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Abstract: For electron or hole transfer between neighboring conducting polymer strands or oligomers, the
intrinsic charge-transfer rate is dictated by the charge-resonance integral and by the reorganization energy
due to geometric relaxation. To explain conduction anisotropy and other solid-state effects, a multivariate,
systematic analysis of bandwidth as a function of intermolecular orientations is undertaken for a series of
oligoheterocycles, using first-principles methods. While cofacial oligomers show the greatest bandwidths
at a given intermolecular C—C contact distance, for a fixed center-to-center intermolecular distance, tilted
mr-stacking increases sr-overlap (particularly for LUMO orbitals) and decreases electrostatic repulsion, yielding
optimum tilt angles for packing of ~40—60° at small intermolecular separations. The calculations also reveal
that bandwidths and intrinsic mobilities of holes and electrons in conjugated oligoheterocycles can be quite

comparable.

I. Introduction

Conjugated organic materials are of immense current interest,
both for the intrinsic scientific challenges they present and for
the technologies they offer, including light-emitting diodes,
photovoltaics field-effect transistor$,and other elements of
“plastic electronics”. Over nanoscopic and mesoscopic length

scales, the mechanisms of charge transfer in organic conductive

materials are subject to considerable uncertainty and likely differ
substantially for different materiaf. However, near room

temperature, conjugated oligomers and polymers are known to
transport charge via a thermally activated hopping-type mech-
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anism>® which depends on the relative orientations and solid-
state packing of the species involv&d?

The charge-transfer process (for holes or electrons) between
spatially separated molecules (i.e., either two oligomers or two
polymer chains) can be summarized by either of the following
reactions:

M+MT—=M"+M
M+M —M +M

1)

where M represents the molecule undergoing charge transfer,

and the M or M~ species contain either the hole or electron,

respectively. If the temperature is sufficiently high to reasonably

treat vibrational modes classically, previous work yields the

following Marcus-type expression for the hole (or electron)
1

charge-transfer raté:1?
T
ktransfer: (M(BT) XF(_4|(B

whereT is the temperaturdi the Planck constant, arig the
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Boltzmann constant. The parameters of key importance in no information on the relative binding energies of particular
hopping transport are the reorganization enefgya¢company- molecular spatial arrangements. Other work investigated inter-
ing geometric relaxation associated with the charge transfer andmolecular interactions with semiempirical methodologdfes,
the effective electronic coupling matrix elemei) (between demonstrated that solid-state hole mobility in arylamines is
neighboring species, dictated largely by orbital overlap. The related to the internal molecular reorganization endrgyand
latter is spatially dependent since it describes the overlap of identified correlations between molecular architecture and
particular orbitals dictated by the mutual separations and internal reorganization enerd$2*However, the reorganization
orientations of the adjacent molecules. Since the conjugated CCenergy of a molecular system should not be orientation-
stretching modes are1500 cnt?, the classical high-temperature  dependent and hence cannot explain the anisotropy of conduc-
limit assumed in eq 2 is only approximate, and a full quantum tion.
mechanical treatment would lower the actual barrier from that A number of factors, including heteroatom identity, hetero-
computed fromk as described here. Recent work from our group cyclic substituents, bond-length alternation, and conjugation
investigated the variation df for hole transfer in oligohetero-  length, have been demonstrated in both experimental and
cycles® and demonstrated that eq 2 is an entirely reasonabletheoretical studies to be important in determining optical
approximation. Similarly, recent work predicting hole mobilities properties (particularly optical band gaig)2* bandwidth?* and
in pentacene via eq 2 yields reasonable agreement with singlethe internal reorganization energy of charge tradsfen
crystal experimental measuremettts. oligoheterocycles. However, there have been no systematic
A key challenge for understanding conductivity in organic analyses of how structural factors, such as intermolecular
m-electronic materials is to identify those structural factors geometric orientation, influence bandwidths in such materials,
important in charge-transfer rates and their dependence onand, in particular, which address how heteroatom identity
supramolecular architecture. Particularly noteworthy is the influences bandwidth or the energetic stability of particular
frequently observed anisotropic character of the conductivity, molecular packing arrangements. Such an analysis would
which implies preferred directions for maximum mobility in  provide an assessment of the possible range of charge-transfer
such materials and suggests that appropriate crystal engineeringates in such molecular solids, given reported values for the
to enhancer-overlap between molecules may be an attractive internal reorganization energies. It would also clarify important
route to improving the intrinsic mobility, for example, by structural factors required for design of new highly conductive
suppressing the typical herringbdfe!® packing of oligo- p- or n-type molecular/polymeric materials. Further, it would
thiophenes in favor of parallel eclipsed orientations. provide valuable predictions as to the mobilities expected for
Brédas et al. previously estimated the electronic coupling differentsr-stacking motifs, such as cofacial versus herringbone
matrix elementV in eq 2 from semiempirical computation of  versus tiltedr-stacks.
orbital splitting energies in molecular clustéré,but provided
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To this end, we present here a multidimensional, systematic
comparative study of the effects of structural parameters, such
as heteroatom identity, oligomer dimensions, and packing
arrangement on orbital splittings for holes (HOMO) and
electrons (LUMO) in three series of heterocyclic oligomers
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Figure 1. Heterocyclic oligomers investigated, including oligothiophenes
1, oligofurans2, and oligopyrroles3 of varying dimensionsn(= 2—4).

