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Abstract

The electronic polarization of organic molecular crystals is obtained using the atom—atom polarizability tensor and
charge redistribution in addition to previous theory based on induced dipoles. The dielectric tensors of anthracene and
perylenetetracarboxylic acid dianhydride (PTCDA) crystals are successfully related to molecular polarizabili-

ties. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Silinsh and Capek [1] discuss in detail the po-
larization energy of ions in organic molecular
crystals, with particular attention to acenes. These
crystals are insulators whose structure and spectra
closely resemble the gas phase, and exciton theory
assumes an oriented gas of molecules that respond
to applied or internal electric fields. The energies of
charges and charge-transfer states are important
for recent electronic applications of organic crys-
tals or thin films and charges lead to strong, long-
range interactions for typical dielectric constants
of & ~ 3. Theoretical approaches to polarization
rely on induced dipoles, as done by Mott and
Littleton [2] for atomic lattices. Munn and co-
workers [3-5] have found self-consistent solutions
for ions and ion pairs, and for crystals in a uni-
form field E. In their analysis, the crystal structure
and molecular polarizability « are known by hy-
pothesis and intermolecular overlap is neglected.
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Submolecules [6,3] with fractional « at rings are
used for tetracene or pentacene, whose size exceeds
van der Waals contacts. Perylenetetracarboxylic
acid dianhydride (PTCDA, Fig. 1) requires 11
submolecules at the centers of rings and C=0
bonds [7]. Recent applications include polar mol-
ecules and acenes with dipoles at carbon atoms [8].
Although submolecules are physically motivated
for conjugated systems, their ad hoc nature is well
recognized [1,7,8].

We introduce in this Letter another approach to
electronic polarization and apply it to the dielectric
tensors of anthracene and PTCDA crystals. We
retain the crystal structure, the molecular polariz-
ability, and continue to neglect intermolecular
overlap. Instead of submolecules, however, we
compute the atom-atom polarizability tensor Iy,
and find explicitly how charge redistributes in the
crystal’s field. We distinguish between molecular
and atomic contributions to «. Conjugated mole-
cules are ‘atomic’ for E normal to the plane; the
field distorts orbitals and induces dipoles. In-plane
fields yield the large linear and nonlinear responses
that are universally understood as delocalization.
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Fig. 1. Schematic representation of anthracene and PTCDA
molecules, with long (L) and medium (M) principal axes of the
polarizability tensor fixed by Dy, symmetry.

Charge redistribution is ‘molecular’ and involves
coefficients of atomic orbitals that in Hiickel the-
ory are not polarizable at all.

For simplicity, we consider centrosymmetric
molecules with atoms at a; from the center of the
molecule. The charge density p(r) = |¥(r)|* is the
same at —r. The induced dipole is

nE)=0o-E= /rp(r,E)du

= Z {aep(E) + n(E)} (1)

The sum is over atoms with partial charges p, and
dipoles p, whose precise definitions depend on
how volume or overlap is partitioned. The parti-
tioning is irrelevant in a uniform field and o de-
scribes the entire linear response. Crystal fields are
not uniform over large molecules, however. The
tensor II;, defined below in (3) gives the response
to changes in the electrostatic potential at any pair
of atoms £, p; it controls the redistribution of p, (E)
in (1). The first sum in (1) is the molecular part,
oy - E, which corresponds to charge flow in m-
systems. We attribute the remainder, (a — o) - E,
to induced dipoles whose treatment follows pre-
vious theory [3]. Then p, = o - E; is the atomic
contribution to (1) and we formally have sub-
molecules, now taken as atoms, to describe the
distortion of atomic orbitals under local fields. The
physical difference is that p,(E) conserves charge

about each atom while o, - E redistributes it over
molecular distances.

