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Abstract: Theoretical investigations of charge transport in organic materials are generally based on the
“energy splitting in dimer” method and routinely assume that the transport parameters (site energies and
transfer integrals) determined from monomer and dimer calculations can be reliably used to describe
extended systems. Here, we demonstrate that this transferability can fail even in molecular crystals with
weak van der Waals intermolecular interactions, due to the substantial (but often ignored) impact of
polarization effects, particularly on the site energies. We show that the neglect of electronic polarization
leads to qualitatively incorrect values and trends for the transfer integrals computed with the energy splitting
method, even in simple prototypes such as ethylene or pentacene dimers. The polarization effect in these
systems is largely electrostatic in nature and can change dramatically upon transition from a dimer to an
extended system. For example, the difference in site energy for a prototypical “face-to-edge” one-dimensional
stack of pentacene molecules is calculated to be 30% greater than that in the “face-to-edge” dimer, whereas
the site energy difference in the pentacene crystal is vanishingly small. Importantly, when computed directly
in the framework of localized monomer orbitals, the transfer integral values for dimer and extended systems
are very similar.

Introduction and film thicknes$1¢ At least fout® pentacene crystalline
Molecular organic semiconductors are currently the object polymorphs have been rep.orttlad in the Iiter.ature,. Regent studies

of much interest because of their applications in new generationsO" Pentacene monolayéfsndicate that this variety is even

of (opto)electronic device’s5 A detailed understanding of the ~ 1arger. The electronic, optical, and transport properties of

charge-transport mechanism in these materials is therefore ofdifférent morphologies, despite similar geometric parameters,

. . . i 8—22
interest from both fundamental and practical points of vefv, vary substa_rmall}. )
since charge transport is a critical component of device operation The relationship between charge-transport properties and

in, for instance, organic light-emitting diodes, solar cells, or 98OMetric structure can be understood by considering the

field-effect transistors. electronic Hamiltonian in a simple tight-binding approximation:
The challenge for theory is to explain how chemical _ + N

composition, geometric structure, and packing affect the trans- H= zfmamam + Z b Py 1)

port properties. It was shown, for instance, that pentacene, one m men

of the most Stl.Jd'ed and promising organic semlcondu_ct_ors, Here, a, and an, are the creation and annihilation operators,
crystallizes in different phases depending on growth conditions
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respectively, for an electron on molecular sitge ¢y is the
electron site energy, artgy, is the transfer integral (electronic

than an infinite system. Thus, the absolute value of the transfer
integral related to hole transport can be obtained from the energy

coupling). Whether a bandlike or hopping transport mechanism difference,t = (Ey — En-1)/2, whereEy and Ey—; are the
is operative, the charge-transport characteristics depend on bottenergies of the HOMO and HOMO-1 orbitals taken from the

parameter8.’-23-28 For instance, the carrier mobility in the
hopping regime is controlled by the intersite electron-transfer
(ET) ratek;, given in the semiclassical approximationfb$?°

[z | (AE -2
= tﬁ fﬁj’,’{“ ex;{— W) (2)

Here,4; is the reorganization energy andE; = € — ¢j, where
¢ and ¢ are the energies of the initial and final states. The

s

intermolecular overlap of the electronic wave functions and thus

closed-shell configuration of a dim&#5-28.33-35\We show below
that the application of this simple approach is restricted by
several conditions.

Following Siebbeles and co-workei&s36 we define one-
electron dimer states in terms of localized monomer orbitals.
Assuming that the dimer HOMO and HOMO-1 result from the
interaction of only monomer HOMO@$L;), the orbital energies
of the dimer are described by the following secular equation:

HC — ESC=0 3)

the transfer integral depend delicately on the intermolecular WhereH andSare the system Hamiltonian and overlap matrices

distance and orientatioii.While charge transport also depends

on AEj, and this dependence was recently included in band-

structure calculations of oligoacene systems, the origingf
was solely attributed to the geometric differences of the two
molecules present in the unit céli2*We show here that there
is another contribution tAE; that results from the polarization

of the localized electronic states by intermolecular interactions.
We demonstrate that this contribution can be very large and,

like the electronic coupling, is also very sensitive to the details
of the system environment.

