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Influence of molecular thermal motion on electronic excitation transport in anthracene crystals
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Anisotropies in both the diffusion coeScient of triplet excitons and the mobilities of electrons and
holes were numerically calculated in each direction of anthracene crystal axes at 95 and 290 K. Dynam-
ic fluctuations of the molecular position, obtained by a molecular-dynamics simulation method, were
used in ab initio calculations which determined the electronic excitation transport based on a hopping
model. Compared with results from investigations considering only static perfect lattices, improvements
were obtained in particular for the triplet exciton in the ab crystal plane and for the hole in all direc-
tions. However, as previously found in several studies, a discrepancy still remains between the theoreti-
cal and experimental anisotropies of the electron and triplet-exciton transport in the e direction as com-

pared with those in the ab plane. It is suggested this discrepancy is caused by static structural fluctua-

tions, such as lattice defects in real crystals.

I. INTRODUCTION

It is believed that in a determination of the anisotropy
and magnitude of the electronic excitation transport in
molecular crystals not only the static perfect-lattice
structure but also the molecular thermal motion should
be considered. However, the inclusion of molecular
motion is a difficult task because the dynamic fluctuations
of the molecular position are large and complex, corn-
pared with those in atomic crystals, due to the weak in-
termolecular interactions and anisotropic molecular
shapes.

The molecular wave functions for both the ground and
lower excited states have small values at distances of
about one van der Waals radius from the constituent
atoms; thus intermolecular electronic overlaps are nor-
mally very small for a static perfect lattice having an en-
ergetically optimized molecular configuration. In the an-
thracene crystal at 300 K, however, the root-mean-square
(rms) displacement of molecular location by thermal
motion is =0.2 A, and is not negligibly small compared
with the shortest interatomic distance between rnolecules

0
of =3 A. Interatomic overlaps (a component of the inter-
molecular overlap) usually vary as exp( —yr), where r is
the interatomic distance and y is a constant; hence the
electronic overlap must be significantly influenced by the
molecular thermal motion. This effect should then ap-
pear not only as Auctuations of the transfer rate, but also
as a shift of the mean value originating in the asymmetry
of the overlap integral with respect to the interatomic
displacement from the equilibrium position. It is subse-
quent1y assumed that the intermolecular excitation
transfer will take place at the moment that the molecular
configuration becomes ready for the transport, i.e., when
the transfer integral becomes large.

Transfer integrals are comprised of many intermolecu-
lar atomic integrals and are dif6cult to estimate analyti-
cally. The present paper therefore uses numerical analy-

ses to study the anthracene crystal since it has been ex-
tensively studied both experimentally and theoretically.
The previously calculated electron mobility for the static
crystal lattice' did not correlate with the experimental
results in the c' direction until analytical attempts in-
cluding molecular vibrations were employed: Gosar and
Choi failed to explain the anisotropy, using the idea that
polarization relaxation occurs when a molecule is
charged; Gosar and Vilfan' '" proposed the idea of
phonon-assisted mobility; and Sumi' found that molecu-
lar rotational vibration is especially important for elec-
tron transport in the c' direction.

In contrast, for the triplet exciton, the anisotropy
discrepancy concerning experimental'

' and theoreti-
cal' ' diffusion rates has not been explained, possibly as
a result of the complex calculations which may be re-
quired to include charge-transfer states. The reason for
this discrepancy, however, is expected to be similar to the
case of the electron.

The present paper studies the transport of triplet exci-
tons, electrons, and holes. The singlet exciton is excluded
since the main transport contributor is not an
intermediate-range interaction coming from the molecu-
lar orbital overlap, but instead a long-range dipole-dipole
interaction. Analytica1 treatments of the molecular
motion are difficult because of the large amplitudes and
complex translational and rotational vibrations. In order
to include molecular vibrations as rigorously as possible,
a molecular-dynamics (MD) simulation was adopted in-
stead of an analytical treatment involving uncertain ap-
proximation errors, and so the intermolecular electronic
interactions are treated as being spatially and temporally
dependent. However, lattice defects, which cause static
fluctuations, are not considered in this paper.

Ab initio calculations were made for the transfer in-
tegrals, with the mobility and diffusion coeScient in each
direction then being calculated by these integrals within
the framework of a hopping model. Experimentally
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determined mobility and diffusion coefficients were ob-
tained as spatially and temporally averaged quantities
within the simulation cell at simulation time.

