar. We have focused
on two questions in this study: ( 1 ) how strongly does
the acetonitrile solvent couple to the torsional coordinate in the So ground and the S~ excited states, and
(2) what is the time scale for bianthryl to equilibrate
on the S1 surface in acetonitrile following the simulated photoexcitation. The model potential surfaces
and molecular dynamics methods used in this study
are presented in the following section. The results and
discussion are presented in section 3.
2. Methods
Molecular dynamics simulations of a bianthryl solute molecule in a cubic box of 193 acetonitrile molecules were carried out in the NVTensemble using the
IMPACT program [19]. The equations of motion
were integrated with the velocity Verlet algorithm using the RATTLE algorithm to maintain bond lengths
and angles for acetonitrile [ 20 ]. The time step was 1
fs. Nonbonded interactions were truncated at 10 ]~.
The edge length of the box was 26.6 ]~ and periodic
boundary conditions were employed. The model of
Jorgensen and Briggs was used for acetonitrile [21 ].
This model uses an extended atom representation for
the methyl group. Partial atomic charges representative of the ground (So) and excited (LE, CT) states
of BA were obtained from electronic structure calculations employing the semi-empirical INDO/1S
model Hamiltonian [22] within the ESPPAC program [23]. Sets of atom centered charges were cre-
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ated from fits to quantum mechanical molecular
electrostatic potentials according to recently developed procedures described elsewhere [ 24 ]. The electrostatic potential is a one-electron property (the expectation value of r - 1 ) and its computation requires
the density matrix for the electronic state of interest.
For So, a Hartree-Fock wavefunction formed the basis for the one-electron reduced density matrix. Since
bianthryl in its perpendicular conformation exhibits
D2a symmetry, none of the electronic states will possess a permanent, nonzero dipole moment and the
charge transfer state is actually more appropriately
labeled a charge resonance state at this particular twist
angle [25]. Standard configuration interaction procedures were modified in order to develop atomic
charges representing the CT state. The excitation
space consisted of all possible single excitations derived from the 30 molecular orbitals bracketing the
Fermi level ( 15 "up", 15 "down"). The required
density matrix was then created using only those singly excited configurations that represent a unidirectional charge transfer from one anthracene unit to the
other unit. The resulting charge distribution thus reflects the complete transfer of one full electron at the
perpendicular conformation. The atomic charges derived for So were also used for the nonpolar LE state.
This approximation is justified by the fact that BA is
an even alternant hydrocarbon and hence there will
be no charge rearrangement between ground and excited states to first order within a rt-electron only picture. Examination of partial atomic charges for So and
LE computed in the zero-differential 0yerlap approximation with our configuration
’ ~ ’ waveinteraction
function justifies this approximation. The largest difference in partial atomic charges between the two
states is 2 × 10 - 2 (C 10, C 10’) and all other differences are less than 10.2. The partial charges for the
So, LE, and CT states are listed in table 1. The CT
state in the simulation has a dipole moment of 15.6
D directed along the 9,9’-axis.
The dihedral angle about the 9,9’ bond of bianthryl, ~, is the twist coordinate which affects the coupling of the LE and CT states. The torsional potential
of Yamasaki et al. [ 6 ] was used to model the intrinsic molecular contribution to the twisting of the two
anthracene rings about the central bond (see fig. 2).
These authors parameterized the torsional potentials
corresponding to the So and $1 states from the vi-
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bronic bands observed in the laser-induced fluorescence spectrum of BA in a free jet. The potential
function was assumed to have the form
6
Vmol(¢): 2 ½V,,(1-cosn¢).
n=O