Coulson and Longuet-Higgins [9] defined the
mutual m-electronic polarizability of atoms [10].
The electrostatic potential or site energy ¢, of atom
k is related to ionization potentials in semiempir-

ical methods. A uniform field gives ¢ = —a; - E

and atom-atom polarizability I1j,

Oy = Z akl'[kpap. (2)
kp

It follows at once that E normal to a planar mol-
ecule is orthogonal to all a,. We include all valence
electrons, not just m-electrons, to find oy, and treat
IT as a susceptibility. This differs by a factor of
—1/2 from the original tensor = [9]. The links of
II;, to Hiickel models and one-electron theory
rationalize why charge redistribution is far easier
to compute than atomic polarizabilities. More-
over, since p,(E) is related to o — o, approxima-
tions in IT are partly compensated by induced
dipoles when o is known accurately.

Self-consistent dipolar fields appear in the pre-
vious analysis [1,3] of induced dipoles. We extend
the oriented gas model to include self-consistent
atomic charges p,(E) and Coulomb fields. We
present the general solution for any distribution of
fixed charges and then use translational symmetry
to compute the electronic dielectric tensor, or in-
dex of refraction, of anthracene and PTCDA
crystals.

2. Charge redistribution

We consider a molecule or ion s with atoms at
a,, electronic energy W, and site perturbations
gy, with g = 0 in the unperturbed system. The
number operators n; refer to valence electrons. As
in m-electron theory [10], Taylor expansion of

W, () yields atomic charges p\” in first order and
II;, in second order, with

oW,
H(S) — s
kp <68k68p>
_ (Glni|R) (Rln, |G)
= 22 e (3)
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The order of the symmetric matrix IT is the num-
ber of atoms. The formal sum is over exact excited
states with energy Ej, excluding R = G, and is re-
lated to the second-order correction W% to site
perturbations. The susceptibility is actually com-
puted as second derivatives of W, with respect to
. We have different IT;, for the ground states of
molecules, cations and anions. INDO/S [11] is well
suited for repetitive calculations: it is fast, ¢ can
readily be varied, and spectroscopic parametriza-
tion yields satisfactory oy, We expand [12] the
wavefunction in terms of orthogonal atomic orb-
itals to obtain Lowdin charges p,io). The change in
atomic charge is

oW, ,
() _ s _ (0 (s)
P = (63k>8_pk - Ep I}, ep. (4)

The partial derivative of ,(¢;) automatically takes
into account the molecule’s internal energy. Net
charge > pk is conserved since, as seen in (3), we
have (G| > m|R) = 0 by orthogonality for systems
with a fixed number of electrons. Charge conser-
vation on individual molecules is the key simplifi-
cation that follows from neglecting intermolecular
overlap and is central to our analysis. For the spe-
cial case of a uniform field, we insert ¢, = —a,, - Ein
(4) and substitute into (1) to obtain oy, in (2).

In the crystal, we associate volume ¥}, with each
molecule, take the origin at the molecular center,
and find the electrostatic potential ¢(r) in V.
The atoms k of the reference molecule have r =
r; (= a;) and ¢(r;) can be viewed as a site energy
&:. The crystal potential in a uniform field is

o(r,E)=—r- E—l—Z{ E)/[r — 17|

nm

(B (r—x)/Ir = e} (5)

The sum is over atoms n at r/ in all other mole-
cules m, and r is in ¥},. Atomic charges and dipoles
generate Coulomb and dipolar potentials, respec-
tively. The corresponding fields, —Vo(r,E), in-
duce dipoles. The general problem gives four
simultaneous linear equations at each atom [12],

- /’k = Z Hkp @(ry, E
. (6)
n —n = - Vo(r,,E).

Since IIj,, o and all distances are specified, the
potentials and fields due to E or p{” alter the
charges and induce dipoles that, in turn, modify
¢(r,E) and its gradient. The dipole moment of
polar molecules is given by E=0 in (1); 1t is the
sum of molecular contributions, 3, akpk , and
atomic terms uk that both vanish for nonpolar
molecules. An iterative solution [12] of (6) is based
on alternately updating atomic charges and di-
poles, and then potentials and fields, for a specified
distribution of molecules and molecular ions. A
modern computer workstation can conveniently
handle 10*-10° atoms.