II. MOLECULAR-DYNAMICS SIMULATION

Experimental data for crystal structures at 95 and 290
K were previously reported; therefore simulations were
conducted at these temperatures under the conditions of
constant energy, volume, and molecular number. Since
phase transition and defect generation are not of interest
here, a constant-pressure simulation was not used in or-
der to reduce the computing time. In addition, the unit-
cell lattice constants were fixed at the experimentally ob-
served values; Gear's predictor-corrector algorithm was
used with quaternion parameters for angular representa-
tion, and the time step was 2 fs. The simulation time was
taken as 10 ps after the thermal equilibrium state was es-
tablished, and is believed to be adequate for molecular
motion statistical analyses because of the short molecular
translational and rotational vibration period (=0.5 ps).
The simulation cell consisted of 75 crystal unit cells (5, 5,
and 3 units in the a, b, and c' direction, respectively) hav-
ing 150 molecules. A periodical boundary condition was
applied to the simulation cell.

The molecular potential was represented by the atom-
atom potential method using Buckingham-type (6-exp)
potentials with William's parameter set No. 4. The an-
thracene molecule was treated as a rigid body with the di-
mensions measured by Cruickshank. ' Two values were
used for the CH bond length dependiny on the task at
hand, i.e., the normal value of 1.08 A for molecular
moment-of-inertia calculations, and 1.027 A (Ref. 22) for
the potential calculation which considered the shift of the
hydrogen atom's center of electron density. The molecu-
lar potentials of the excited states were approximated
similar to those of the ground state since a preliminary

simulation using the excited-state potential, estimated
from the molecular polarizability, did not show an obvi-
ous difference in molecular motion from the ground-state
potential. The cutoff distance of the atom-atom potential
for all atom combinations was extended from 5 —6 A (Ref.
22) to 10 A for any combination of atoms, and covers
=95% of the lattice energy. Further increases in the
cutoff distance did not appear to affect the molecular
motion in the coverage range. Coulomb interaction was
not included because the contribution to the lattice ener-

gy is only 2.6%%uo of the total.
Molecular-dynamics simulation results for the loca-

tional and orientational distributions are respectively
shown in Figs. 1 and 2, being comparable to the experi-
mental results shown in Tables I and II. The ratios of
the rms deviations at 290 and 95 K are =2 in all distribu-
tions, and the orientational symmetry of the two unit-cell
molecules is equal to the experimental result expressed as
the P2&/a space group, i.e., the Euler angles are in the re-
lationship of 8, +92=180',P, —$2=180', and 1(,=f2. It
should be noted that the symmetry was not retained by a
lattice-energy optimization method using the quasi-
Newtonian algorithm (i.e., a static method). The MD
simulation's qualitative and quantitative agreement with
the experimental results is considered good enough to use
for the subsequent electronic transport calculations.

III. ELECTRONIC EXCITATION TRANSPORT

The triplet-exciton diffusion coefficients and the elec-
tron and hole mobilities are calculated using two steps:
(1) The transfer integrals between an excited (or ionic for
the charge carriers) and a ground-state molecule are cal-
culated using the intermolecular configuration obtained
by the MD simulation, and (2) the excitation transfer
rates which are based on a hopping (localized) tnodel are

Location

T= 95K 0.2—

Orientation

T= 95K

)

Bt

~ M
cA
C

Q
~ W

4—
o5

C4

Location

T—290K

~ Tsar

0.2—
c5

O
C4

0.1

Orientation

T= 290K

Bq

-1.0 -0.5 0 +0.5

Displacement ( A )

+1.0 -180
I I

-90 0 +90

Euler Angles (deg)

+180

FIG. 1. Molecular location displacement at 95 and 290 K.
AX, 6 Y, and hZ are the deviations from the perfect crystal lo-
cations in the a, b, and c' directions, respectively.