Fitting to the data [ 6 ] gave the following potential
parameters (in kcal/mol) for So: V2=-143.5,
V4=-2.00, V6=14.87 and for S~: V2=-10.4,
V4=-3.80, V6=0.0. The S1 barrier height is ~0.4
kcal/mol. In these gas phase experiments the $1 potential corresponds to the LE state. There is no spectroscopic information available on the gas phase torsional potential of the CT state. However, the twist
potential computed by Rettig and Zander [25] for
the lowest CT state shows features qualitatively similar to that computed (and experimentally observed)
for the LE state. In our simulations we have used the
same intrinsic torsional potential parameters to represent both the LE and CT states. That is, in our
model the LE and CT states differ only in the partial
charges assigned to bianthryl atoms.
The effective torsional potential contains two contributions: the intrinsic molecular potential energy
arising from the interactions among the anthracene
rings and a solvent term arising from the interactions
ofbianthryl with the solvent, acetonitrile. In the adiabatic limit where the solvent equilibrates instantaneously to the changes in the bianthryl torsion, the
twisting is determined by the torsional potential of
mean force Vpmf(¢). The dihedral potential of mean
force is related to the bianthryl dihedral angle distributions calculated from the equilibrium simulations
by the following formula:
Vvmf( dp ) = -kB Tln p( O ) + C
= gmol(¢) -~- msolvent(¢) ¯

Since the potentials of mean force are only determined by the simulations up to an additive constant,
we have chosen the constant in each case so as to align
the energy curves at V(~b = 90 o ) in the figures.
The probability distributions p (~) corresponding
to the So, LE and CT states for bianthryl in acetonitrile were calculated from three different, simulations. In each simulation, the bianthryl state (So, LE
or CT) was allowed to equilibrate with solvent for 1
ps. Following equilibration, a production run of 150
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Table 1
Bianthryl ground (So) and excited (LE, CT) state parameters used in MD simulations
Partial atomic charges
atom

So, LE

CT

atom

So, LE

CT

C1, C8
C2, C7
C3, C6
C4, C5
C9
C10
C4a, C10a
C8a, C9a
CI’, C8’
C2’, C7’
C3’, C6’
C4’, C5’
C9’
C10’
C4a’, C10a’
C8a’, C9a’

-0.1192
- 0.0747
-0.0291
-0.1717
- 0.1768
-0.3229
0.1601
0.1915
-0.1192
-0.0747
-0.0291
-0.1717
-0.1768
-0.3229
0.1601
0.1915

-0.1934
- 0.2446
0.0366
-0.2526
- 0.4340
-0.5185
0.1487
0.1856
-0.0510
0.0952
-0.1107
-0.0788
0.1263
-0.0830
0.1856
0.1431

H1, H8
H2, H7
H3, H6
H4, H5
H10
HI’, H8’
H2’, H7’
H3’, H6’
H4’, H5’
H10’

0.0529
0.0578
0.0502
0.0727
0.1187
0.0529
0.0578
0.0502
0.0727
0.1187

0.0795
0.1059
0.0017
0.0629
0.1330
0.0371
0.0079
0.1015
0.0834
0.0890

Force constants

Equilibrium geometries

Nonbonded Lennard-Jones parameters

coordinate

value

coordinate

value

atom

a

~

C-C
C-H
C-C-C
H-C-C
C9-C9’

469
340
85
35
469

C-C
C-H
C-C-C
H-C-C
C9-C9’

1.40
1.09
120
120
1.45

C
H

1.648
1.372

0.12
0.01

ps simulation was carried out with sampling of the
torsional coordinate every 10 fs, for a total of 15 000
data points contributing to the corresponding probability distribution. In order to estimate the equilibrium effects on the twisting of bianthryl in acetonitrile, the potential of mean force Vpmf(~) was
computed for each of the three electronic states for
comparison with the intrinsic (gas phase) torsional
potential Vmo1 ( ~ ).