(b)

106.4 106.3

110.5

(Figure 1), including oligothiophenes, oligofurans, and oligo- -=
pyrroles. These particular species were chosen both for their
diverse structural variations and because of existing experimental
and theoretical databas®s/Ne employ first-principles calcula-
tions (DFT and MP2) to assess both the electronic structures
(orbital splittings) and relative packing energetics of these
systems, to gain understanding not only of charge transport
anisotropy but also of the relative stability of various crystal- H
lization arrangements. Unlike band structure calculations, which

determine the electronic/energetic nature of one particular crystal Figure 2. Geometries and standard reference frames for oligomers studied,

structure unit cell, we instead systematically vary the important jncjuding (a) terthiophene, (b) terfuran, and (c) terpyrrole. Dashed lines
supramolecular structural parameters to better define the properdindicatex andy Cartesian axes for the standard reference frame with the

ties of the many different intermolecular packing motifs by origin at the geometric center of all oligomers and the molecules centered

. . . through the xy-plane. Numbers indicate B3LYP-optimized geometric
examining the underlying molecular pair arrangements. parameters, including bond lengths (in A) in Roman text, and bond angles

We show here, for a representative series of oligoheterocycles,(in °) in italics.
that the HOMO and LUMO bandwidths are generally of similar
magnitude and that considerable bandwidth anisotropy exists.intrinsic hole and electron mobilities should generally be
Analysis of the relative energies of the various possible comparablé?
oligoheterocycle intermolecular packing arrangements indicates  This work identifies several key trends in current generation
that, for separations near those observed experimentally, cofaciabrganic semiconducting materials, including (1) a detailed
or coplanar arrangements exhibit large repulsive interactions comparison of the electron and hole bandwidths, which dem-
and that considerable stabilization exists fitted s-stacking onstrates that the paucity oftype organic conductive materials
or slipped (herringbonejr-stacking due primarily to electro- is not due to a small electron bandwid¢and thus lown-type
static interactions. Moreover, oligoheterocycle tilted packings charge mobility), (2) computed overall intrinsic charge-transfer
exhibit nearly an order of magnitude greater orbital overlap than rates for electron and hole transpante essentially equaéxcept
the corresponding cofacial arrangements at identical center-to-in the slipped-stack direction, where hole transport decreases
center intermolecular spacings. Furthermore, oligoheterocycle significantly, and (3) since solid-state structural information is
tilted packing motifs exhibit hole and electron bandwidths within not available for many materials of interest, such as oligofurans
33—50% of those for cofacial stacking at the same smallest and oligopyrroles, a methodological framework is presented for
intermolecular contact distances, but are significantly more analyzing intermolecular charge transfer between novel mol-
stable energetically. Computed charge-transfer rates, in cofacial,ecules without crystal structural constraints.
herringbone, and tilted configurations, argue that many of the
intrinsic mobility trends observed in these materials are domi- !l. Computational Methods
nated by trends in internal reorganization energies and that

(C) 107.4 108.0 A Y
I
W

After full geometry optimizations of the oligothiophene, oligofuran,
and oligopyrrole molecular structures were performed using the Q-Chem
2.0 prograr®® with the B3LYP hybrid density function&l and the
6-31G* basis set, the oligomers were translated into a standard frame
of reference with the origin at the molecular geometric center and the
x-axis along the oligomer long axis (e.g., Figure 2 for the trimers).
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The optimized molecular geometries tended toward a relatively flat
conformation, with the plane of the molecule largely in ¥yeplane.
Inter-ring dihedral angles for oligothiophenes averagd®(®, while

for oligofurans and oligopyrroles, inter-ring dihedral angles wet80°

(in line with typical dihedral angles observed in oligothiophene crystal
structures}s18
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on Functionalbt-Electron Systems, Ithaca, NY, June-118, 2004.

(26) Kong, J. et alJ. Comput. Chen00Q 21, 1532.

(27) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. Re. B 1988 37, 785.