FIG. 2. Euler angles (0,$, %') at 95 and 290 K. The sub-

scripts 1 and 2 indicate the positions of the unit-cell molecules.
The curves of '0, and %z almost completely overlap each other.
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TABLE I. Root-mean-square deviations of the molecular position. The values of AX, 6Y, and AZ
are the calculated rms deviations of the location from the averages in the a, b, and c' directions, respec-
tively, whereas AL, hM, and hN are experimental results (Ref. 23) in the respective directions of molec-
ular axes L, M, and N, which are the long in-plane, short in-plane, and out-of-plane molecular axes, re-

spectively. The symbols 8 8, h,P, and h% represent calculated rms deviations of Euler angles from the
averages, while the symbols b, OL, 50~, and 68& (experimental results in Ref. 23) are, respectively, the
orientational deviations with respect to the rotations around the molecular axes L, M, and N. Experi-
mental results at =95 K are not available.

Location (A)

Calculation
95 K

0.090
0.089
0.112

290 K

0.182
0.189
0.227

Experimental
290 K

0.197
0.164
0.163

Orientation (deg) 2.36
1.55
1.99

4.72
3.06
3.90

3.82
2.24
3.10

calculated using the transfer integrals. The triplet-
exciton diffusion is well described by a hopping model be-
cause of a narrow bandwidth on the order of = 10 cm
On the other hand, because the bandwidth is =100 times
larger than that of the triplet exciton, charge transport
was treated using both hopping and band models, i.e., it
is in a region of applicability common to both models. In
the present paper both these transports use a hopping
model so as to phenomenologically and rigorously in-
clude molecular thermal motion.

The ab initE'0 calculation of the transfer integrals is
based on the methods of Jortner et al. ,

' and Tiberghien
and Delacote, ' and the triplet exciton integral is the sum
of exchange and charge-transfer interactions. The fol-
lowing is a summary of the method and assumptions
used. Molecular wave functions are represented by a
linear combination of ground-state carbon-atom self-
consistent-field (SCF) 2p wave functions since all interac-
tions are considered using the ~-electron approximation.
The transfer integrals consist of many intermediate-range
interatomic integrals between molecules; thus the atomic
wave functions are given by the sum of four Slater func-
tions which are accurate in the tail of the wave func-
tion. In contrast, the selection of linear combination of
atomic orbital (LCAO) coefficients of atomic wave func-
tions does not require such an accuracy, and the Huckel
coefficients without overlap are accordingly employed.
Both the nonorthogonality correction of the molecular

wave functions between molecules and the three- and
four-center integrals between different molecules were
neglected because of the approximate nature of the calcu-
lation.

Based on Fermi's golden rule, the hopping model's lo-
cal diffusion coefficient in the a direction at site i, D; (a
is a, b, or c'), is expressed as

Jl i

f g Jf)
f i

kT
F for Ef ~E;,

where Jf is the intermolecular transfer integral between
the excited or the charged molecule at site i and a
ground-state molecule at site f, R,f is the a direction's
cosine of the distance between the molecules, E; and Ef
are, respectively, the excitation energies of either the trip-
let exciton or the ionized energy levels for the charge car-
riers at sites i and f, k is the Boltzmann constant, T is the
temperature, and F is the vibrational overlap factor for
the molecular orbitals of interest, being considered con-
stant regardless of molecular position. For the triplet ex-
citon, F is the Franck-Condon factor between the vibra-
tional ground states of the triplet state and either the
ground or charge-transfer states, and was fixed at 0.25 for
both states in accordance with experimental spectroscop-
ic analyses and calculations. ' ' For the electron and

TABLE II. Euler angles of the molecular orientation. The symbols 0, P, and 'P are Euler angles (in

degrees) of a molecule in the unit cell. The other molecule in the unit cell is in the relationship ex-
pressed by P2, /a space group. The calculated results are the orientations averaged over the simulation
time and all rnolecules in the simulation ce11. The experimental results are derived from the data on the
direction cosines of the molecular axes with respect to the crystal axes (Ref. 23). The molecular orien-
tation of 0=0', y=0', and 4=0' is defined to that of the molecular L, M, and N axes equal to the crys-
tal a, b, and c' axes, respectively.

Euler angles

0 (deg)

y (deg)
+ (deg)

Calc.

63.92
63.98

—70.86

Expt.

62.29
65.22

—69.27

Calc.

63.39
65.01

—71.44

Expt.