The nonequilibrium torsional dynamics of BA following the electronic excitation was simulated in the
following manner. First, 151 configurations containing the solute plus solvent coordinates and velocities
were chosen from the 150 ps simulation of ground
state bianthryl in acetonitrile. These 151 coordinate
and velocity sets, corresponding to the ground state
equilibrium distribution, provided the initial conditions for the nonequilibrium trajectories. For each

nonequilibrium trajectory, the BA molecular mechanics torsional potential and the partial atomic
charges were instantaneously switched from the So
state to the LE or CT state. Then the system was
propagated forward in time for 2 ps by integrating
the equations of motion. Thus, the simulations of the
torsional dynamics ofbianthryl in acetonitrile on the
LE and CT surfaces each consisted of 151 trajectories
with different initial conditions. The nonequilibrium
torsional distributions were constructed at selected
points in time (0.5, 1, 1.5, 2 ps) following the simulated excitation from the instantaneous values of the
BA torsional coordinate observed in the set of 151
trajectories.
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Fig. 2. Torsion potential ofYamasaki et al. in kcal/mol. (a) So
state, solid line is Yamasaki’s potential, the dashed line is the solvent modified potential as determined through the use of the torsion distributions. (b) S~ state.
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3. Results and discussion
._~ 0.04

The ground state torsional potential of mean force
for BA in acetonitrile is compared with the vacuum
potential in fig. 2. The vacuum potential is flat near
the equilibrium angle but rises steeply as the twist angle increases beyond 110° (70° ). In solvent, the appearance of the ground state torsional potential is
similar, but with decreased curvature. The minimum
is located at Ceq = 90 ° in vacuum and in solvent. The
root mean square fluctuation of the torsional coordinate is calculated to be ((A¢)2)1/2=6.6° and
((A¢)2)1/2=8.0° in vacuum and in acetonitrile,
respectively.
The equilibrium results obtained from the bianthryl trajectories on the LE and CT potentials are
shown in figs. 3 and 4. The solvent modified bian-

0.02
0.00

44
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Angle

136

Fig. 3. Distribution of the central dihedral angle. (a) Excited torsion in a vacuum. (b) The LE state in solution. (c) The CT state
in solution.

thryl dihedral angle distributions for LE and CT are
compared with the Boltzmann distribution on the
vacuum potential surface in fig. 3 and the corresponding potentials of mean force are shown in fig.
4. The most pronounced effect of the acetonitrile sol-
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Fig. 4. Solvent modified and gas phase torsional potentials for
excited bianthryl.

vent on the excited state is to increase the average
twisting of BA. In the gas phase, the most probable
twist angle is ~beq= 66° ( + 114° ), while in polar solution the most probable value is 58°-60° (120°.
122 ° ). The equilibrium fractional population of conformers twisted by more than 30° away from the
ground state geometry is only 16% in the gas phase,
while in acetonitrile, it is 39% and 33% for the LE
and CT states, respectively. The largest twist angle
changes observed during the trajectories on the LE
and CT states in solution were A~b = 74.7 ° (LE trajectories) and A~b= 66.2° (CT trajectories). The bianthryl model with CT charges has a flatter distribution
of torsion angles than either the vacuum distribution
or the distribution corresponding to the LE state in
acetonitrile. The solvent modified effective potentials are compared in fig. 4. The minimums in the
potentials of mean force are shifted to larger twist angles in solution. At the largest angle shown in fig. 4
(~=123°), the acetonitrile solvent stabilizes the
twisted geometry by about 1.5 kcal/mol with respect
to the gas phase potential. The barrier height increases to 0.7 kcal/mol in the LE state, a significant
increase relative to the experimentally determined gas
phase value (~0.4 kcal/mol). However, the computed barrier in the CT state remains virtually unchanged from the gas phase value.
Recent experimental data by Wortmann et al. [ 26 ]
support the computed results obtained for the LE state