Charge Transfer between Heterocyclic Oligomers

Figure 3. Experimental single-crystal packing of tetrathiophene (ref 16),
(a) projection in theab-plane, showing a-herringbone stacking (slipped-
stacked) motif extending along theaxis, and along the diagonal™axis
between herringbone stacks as tilteestacks; (b) projection in thac
plane showing the relative orientations of the molecular planes.

While experimental single-crystal structures are unknown for oli-
gofurans and oligopyrroles, it is reasonable to assume initially that they
adopt structures similar to those observed in oligothiophene crystal
structure¥ 1% (e.g., Figure 3 for tetrathiophet® In particular,
oligothiophenes crystallize in herringbone mdfifs® (e.g., extending
along theb-axis as shown in Figure 3) rather than in cofaaiadtacks.
Across the herringbone stacks (e.g., extending alongdhdiagonal
axis in Figure 3) are tiltect-stacks. The herringbone and tilted motifs
resemble the slipped-stacking and T-shaped motifs observed in benzen
s-dimers (viewed along the ring planes beld#3° Tilted zz-stacks are
also observed in gas-phase pyrrole dimers, with tilt angles from
experiment of 55.%° and computational modeling of60—-70°.3t
However, to examine a more complete range of potential intermolecular
packing arrangements, other motifs must be considered.

slipped T-shaped
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Figure 4. Diagram of various dimer arrangements for oligothiophenes,
illustrating intermolecular interactions along the ¢a)(b) y, and (c)z
Cartesian axes, as defined by the frame of reference in Figure 2. Interactions
along thex- andy-axes involve two molecules coplanar in tkgplane,

while the z-axis represents a cofacialstack. Two orientations between
the molecules exist, an “eclipsed” orientation (above), with the same
heteroatom orientation in both molecules, and the “inverted” orientation
involving a 180 rotation of one molecule about the longitudinal molecular
axis (parallel to thex-axis).

longitudinal molecular axis (parallel to theaxis) to yield an “inverted”
rather than an “eclipsed” orientation. A tiltedstack can be derived
from a translation along the-axis, followed by a rotation about the
longitudinal molecular (ok Cartesian) axis, as illustrated in Figure 5,
with the eclipsed and inverted cofacial stack orientations being the two
endpoints of this operation, at tilt angles of 0 and % 8@spectively.

A slipped-stack to model the herringbone packings can be derived
from a translation along both the andy-axes, as illustrated in Figure

6.

To analyze as wide a range of intermolecular motifs as possible,
the range used for the basic Cartesian translations started from
approximately close-packing at van der Waals contacts between
molecules and extended several angstroms along each axis (i.e., center-
to-center displacements alorg 11.0-16.0 A for dimers, 15.620.0
A for trimers, 18.0-25.0 A for tetramers; along 7.0-12.0 A; along
z 3.0-9.5 A). For tiltedsr-stacks, the center-to-center displacement
several experimental single-crystal structures is approximately 5.0

({,1“8'3250 threez-axis displacements were studied in detail: 5.0, 6.5,

and 8.0 A, varying the tilt angle from 0 to 18t 15° increments. For
slippedr-stacks, the experimental crystal structures exhibit displacement
along they-axis (i.e., the short molecular axis) of approximately one
full molecular width (4.8 A), so first thez-axis displacement was
varied from 3 to 4.0 A at a fixed 4.84 ¥kaxis center-to-center distance
(Figure 6a), and then the-axis displacement was varied from 4.5 to
5.5 A at a fixed 3.1 Az-axis center-to-center distance (Figure-6te
distance in the tetrathiophene crystal structure of FigufeTe large
number of spatial orientations examined and consideration of different
oligoheterocycles and differing oligomer lengths allows statistical
analysis of the results to minimize the effects of small random errors

Intermolecular packing arrangements can be most simply describedand to provide greater confidence in the predicted consequences of each

in terms of direct translations along a Cartesian direction, using the

principal structural modification.

frame in Figure 2. One molecule remains centered at the origin, and a  The electronic structure of each molecular pair was computed using
second is placed at a given center-to-center distance along one axis, afoth B3LYP and ab initio MgllerPlessett 2 (MP2) methods and the
illustrated in Figure 4. The separations between two coplanar molecules6-31G* or 6-31-G* basis set$? converging to accuracies of better

are modulated by translations along tke or y-axes, while those
between cofaciallyz-stacked molecules are modulated byaxis
translations. In addition, one oligomer can be “flipped” about the

than 10®and 107 hartree for B3LYP and MP2, respectively, and using
107° and 1019 hartree criteria for neglect of two-electron integrals,
respectively, to achieve improved numerical accuracy. While current

(28) Tsuzuki, S.; Uchimaru, T.; Sugawara, K.-i.; Mikami, M. Chem. Phys.
2002 117, 11216.

(29) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, CJJChem. Soc., Perkin
Trans. 22001, 651.