Here, without losing any generality, we will restrict our study
to hole transport. However, it is important to note that it is now
well established, on both experimestaland theoreticaf

in the basis of monomer HOMOs:

€ J12)
H= 4
(312 & @
1 S12)
S= 5
(Slz 1 ©)
The matrix elements that enter eq 4 have the form
ei=]]IJi||:||lpiD (6)
3 = (Wi AIw;0 (7)

The matrix elements, andJ; have the same physical meaning

grounds, that hole and electron transport can both be veryas the parametees andt; in egs 1 and 2; however, these two

significant in a number of organic semiconductors. While it was

long thought that organic semiconductors were almost exclu-

sively p-type, the development of efficient n-type organic
semiconductors opens the way to ambipolar deviées.

Methodology

Within a simple tight-binding model, the total valence
bandwidth ) results from the interaction of the HOMO
(highest occupied molecular orbital) levels of all molecules. For
instance, in the case of an infinite one-dimensional stdtk;
4t. In the same approximation, the interaction of monomer
HOMOs leads to a level splittingt2n a dimer. This result

provides a simple and often reliable way to estimate the transfer

integrals, since it involves the investigation of a dimer rather
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127, 16866.
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13148.
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sets arenotidentical. Indeed, while monomer orbitdls used

to derivee andJ; are nonorthogonal, egs 1 and 2 are given in
an orthogonal basis. An orthonormal basis set that maintains
as much as possible the initial local character of the monomer
orbitals can be obtained frof¥; by means of Lwdin’'s
symmetric transformatiof.In a symmetrically orthonormalized
basis, eq 4 takes the form

e
H™ = eff eff (8)
Jo, &
where
off :1_(31"' &) — 23,5, (6, — )41 — 52‘12 )
@2 1- §2
1
. Jio— E(el +e)S,
Jo= (10)

l_§2

In this Way,efff andJﬁff are now identical te; andt;. (We note
that neglecting to apply the orthogonalization procethleads
to J; values which can differ from the?ﬁ values by as much as
a factor of 2.)
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Equation 3 expressed in the orthonormal basis becomes a
standard eigenvalue problem:
0.15 4
H®Cc =EC (11)

The resulting energy splitting (absolute value) between the dimer

HOMO and HOMO-1 levels writes 0.10 4

Energy (eV)

AE, = (&~ &M + (22217 (12)

Equation 12 indicates that the transfer integﬁ@'f(s t) can be 0.05 4
estimated as one-half aiE;> when (1) the site energies
(qfe”) are equal and (2) the HOMO and HOMO-1 orbitals of the 1
dimer contain contributions that come exclusively from the
monomer HOMOs. We also note that when the transfer integral 0.00
is derived fromAE;,, it is explicitly assumed that an orthogonal
localized (diabatic) basis set is used and the derived transfer Angle
integral should be interpreted as an effective quantity that Figure 1. Evolution of the transfer integral and the difference of site
accounts for both]ij and Sj- energies as a function of the tilt angle in the ethylene dimer.

The fact thatAE;» can be affected by site energies was largely
overlooked in the literature, especially when dealing with
systems formed from identical monomers. The common as-

sumption that the site energies of identical monomers are the . .
P 9 contrast Aec reveals the opposite trend. As a consequence, in

same is incorrect when the monomers are not equivalent. Thisthe face-to-edge configuratione®" is the sole contribution to
can be easily understood based on symmetry considerations:; 9 9

. . . the energy splittingAE;».
the energy difference; — e (e‘iff - ezeﬁ) vanishes only if the . . .
matrix elementdHi, and Hy,, which define the site energies, A recent study of charge transport in a series of oligo

. ! heterocycle-based molecular systems by Hutchison &% al
can be obtained from one another by a symmetry transformation; L
i.e., the dimer is symmetric. Otherwise, when the molecules presents an even more significant enhancemerta upon

are not equivalent by symmetry, the molecules polarize each going from the cofacial to the perpendicular orientation. The

other differently andAeis nonzero. In this case, as we show enhancement m the energy spllttlng upon increase in the it
. . . angle was explained by the increase in overlap (and thus transfer
below, the energy-splitting approach can drastically overestimate. . .
. integral) resulting from the reduction of the nearest-contact
the transfer integral. . . - .
intermolecular distance. However, our preliminary calculations