in solution. From a determination of the $1 torsional
potential of BA in the nonpolar solvent 2-methylbutane, it was found that the minimum in $1 moved to
~beq = 62 ° ( 118 ° ) from its gas phase value Of~eq = 70 °
(110°). Furthermore, the barrier height at ~b= 90°
increased to 255 cm-1 (0.73 kcal/mol) in solution,
more than doubling in value compared to their estimated gas phase value of 116 cm- 1 (0.33 kcal/mol).
The experimental data pertain to the LE state, since
only a very small fraction of the BA molecules can be
expected to be in the CT state in this particular solvent. Although the solvents employed experimentally and computationally are different, the measured and computed changes in Ceq (A¢ ~,~ 8 ° ) and in
the barrier height (~0.3-0.4 kcal/mol) are nearly
identical. This suggests that, at least for the LE state
of BA, the solvent effect on the torsional potential may
be attributed to nonspecific effects related to solvent
size (e.g. both acetonitrile and 2-methyl butane are
bulky solvents) rather than specific solute-solvent
interactions.
It should be noted that a variety of semiempirical
electronic structure methods (HMO [27 ], QCFF/PI
[25 ], AM1 [28 ] ) all predict a very steeply increasing gas phase LE potential below (above) ~b= 55 °
(125 °) due to rising steric interactions between the
hydrogens of the two anthracene moieties. Twist angles far outside this range cannot be expected to occur often as a result of solvent interactions, because
of the intrinsic barrier, although we have not carried
out electronic structure calculations to optimize the
torsional potential at very large twist angles.
The time evolution of the BA torsional distribution functions calculated from the nonequilibrium
trajectories in acetonitrile following the simulated
excitation to the LE and CT states are shown in figs.
5 and 6, respectively. The data is very noisy even when
averaged over 151 trajectories. Still, the "flow" of the
distribution functions from the ground state distribution towards the equilibrium excited state populations can be clearly seen in both sets of trajectories.
At 0.5 ps after the simulated excitation, the torsional
populations still have a Gaussian shape characteristic of the ground state; by 1 ps after the excitation,
the bimodal features of the excited state distribution
functions are apparent. At 2 ps following the simulated excitation, the wings of the distribution corresponding to the most twisted conformations are sub-
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Fig. 5. Time evolution ofbianthryl torsion distribution after excitation to the LE state at (a) 0.5 ps, (b) 1.0 ps, (c) 1.5 ps, (d) 2.0 ps.

stantially filled in. Qualitatively, the twisting
dynamics appears to occur on the same time scale on
both the LE and CT surfaces; although from the comparison of the nonequilibrium torsional distribution
functions at 1.5 ps following excitation, it looks as if
the relaxation is slightly faster on the LE surface. The
relaxation time ~:t for bianthryl on the torsional surface is thus estimated to be between 1.5 and 2 ps in
acetonitrile. It is perhaps surprising that the torsional
relaxation times on the two surfaces are so similar
considering that the CT state is expected to be much
more strongly coupled to the polar solvent, and dielectric friction should slow down the twisting dynamics. We attribute the relatively small charge effect on the twisting dynamics to two factors: ( 1 ) the
delocalization of the charge in the CT state over a
large molecular region, and (2) the very fast solva-

tion relaxation (~:s) of acetonitrile. This is discussed
below.
The atomic charges in our simulated CT state correspond to a fully developed zwitterionic state with
transfer of an entire electron. However, about 55% of
the net change in charge is spread out rather than
being localized on just a few atoms. Seemingly large
buildups (depletions) occur on C9 (C9’) and C10
(C10’) which accept (donate) approximately 0.25
and 0.20, respectively, of the transferred electronic
charge. However, C9 and C9’ are interior atoms partially shielded from the solvent, so these charge
changes will not be felt strongly by the solvent. Furthermore, these four atoms all lie on the central symmetry axis and hence the changes in solute-solvent
interactions caused by the charge perturbation upon
excitation will tend not to introduce any torque on
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Fig. 6. Time evolution ofbianthryl torsion distribution after excitation to the CT state at (a) 0.5 ps, (b) 1.0 ps, (c) 1.5 ps, (d) 2.0 ps.