62.09
66.33

—69.89
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hole, F is the squared vibrational overlap between the
ground states of a neutral molecule and a molecule
charged by an electron or a hole. Although these F
values are not accurately known they were set equal to
the triplet-exciton value in order to get a rough estimate.
If the excitation transport is from molecule i to f and
E, &Ef, the transfer rate must be multiplied by the
Boltzmann factor corresponding to the energy difference.
On the other hand, if an inverse energy relationship ex-
ists, there is no reduction using this factor. So when

Ef & E;, the Boltzmann factor is replaced by unity.
Values of J, R, and E are all site and temporally depen-
dent. The local diffusion coefficient is given by an aver-
aged D; with respect to time. In addition, the density of
state is uniform within the local bandwidth, QJf, where
the surrounding molecules j are summed around the tar-
get molecule f.

The global diffusion coefficient in the a direction, D,
is given by a spatial average of the local one as
D = ( D; ~ );, whereas the global mobility of the charge
carriers in the e direction, p, is conventionally expressed
by Einstein's relation, i.e., p =(p; );=e(D; );/kT,
where e is the electron charge. The observable diffusion
coefficient and mobility are respectively given by the time
average of D and p .

The diffusion coefficient is composed of the intermolec-
ular electronic, vibronic, and Boltzmann parts, with all
being dependent on the molecular configuration. The
electronic part is simply obtained from the temporally
dependent molecular configuration using the approxima-
tion that the molecular wave function is independent of
the molecular environment. The vibronic part is prob-
ably approximated well as being constant even if inter-
molecular vibrations considerations are included. The
molecular configuration fluctuations cause site-shift-effect
and polarization fluctuations, thereby causing a fluctua-
tion in the Boltzmann part.

The energies E; and Ef are not only determined by the
configurational relationship between the molecules i and

f, but also by the neighboring molecules, i.e. , over 30
molecules within the distance of about one unit cell. The
spatia1 and temporal averaging therefore results in the
Boltzmann factor being a constant factor B, hence Eq. (I )

can be rewritten as

fi f QJf,

factor in these areas is not isotropic, and averaging the
dynamic characteristics no longer results in a good ap-
proximation.

A. Triplet-exciton transport
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The triplet-exciton transfer integral is comprised of the
exchange and charge-transfer exciton interactions, with
triplet- and charge-transfer-state energies being required
to evaluate the latter contribution. For the triplet state
an energy of 1.83 eV was taken, while the energies of
the charge-transfer states were derived from Coulomb's
law for a dielectric continuum having a relative dielectric
constant of 3.2 and a band gap fixed at the optical value
of 4.4 eV, rather than the photoconductivity value of 4.1

eV 29, 30

Transfer integral results are shown in Fig. 3, where the
data are integrated with respect to space and time. Gen-
erally the values of exchange and charge-transfer interac-
tions have different signs, thus the total value is distribut-
ed over a corresponding range. Main components of the
transfer integral for the experimentally observed (static)
structure are also shown for the exchange, charge-
transfer, and total interactions. It should be noted that
fine structures dependent on the crystal structure appear
at 95 K but not at 290 K in the exchange and charge-
transfer interactions. The local diffusion rate expressed
as D; /B is widely distributed in each direction, as shown
in Fig. 4. The anisotropy of the diffusion rate derived
from (D, /B); is shown in Table III along with other
comparison data. By introducing molecular thermal
motion, the calculated anisotropy is shown to correlate

where B depends on the temperature and 0&B & 1. The
use of this constant is the fundamental difference from
the transfer integral case in which the interaction is pri-
marily determined by only the i and j molecules. The
Boltzmann factor is also discussed in Sec. IV. The es-
timation of the relative magnitude of the transports, i.e.,
D; /B and p,- /8 in each direction, is now the key to the
comparison between theoretical and experimental trans-
port investigations.

All previous discussions are valid for triplet-exciton
and charge-carrier transport. However, if the crystal
contains lattice defects, the fluctuation of the Boltzmann

0
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0
Transfer Integral (eV)
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FIG. 3. Triplet-exciton transfer integrals. Distributions of
the transfer integrals are shown for the exchange, charge-
transfer, and total interactions. The short, middle, and long
lines perpendicular to the abscissa axes, respectively, indicate
the main components of the exchange, charge-transfer, and total
interactions for the experimentally observed (static) structure.
Many minor components at =0 eV are not shown. The sign of
the integral was taken to be that valid under the C& point group.
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FIG. 4. The local diffusion rate D; /8 of the triplet exciton
in the a, b, and c' directions. The spatial average of (D; /B );
is 4.1X10,3.1X10,and 0.015X10 ' cm /s at 95 K, and
5.8X10, 6.0X10, and 0.049X10 cm /s at 290 K for the

a, b, and e' directions, respectively.