3. Electronic dielectric constant

For the electronic dielectric constant, we take
all molecules in the ground state and drop the in-
dex ‘s’. Translational symmetry ensures equal p,E
and p, (E) in unit cells of Z molecules with Q atoms
each. We have 4ZQ simultaneous equations in (6).
The lattice gives Madelung or dipolar sums that
are found by Ewald’s method [13,14]. The geo-
metrical sums are, for each atom in the unit cell,

M) =3 {lr = =l -}, (7)
All denominators are finite because the prime ex-
cludes atoms in the reference molecule. The second
term is an equal and opposite charge at the center
of molecule m to ensure convergence; these con-
tributions cancel exactly for neutral molecules with
> pi(E) = 0. For one molecule per unit cell, the
double sum in (5) reduces to

o(rE) = —1-E+ Y {p,(E)M,(r)

- m,(E)- VM, ()} (8)

with r in V},. The general case has additional in-
teractions between atoms of different molecules in
the cell [12]. The potentials due to atomic charges
and induced dipoles lead to fields —V¢(r, E) that
act on induced dipoles. The dipole-field tensor [3]
T*(r) is *M,(r)/or,dr; and couples dipoles on
different molecules.

Anthracene (Cj4H;y, Z =2) crystals [15] lead
to 192 simultaneous equations (6) when ¢(r, E) is
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given by (8). The number is 304 for PTCDA
(C4HgOg, Z =2) crystals [16]. Both crystals are
monoclinic, with unique b axis. We solve for p,(E)
and p(E)=—o-Ve(r,E) for E along the
orthogonal directions b, ¢ and a*. The unit-cell
polarization for each orientation is

P(E) = Z {pk(E)ak — O - VQD(I'/(,E)}/V;

={-E ©)

The sum is over the atoms in the unit-cell volume,
V. = 2V},. The matrix { defined by (9) has principal
axes 2=>b, 1, and 3, and principal values
Ciis Loy, C33. The uniform applied field E appears
in (9), while the desired susceptibility y, in P = y F
involves the total field, F = E — 4nP/3. The sec-
ond term is the field due to the assumed spherical
sample. With E along a principal axis, we have
algebraic equations and eliminate E in favor of F
to obtain the principal indices of refraction

nt =gy =1+4nl, /(1 —4nl,/3). (10)

The principal axes 1 and 3 of n’ or ¢ are in the ac
plane, while 2 =5. We can also obtain (10) by
considering E = E; + 4nP/3 in (9) to be the local
field produced by a macroscopic field E, and the
polarization of other molecules. Along principal
axes, the displacement D =E;+4nP and
¢e=D/E, lead to (10). Both the directions
and magnitudes are related to gas-phase (o, IT) and
structural data in the limit of no intermolecular
overlap.

The crystal gives all distances and INDO/S
yields IT in (3) and a) in (2). These inputs are
fixed. The molecular tensor « in (1) is a completely

Table 1

independent quantity in the approximation of an
oriented gas, and either measured or calculated o
can be used; « is ultimately the reason for charge
redistribution and induced dipoles in the crystal.
Anthracene and PTCDA have D5, symmetry with
the long (L) and medium (M) principal axes in Fig.
1 fixed by symmetry. The normal (N) axis has the
smallest, purely atomic oy whose accurate calcu-
lation is demanding. The B3LYP [17] functional
with a 6-31G(d) basis is a widely used, normally
reliable hybrid density-functional theory that gives
less than half of ayy for anthracene. Table 1 lists
measured [18,19] principal components for
anthracene, B3LYP results with the larger
6-311++G(d,p) basis, and INDO/S results for oy,
in (2) that, as expected, are restricted to the plane.
MP2 calculations with the same basis give slightly
lower values. The TZVP-FIP values from [8] use a
comparable triple-zeta basis with a different ex-
change potential and special field-induced polar-
ization functions. We are studying larger bases in
which PTCDA is still feasible and emphasize that
o is a separate problem. Table 1 also has PTCDA
principal components with the larger B3LYP basis
and similar in-plane o, results. The atomic part of
(1) is the difference o — oy, between the molecular
polarizability and charge redistribution. As in
previous work [3,7,8], we evaluate E, at the as-
sumed induced dipoles. We distributed
> i o = o — oy according to the number of va-
lence electrons at atom k. Since the atomic part is a
correction to charge redistribution, the magnitude
and location of induced dipoles are less important.