Computational Methods indicate that the enhancement®E;, is due to an increase in

Most calculations were carried out at the density functional theory the pOIar'Zat'on'd”Ven §|te-energy Spl't_tmgeﬁff’ an_d has l'tt_le
(DFT) level using the B3LYP functional in conjunction with the O do with the transfer integral. A full investigation qf oligo- .
6-31+G* basis set. Some of the largest calculations were performed heterocycles based on our present methodology is now in
at the Hartree-Fock level of theory with the smaller 6-31G* basis set. progress, and detailed results will be reported elsewhere.

We found that the neglect of diffuse functions and the lack of electron ~ The significant polarization-inducetE; » (which results from
correlation in the HartreeFock model have a relatively small effect Aeeff) in the face-to-edge dimers of these nonpolar species should
on site energy differences but may have a significant effect on transfer not be surprising. A simple rationalization is that the positively
integrals (see Table S2 and subsequent discussion in the Supportingbharged hydrogens of the “edge” molecule lower the energy of
Information). In addition, we also carried out calculations (at the {4 mainlyz-type HOMO of the “face” molecule. To test this
6-31+G*/B3LYP level) on an ethylene dimer Where the atoms Of.one hypothesis, we computed orbital energies of each ethylene in
monomer were replaced with point charges (without basis functions), . .
the dimer where the other molecule was represented by point

fitted to reproduce the monomer electrostatic potential. Full details of . . - .
computations, including geometrical parameters, are presented in thecharges derived from the monomer calculation. The site energies

Supporting Information. All computations were performed with the €stimated in this way along with those derived from the
developmental version of the MPQC packéage. guantum-mechanical (QM) calculations (using eq 9) of the dimer
are compared in Figure 2. The site energy of the “face” molecule
decreases with the tilt, while the site energy of the “edge”
As a first example of hoinfzf and Aef depend on the  molecule remains mostly constant. Although the values of the
intermolecular parameters, we consider-atacked ethylene  site energies computed with the two methods differ to some
dimer with a fixed 5 A center-to-center distance and in which extent, the qualitative behaviors are similar. The good agreement
one monomer is tilted around its longitudinal molecular axis. between QM and mixed QM/electrostatic results underscores
Figure 1 illustrates the evolution dff and Ae*' as a function the mainly classical origin oAe (Ae®f).
of the tilt angle. As seen from Figure AE;, varies only slightly In our next example, we have studied the dependend@of
with the angle and is maximal at the face-to-edge configuration. as a function of the intermolecular distand®, Figure 3
compares the charge-transfer parameters obtained for a cofacial
(38) Janssen, C. L.; Nielsen, I. B.; Leininger, M. L.; Valeev, E. F.; Seidl, E. T. pentacene dimer with those obtained for a tilted dimer, as

The Massiely Parallel Quantum Chemistry Program (MPQGJersion .
2.3; Sandia National Laboratories: Livermore, CA, 2005. encountered in the pentacene crystal. The dependence of the

The transfer integral gradually decreases with the tilt angle from
its maximum value at the cofacial orientation to exactly zero
when the system reaches the face-to-edge configuration. In

Results and Discussion
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Figure 2. Comparison of site energies in the ethylene dimer derived from
guantum mechanical (QM) and mixed QM/electrostatic calculations (see
text for details).

Energy (eV)

Distance (A)

Figure 3. Evolution of the effective transfer integral as a function of
intermolecular center-to-center distang&® ¢f the cofacial and tilted dimers
computed by means of eq 1&) and the dimer energy splitting approach
(AE12/2). The two approaches are equivalent for the cofacial dimer but differ
qualitatively for the tilted dimer.
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Figure 4. Evolution of the transfer integral and the difference of site
energies as a function of the tilt angle in an isolated pentacene dimer and
a six-monomer pentacene stack.

incorrect dependence dfzf onR. This failure is due to the fact
that forR larger than 5-6 A, the AE;, energy term is dominated
by Aesft due to its electrostatic nature, this contribution decays
with R much more slowly than the overlap and, consequently,
the transfer integral.