FIG. 5. Charge-carrier transfer integrals. The short and long
lines perpendicular to the abscissa axes indicate main com-
ponents of the integrals for the experimentally observed (static)
structure at 95 and 290 K. Many minor components at =0 eV
are not shown. The de6nition of the sign of the integral is the
same as in Fig. 3.

well with the experimental results at 290 K in the ab
plane; this is an expected result since the transfer integral
is very sensitive to the molecular configuration. Howev-
er, there is no improvement in the ratio of D, /D, b,
where D,b is the diffusion rate in the ab plane given by
D,b =(D, +Db )/2 (see Sec. IV).

B. Electron and hole transports

In the present model, the highest occupied molecular
orbital and lowest unoccupied molecular orbital of a neu-
tral molecule inhuence the hole and electron transports,
respectively. Transfer integrals of the electron and the
hole are shown in Fig. 5, where the calculated integrals
are distributed around the main components for the ex-
perimentally determined static crystal structures. The lo-
cal mobility expressed as p; /B is distributed as shown in

Fig. 6, with Table IV giving the anisotropy of the mobili-
ty derived from (p; /B); and other comparison data
There are no discrepancies when compared with the ex-
perirnental anisotropy of hole mobility since it is im-
proved in the ab plane. However, in contrast, the elec-
tron still shows considerable discrepancy in p, /p, b, be-

ing analogous to the case of the triplet exciton, although
it is improved by a factor of 2 compared to the static
analysis. This discrepancy was disappointing because it
contradicts previous analytical predictions. '

IV. DISCUSSION

Molecular thermal motion was confirmed to play an
important role in the electronic excitation transport in
anthracene crystals; however, discrepancies arose be-
tween the calculated and experimental anisotropy found
between the in-ab-plane and the c' direction for both the
triplet-exciton diffusion rate and the electron mobility.

The most probable cause of this discrepancy is the
presence of a number of lattice defects in the experimen-
tal crystals. Both the triplet-exciton and electron-
transfer integrals in the c' direction are approximately
0.01 of those in the ab plane for perfect crystals; thus
there is no doubt that the transfer rates in the c' direction
increase with an increase in the lattice defect density, and
also that the calculated anisotropy wi11 get closer to the
observed results. The defect density in melt-grown crys-

TABLE III. Anisotropy of the triplet-exciton diffusion rate.

Dg /D,
D, /D, b'

Dynamic

0.76
0.0042

-95 K
Static

0.77
0.0036

Expt. '

0.075

Dynamic

1.03
0.0083

-290 K
Static

4.8
0.010

Expt. b

1.2
0.073

'Derived using only D, =0.40X 10 at 118 K (Ref. 13) and D, =0.03 X 10 cm /s at 130 K (Ref. 15).
Experimental data of Db are unknown at =95 K.
Derived from D =0.15 X 10 ', Db =0.18X 10,and D, =0.012X 10 cm /s at 298 K (Ref. 14).

'D,b =(D, +Db)/2.
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FIG. 7. Potential-energy distribution for the ground-state
molecules.
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FIG. 6. The local mobilities of the charge carriers in the a, b,
and c' directions. The spatial average of (p;, /B ); for the elec-
tron is 13.6, 7.8, and 0.24 cm /V s at 95 K, and 4.1, 2.7, and 0.13
cm /Vs at 290 K for the a, b, and c' directions, respectively,
whereas for the hole, they are correspondingly 8.8, 13.8, and 4.7
cm'/V s at 95 K, and 3.9, 6.9, and 2.2 cm'/V s at 290 K.

tais was reported as 10 —10 cm for etch pits and
—10' cm for vacancies. A more quantitative discus-
sion is not presently possible since molecular arrange-
ments around the lattice defects are not known and infor-
mation concerning other types of lattice defects and im-
purities is not available.