Each choice of « yields an electronic dielectric
tensor (10) with different principal values and

Principal components of the molecular polarizabilities of anthracene and PTCDA along the axes shown in Fig. 1; o is obtained from
the experimental dielectric tensor in Table 2

Molecule Method oy (A) o (A) oy (A)

Anthracene Expt. [18,19] 15.2/15.9 25.6/24.5 35.2/35.9
B3LYP/6-311++G(d,p) 12.03 24.27 42.56
MP2/6-311++G(d,p) 12.12 23.43 39.38
TZVP-FIP [8] 12.82 25.44 44.92
INDOYS, oy, Eq. (2) 0 24.05 41.52
Oleff 14.1 24.8 42.4

PTCDA B3LYP/6-311++G(d,p) 18.06 50.27 88.18

INDO/S, oy, Eq. (2) 0 50.84 84.54
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Table 2
Principal componets of the dielectric tensor and indices of refraction, & = n?, of crystalline anthracene and PTCDA
Crystal Inputs £l Epp £33
Anthracene Expt [20-23], mean 2.49(10) 3.07(10) 4.04(20)
«/TZVP-FIP 2.35 3.09 4.31
a/B3LYP/6-311++G(d,p) 223 291 4.03
o/MP2/6-311++G(d,p) 222 2.83 3.72
o/expt., mean 2.69 3.14 3.39
oy, Eq. (2) 1.36 2.39 3.90
PTCDA Expt. [24] 1.9(1)/1.85 4.3(2)/14.07 4.6(2)/4.07
oB3LYP/6-311++G(d,p) 1.96 3.98 4.00
oy, Eq. (2) 1.01 3.75 3.78

The calculated ¢ are based on the indicated o in Table 1; the unique axis is &; &1, €33 are in the ac plane.

orientation in the ac plane. Table 2 presents
calculated results; ‘a/expt’ is the mean of the
measured « in Table 1. Crystal data for anthra-
cene are based on two measurements each of the
dielectric constant [20,21] and the refractive in-
dices [22,23]. The angle 0 = 28 4+ 2° between ¢,
and a fixes the orientation in the ac plane. The
calculated principal values in Table 2 are satis-
factory with either triple-zeta basis. Charge re-
distribution successfully bridges molecular and
crystal data without adjustable parameters in the
oriented-gas model. The calculated 0 is 31.6° for
the expt and B3LYP polarizabilities and 31.8°
for TZVP and MP2. We can also go from the
oriented gas to molecules. The principal compo-
nents ¢; in Table 2 are reproduced exactly by the
reasonable o,y of Table 1, although with
0 = 33.0°. We see that ~5% variations of o yield
similar changes in .

The PTCDA results in Table 2 are for crystal-
line thin films [24]. Since the two PTCDA stacks
are not quite at right angles, there is a small an-
isotropy in the ac plane that has not yet been
identified experimentally. The dielectric tensor and
indices of refraction are close to axial, with ¢,
nearly normal to the molecular planes. The
B3LYP/6-311++G(d,p) polarizabilities again ac-
count for the crystal data. The oy, results, which
only include charge redistribution and neglect in-
duced atomic dipoles, gives the in-plane response
but fail completely for ¢;;. The PTCDA lattice il-
lustrates the distinction between charge redistri-
bution leading to o), and orbital distortions in
o — Oyy.

4. Discussion

Charge redistribution and its self-consistent
calculation in organic molecular crystals are new
results. (6) for p, and p, reduce to induced dipoles
when neutral molecules are shrunk to a point
(a; — 0) without changing the lattice or a. We
then have a lattice with a polarizable point at each
molecule, as originally proposed for acenes [1,3].
Any distribution of « on submolecules k corre-
sponds to the p, equations in (6) with all p, =0
and leads to a self-consistent problem for local
dipolar fields. Submolecules aptly suggest a hy-
pothetical lattice of fragments that do not overlap
rather than delocalization in conjugated mole-
cules. The opposite limit of atomic charges without
induced dipoles reduces (6) to the p, equation and
Coulomb fields; this is the o, limit of charges only
in Tables 1 and 2. The crystal potential (5) con-
tains both charges and dipoles. Their treatment is
different, however, since p, is directly accessible
through the atom—atom polarizability (2) while p,
still comes from an assumed distribution of o;. We
expect charge flow in large conjugated molecules,
and atomic charges and dipoles can readily be
treated together. Their decomposition through I1
into oy, and o — oy, is convenient rather than rig-
orous.