Itis clear that the parameters obtained from dimer calculations
might be of limited usefulness for explaining charge transfer in
larger systems, such as thin films or crystals, because the
polarization in the dimer might not reflect the polarization in
the larger structure. The straightforward way to describe larger
structures is to use the Hamiltonian of the full (infinite) system.
Such a Hamiltonian, however, can only be computed for a
periodic system. We will therefore approximate the full system
by a small subsetl. Equations 6 and 7 become

6 = (W,|Hy,|W,0
J; = WA, ¥,0

(14)
(15)
For a reliable description of the local electrostatic fields when

computing the site energies and the transfer integral between
two given sitesi(andj), the subseM must include the sites of

transfer integrals on the intermolecular separation for analogousinterest as well as at least all nearest neighbors. We first consider
pentacene dimers was also recently discussed by Deng and prototypical one -dimensional arrangement of pentacene. The
Goddard’ but simply in the framework of the energy-splitting  evolution of J and Ae*'f as a function of the tilt angle in an
method (which again, as we show below, can lead to misleadingisolated pentacene dimer and a six-monomer stack are shown
results). As evident from Figure 3, for all considered distances, in Figure 4. Our calculations indicate that the transfer integrals
the electronic coupling derived for a cofacial dimer is larger for the isolated and embedded dimers, for any dimer configu-
than that in the tilted dimer. In both case&n exhibits the ration, practically coincide at all values of the tilt angle. The
same (essentially exponential) dependence on intermolecularsituation is quite different for the site energies. In the face-to-
distance; this result is not surprising, since the electronic face orientation, all molecules are equivalent, and there is no

coupling is driven by the orbital overlap which, regardless of
the monomermonomer orientation, decays exponentially with
distance. For the cofacial dimer, the estimatess&tased on

eq 10 and on the energy-splitting method are identical. In
contrast, in the case of the tilted dimer, the energy-splitting
method overestimates the coupling. For instanceRfer 8 A,

the energy-splitting method predictd% value of 60 meV while

the actual value is smaller than 1 meV. Moreover, the energy-

splitting approach in general would predict a qualitatively

net polarization contributionAes™ is therefore zero in the
isolated dimer and the one-dimensional structure. In a tilted
pentacene dimer, as in the ethylene dimer, the site energy of
the “face” molecule is much more strongly affected by polariza-
tion than that of the “edge” molecule. Thus, on going from
cofacial to perpendicular orientation, the site energy changes
from —4.74 eV to—5.08 and—4.61 eV for the “face” and
“edge” molecules, respectively. In the six-molecule stack, each
of the two molecules is affected by at least two nearest
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4 one-particle Hamiltonian must take the polarization effects
M‘F explicitly into account. We presented a straightforward method
to include these effects in a tight-binding Hamiltonian. We have

""300- 3 also shown that full QM calculations of the site-energy splitting
\ w can be well approximated by a mixed QM/electrostatic model.

We demonstrated major differences between the electronic

h.’i.)o structures of a pentacene crystal and a one-dimensional stack,
8 which can be explained simply in terms of local polarization
5 10 effects. The net polarization contribution to the site energy
M difference in the pentacene crystal is small because the two
6 nonequivalent molecules within the unit cell have nearly
identical environments. In contrast, the polarization-driven site
energy difference in a one-dimensional stack is enhanced with

respect to an isolated dimer. Similar examples of significant

Figure 5. The fragment of a pentacene crytaised to compute the charge- . . . . .
J g P v P g polarization effects on site energies are likely to occur in other

transfer parameterl(and 2 are the target molecules).

materials3®
neighbors. As a resulf\e® increases from 0.47 to 0.64 eV on ~ Our results also reveal that the energy splitting between the
going from the dimer to the stack. dimer HOMO and HOMO-1 levels could contain a significant