The Eq. (2) Boltzmann factor, B, must be considered in
order to compare the magnitude and temperature depen-
dence of the calculated transport with the experimental
results. Although it is difficult to exactly calculate this
factor because of the difficulty of making a site-shift effect
estimation, it can be estimated approximately using re-
sults from a supermolecule approach, i.e., a relative
molecular displacement of =0.2 A (about the rms devia-
tion produced by the thermal motion) in the out-of-plane
direction for two molecules facing each other causes an
energy-level shift of =0.0666 eV for the triplet excited
state. If there is no effect from the other molecules, a

Boltzmann factor of 0.07 is obtained (290 K) from the
shift. On the other hand, based on the calculation and
the experimental data, the expected factor, 8, in the ab
plane given by (D, +Db)„~,=(D, +Db),„~, is =0.03.
This is in fair agreement to the estimation and indicates
that Eq. (2) is a good representation for the triplet exci-
ton. When considering the charge carriers, however, ap-
propriate methods to estimate the factor are unknown.

With respect to incorporating the temperature depen-
dence of 8 into the presented method, the ratio of the
width of the 95 and 290 K potential-energy distributions
(Fig. 7) was determined to be 2.6. The energy distribu-
tion for the excited states was then assumed to be caused
by an energy shift from the ground-state distribution
without changing the probability distribution, and conse-
quently the ratio of the average of Ef —E; at the two
temperatures was also taken as 2.6. Since the tempera-
ture ratio is 3.05, 8vs K was taken as 8 29o ~
( =3.05/2. 6). If Bz9o K =0.03, then it follows that

B95 K 0.017. Using this estimation of 8, the tempera-
ture dependence of the triplet-exciton diffusion rate in the
a direction would then be opposite to that observed in the
experimental results. However, all other directionally
averaged data obtained by various measurement
methods support the experimental r'esults. This ap-
parent discrepancy may be a result of the triplet-exciton
transport being very sensitive to the molecular
configuration as mentioned before, being subject to the
strong infiuence of lattice defects and impurities which

TABLE IV. Anisotropy of the charge-carrier mobility.

Electron Pb /P
P'/P b

Dynamic

0.57
0.022

95 K
Static

0.58
0.019

Expt. '

0.05

Dynamic

0.66
0.038

290 K
Static

0.60
0.021

Expt. b

-0.50
-0.30

Hole Pb /P.
P'/P. b

1.6
0.42

1.8
0.42

1.8
0.41

2.6
0.41

—1.8
-0.45

'Derived using only p, -6.3 (Ref. 5) and p, -0.34 (Ref. 31) cm /V s for the electron. The other experi-
mental data at =95 K are unknown.
Derived from p, —1.8, pb-0. 9, and p, -0.4 cm /Vs for the electron, and p, —1.2, pb-2. 1, and

p, -0.75 cm /V s for the hole (Refs. 5 —8 and 32).

p b =(p +pb)/2.
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become dominant at low temperatures.
Another possible factor which may cause discrepancies

in the results is the lattice relaxation due to molecular ex-
citations or ionizations. For the triplet-exciton transport,
the lattice relaxation around the excited molecule will de-
crease the excited energy level and increase the transfer
integral since the dispersion force of the excited molecule
is greater than that of the ground-state molecule, thus be-
ing more attractive to the neighboring molecules. For
the charge-carrier transport, the circumstance is almost
similar, although the force comes from the polarization
effect of the environmental molecules around the charged
molecule. The decrease in the energy levels and the in-
crease of the transfer integrals subsequently results in op-
posite effects on the transport, and so they more or less
compensate each other. And even if the lattice relaxation
is assumed to be faster than the excitation transports, the

inhuence on the transport is not considered strong be-
cause the self-trap phenomena of the exciton and the
charge carriers have not been observed in anthracene
crystals under the atmospheric pressure.

Further studies will include lattice defects and lattice
relaxations in the MD simulation in order to obtain
better correlating results. These effects are believed to be
more important than improving the transfer-integral cal-
culations since the transfer integrals are very sensitive to
the molecular position. It is realized this study con-
sidered only the anthracene crystal, but nonetheless the
molecular thermal motion is believed to be important for
estimating electronic excitation transport in other molec-
ular solids. MD simulations are expected to be a useful
tool because molecular motion at room temperature is
large and too complex for analytic approaches in the
determination of the excitation transport.
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