Reis et al. [8] have recently discussed the linear
and nonlinear responses of anthracene crystals
using induced dipoles and «/TZVP-FIP (Table 1).
The dielectric constant ¢, is 5.25 for a single di-
pole at the center, 3.60 for dipoles in each ring,
3.14 for dipoles at the 14 carbons and 3.38 with an
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approximation involving anisotropic Lorentz
fields. Similarly large scatter are reported in the ac
plane for 1, 3 and 14 submolecules, which yield
g1 = 2.33, &35 = 4.38 and 0 = 30.8°. The fit with 14
carbons is satisfactory but leaves open the choice
of submolecules and the omission of H atoms.
These induced-dipole results are within a few
percent of o/TZVP-FIP results in Table 2 for
charge redistribution and the same molecular po-
larizability. Similar comments apply to PTCDA.
The B3LYP polarizabilities in Table 1 can be at-
tributed completely to induced dipoles at the
heavy atoms by setting p, = 0 = I, for all k,p in
(6) and oy =0 for H atoms. The resulting ¢ are
~5% higher than the principal values in Table 2.
Charge redistribution removes the arbitrary as-
signment of induced dipoles that, in sufficiently
large numbers, yield comparable results for an-
thracene or PTCDA. Charge separation over a
small distance goes smoothly into dipoles. More
extended conjugation in pentacene or o-sexithi-
ophene may sharpen the difference between charge
redistribution and induced moments.

Direct evaluation of charge redistribution shifts
the analysis from submolecules to comparisons of
molecular and crystal data. The experimental data
in Tables 1 and 2 have not been corrected for
dispersion or nuclear contributions. We have not
considered quadrupole moments [1] associated
with m-electron density above and below the mo-
lecular plane. Dy, molecular symmetry is reduced
to C, in both crystals. Anthracene and PTCDA are
at inversion centers and neither is strictly planar.
While deviations are inconsequential (1-2%) in
terms of calculated polarizabilities, they clearly
point to intermolecular interactions that are ne-
glected in oriented gases. Such quantitative issues
are beyond the present work.

Acenes are alternant hydrocarbons whose
atomic charges vanish rigorously in m-electron
models with electron-hole symmetry and are small
in higher-level theory. Induced dipoles at sp? cen-
ters are a natural choice. PTCDA and other mol-
ecules proposed for organic devices [25] have finite
p, that contribute to crystal fields. Charge redis-
tribution governed by IT applies equally to non-
alternant systems. It can also be applied as
interchain interactions to NLO spectra of conju-

gated polymers. Responses such as third-harmonic
generation, four-wave mixing, two-photon ab-
sorption and electroabsorption are modeled [26] in
terms of correlated m-electronic excited states and
charge redistribution in isolated strands rather
than polarizable atomic orbitals.

The unit-cell polarization P(E) is the natural
variable for a crystal in an applied field. The lattice
polarization energy of a molecular anion, cation,
or ion pair has a large electronic component that
can be viewed as linear responses to internal
sources. The oriented gas has Coulomb and di-
polar interactions between atomic charges and
induced dipoles that, in contrast to the case of
submolecules, already appear in the ground state.
Changes in lattice energies become the relevant
variables. Energy minimization corresponds to
charge redistribution in the self-consistent poten-
tial ¢(r) given by (8) with E=0. It also yields the
linear (6) with fields due to fixed molecular ions.
The polarization energies of fixed charges will be
presented separately [12].

In summary, we have presented a new approach
to electronic polarization in organic crystals.
Charge redistribution is related to the atom-atom
polarizability tensor I1, which gives the major part
of the molecular polarizability. We obtain linear
equations that generalize the self-consistent treat-
ment of induced dipoles to include charges and
compute the dielectric tensors of anthracene and
PTCDA crystals.
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