Finally, we examined polarization effects in a two-dimen- contribution from the polarization-induced site-energy differ-
sional layer found in the pentacene crystal. This structure €nce, Ae, even in the case of chemically identical (but
contains two molecules per unit cell, labetednd2. Polariza- ~ Symmetry-distinct) monomers (for instance, a tilted dimer). In
tion-driven site-energy splitting is therefore expected. A 10- this case, as we have shown for ethylene and pentacene dimers,
monomer fragment, shown in Figure 5, was chosen as a suitabl€he dimer energy-splitting approach significantly overestimates
approximation to the full crystal environment of molecules ~ the transfer integral. We have also shown that the problems
and 2.14 Compared to only two nearest neighbors in the one- arising from the energy-splitting approach can be avoided by
dimensional stack, each molecule now has four nearest neigh-computing the transfer integrals directly, in terms of properly
bors. Each molecule thus participates in four face-to-edge Orthogonalized monomer orbitals (eqs 7 and 10). Our calcula-
interactions. For example, moleculeinteracts as an “edge” tions indicate that the transfer integrals calculated in this way
with molecules?2 and3 and as a “face” with moleculet and for isolated dimers and for dimers embedded in a crystal
5. The strengths of these interactions can be estimated as theenvironment practically coincide. In contrast to the evolution
site-energy splitting due to polarization in corresponding dimers. Of the site energy difference, the polarization effects have little
For all four interactions, the dimer splittinga€) are 0.326 ey,  impact on the transfer integrals.
within 1 meV of each other. The important consequence is a Finally, we note that the neglect of polarization effects could
near-complete cancellation of the polarization effects of the four @S0 lead to erroneous results when the transfer integrals and/
face-to-edge interactions with a net result/oé = 0.034 eV or electror-phonon couplings are derived from a fit of ab initio
betweenl and 2; this value is approximately an order of band-structure calculations to a tight-binding Hamiltonian (eq
magnitude smaller than that in the isolated dimet.afnd 2. 1). Computational work to better comprehend these effects is
The main conclusion is that the site energies of the two types Under way.
of molecules are nearly identical in the pentacene crystal. As  Acknowledgment. This work has been partly supported by
in the one-dimensional case, the transfer integrals calculatedthe National Science Foundation CRIF Grant CHE-0443564.
for the isolated and embedded dimers practically coincide.  E.F.V. is grateful for funding from the Laboratory Directed

Our results suggest that, depending on the exact topology,Research and Development Program of Oak Ridge National
the site-energy difference obtained for an isolated dimer can Laboratory, managed by UT-Battelle, LLC, for the U.S.
build up or cancel in the crystal. Thus, any deformation of the Department of Energy under Contract No. DE-AC05-000R22725
crystal could significantly affect both the transfer integral and and from the School of Chemistry and Biochemistry at the
site-energy difference. This aspect should be properly taken into Georgia Institute of Technology. The work in the Bredas group
account in any modeling of the charge-transport properties.  has also been partly supported by NSF (through the STC for
Materials and Devices for Information Technology Research
under Award DMR-0120967 and the MRSEC at the University
Our key finding is that failure to account for polarization  of Minnesota under Award DMR-0212302 and through Grant

effects can impact the computed charge-transport parameterscHE-0343321) and by the Office of Naval Research.
of even nonpolar materials, e.g., pentacene, in a dramatic

fashion. In ethylene and pentacene dimers, polarization is the ' . . . .
y b P putations, including the geometrical parameters, are provided

greatest contributor to the site-energy splitting in the *face-to- as well as a discussion of the dependence of the charge-transfer
edge” structures. Such face-to-edge interactions abound in the P 9

herringbone-type structures commonly found in organic materi- zz;ag}eéﬁz oenvtigetr:gvlilt;rfng;e;tr)r/{tt-r'k/]/lsurgsfgsalnrls available
als of interest such as oligoacenes or oligothiophenes. To 9 p-//pubs.acs.org.
describe the electronic structure of such materials, the effective JA061827H

Conclusion

Supporting Information Available: Full details of all com-

9886 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006