the molecular propeller planes. Thus, the twisting relaxation on the CT surface may not be significantly
influenced by the polarity of the state and hence it
relaxes essentially at the rate of the LE state.
In fig. 7, we show the autocorrelation function for
the fluctuations in solute-solvent interaction energy.
The relaxation of this correlation function defines,
within the framework of linear response theory, the
"solvation time" of the liquid %. While as defined, %
depends on the probe, experimentally (the relaxation of time dependent Stokes shifts) % is found to
be relatively independent of the probe for many liquids [ 7,10-12 ]. Several simulations of spherical solutes [29-31], ion pairs [32-34], and polyatomic
solutes [ 35-37 ] in water have reported solvation
times. A very complete study of the solvation dynamics of monatomic ions in acetonitrile has been re-

cently reported by Maroncelli [ 38 ]. In both water and
acetonitrile, % is on the order of a few hundred femtoseconds. The shape of the bianthryl-acetonitrile
solvation correlation function (fig. 7) is characteristic of the early and dominant portion of the decay
observed in the simulations of ions in acetonitrile, although in the ionic simulations an additional small
amplitude component appears which is not present
in fig. 7. Small amplitude motions of the acetonitrile
molecules in the first solvation shell of the bianthryl
provide the major mechanism for the relaxation.
The time scale for acetonitrile relaxation following
a charge per.turbation, % is almost an order of magnitude faster than the time scale for the twisting of
bianthryl, % following the simulated excitation onto
the excited state potential. Extensive rearrangement
of the solvent is required to accommodate the twist-
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<Av(o) AV(t) ) / < AV(O) ).
ing of this spatially extended solute molecule. Since
the solvent is able to adjust much more rapidly to
changes in the electrostatic potential of BA than to
conformational changes, the time required for equilibration of the torsional coordinate on the LE and
CT states following excitation is similar.
The question remains as to the possible role of
twisting in the electron transfer dynamics of BA. Our
key finding is that the twisting is much slower than
the solvation time, zt> vs. The solvent fluctuations
(and hence rs) will play a significant role in controlling the electron transfer because the solvent modulates the energy gap between So and $1 (the adiabatic
mixture of LE and CT) and hence the coupling between the states. However, qualitatively we expect
some fraction of the BA molecules remains unreactive on the ultrafast solvation time scale, because the
twist angle for this population remains very close to
90° where the electronic coupling between the rings
is minimal. This population would have to twist further away from the ground state geometry before reacting. This picture predicts a biexponential decay
curve of the LE excited state. The initial electron
transfer is determined by the ultrafast solvent fluctuations around those BA monomers with conformations predispo;ed to facilitate electron transfer,
while the slower portion of the decay reflects the
twisting of the initially unreactive molecules.
Barbara and co-workers [9,39] have developed a
kinetic model for electron transfer in bianthryl which
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fits their experimental fluorescence data well. The interesting feature of the time resolved emission spectra of BA is the persistence of a peak in the emission
spectrum from the LE state as emission from the CT
state grows in. To account for this observation, these
authors have postulated a small barrier in the adiabatic free energy surface $1 between an LE-like state
and a CT-like state. Such a model reproduces the
emission spectrum without considering the effect of
twist angle on the electron transfer dynamics. Alternatively, the delayed twisting of the initially unreactire (~ 90° ) monomers could also account for the
presence of LE emission as the CT emission grows in.
To further address the question of the possible role
played by conformational dynamics in excited state
electron transfer in BA and related TICT molecules,
better estimates are needed of the dependence of the
coupling matrix elements on twist angle. If it is found
that there is a large variation in the coupling with twist
over the range of twist angles accessible to the molecule in the excited state, it would be useful to develop
kinetic models for the electron transfer which include the twisting dynamics explicitly, given our observation that the twisting occurs on a slower time
scale than the solvation time.
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