(30) Columberg, G.; Bauder, Al. Chem. Phys1997, 106, 504.

(31) (a) Park, H.; Lee, SChem. Phys. Lettl999 301, 487. (b) Stefov, V.;
Pejov, L.; Soptrajanov, BJ. Mol. Struct.2003 649, 231.

(32) Facchetti, A.; Yoon, M.-H.; Hutchison, G. R.; Stern, C. L.; Ratner, M. A;
Marks, T. J.J. Am. Chem. So@004 126, 13480.

(33) Except where indicated, calculations use the 6-31G* basis set. We
recomputed potential energy curves and surfaces with the more accurate
6-31+G* basis set and counterpoise corrections, though the increased basis
set has no effect on the computed orbital energy levels, as illustrated in
Figure 8.
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Z
Figure 5. lllustrations of the tiltedr-stacking arrangement of oligomers, representing displacements alomgatieand rotations along the longitudinal

molecular axis X-axis) and resembling théaxis in Figure 3. Note that the eclipsed orientation represents a tilt angle of, (@hizh can be varied (b) all

the way to the inverted orientation, which represents a tilt angle of (80

4

Figure 6.

(b)

lllustrations of the slippedr-stacked arrangement of oligomers, representing displacements alongutisefollowed by translation along the

y-axis and modeling the herringbone motif parallel to thaxis in Figure 3. Note that for this work, only variations in (a) thaxis displacement (i.e.,
between herringbone planes), and (b) yhexis displacement are analyzed independently.

density functional methods are known to give excellent predictions of
bandwidths in solid-state materidfsthey describe weak interactions

poorly 3536 Conversely, the MP2 method has gained wide acceptance

for treating correlation and dispersion interactions reasonably3vell,

I1l. Results and Discussion

We first consider the accuracy of the computational methods
employed, including comparisons with previous work. We then

including the weak electrostatic and dispersive energetic interactions discuss the statistical analysis of the results and the correlations

between organie-dimers, such as benzene and thioph&ié2° but
Hartree-Fock orbital energies (i.e., from the MP2 calculations here)
have been less employed for bandwidths or orbital ovefldtence,

thereby suggested for the dependence of HOMO and LUMO
splittings on relative intermolecular orientations, heteroatom
identity, oligomer lengths, the tilt angle faraxistr-stacking,

correlation of electronic structures and relative energies computed by and translational effects for slippedstacks. These results are

each method should help ensure accurate treatment of both propertiesihen used to compare computed hole transfer rates for oligo-
Internal reorganization energies between relaxed neutral and anio”thiophenes, oligofurans, and oligopyrroles, and we conclude by

geometries were calculated using B3LYP, which has been shown to discussing the consequences for design of pefpe andh-type

give 4 values in excellent agreement with those measured experimen-

tally for aromatic cation4! Analogous oligoheterocycle catidrvalues
were calculated previoush.

All statistical analyses, including multifactor analysis of variance
(ANOVA), were performed with the R statistical package, version
1.8.0%2 as described below. Molecular orbital and electrostatic potential
surfaces were plotted using Spartan?0Z.

(34) Delley, B.J. Chem. Phys200Q 113 7756.

(35) (a) Wu, Q.; Yang, WJ. Chem. Phys2002 116, 515. (b) Wu, X.; Vargas,
M. C.; Nayak, S.; Lotrich, V.; Scoles, @. Chem. Phys2001, 115, 8748.
(c) Kohn, W.; Meir, Y.; Makarov, D. EPhys. Re. Lett. 1998 80, 4153.
(d) Zhang, Y.; Pan, W.; Yang, W1. Chem. Phys1997 107, 7921. (e)
Lundqvist, B. I.; Andersson, Y.; Shao, H.; Chan, S.; Langreth, DIn€.

J. Quantum Chenil995 56, 247.

(36) Kurita, N.; Sekino, HChem. Phys. Let2001, 348 139.

(37) (a) Reyes, A.; Tlenkopatchev, M. A.; Fomina, L.; Guadarrama, P.; Fomine,
S.J. Phys. Chem. 2003 107, 7027. (b) Huh, S. B.; Lee, J. S. Chem.
Phys.2003 118, 3035. (c) Sinnokrot, M. O.; Valeev, E. F.; Sherrill, C. D.
J. Am. Chem. So@002 124, 10887. (d) Lee, N. K.; Park, S.; Kim, S. K.
J. Chem. Phys2002 116 7910. (e) Lee, N. K,; Park, S.; Kim, S. K.
Chem. Phys2002 116, 7902.

(38) (@) Tsuzuki, S.; Honda, K.; Azumi, R. Am. Chem. So2002 124, 12200.
(b) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe,JXAm.
Chem. Soc2002 124, 104.

(39) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; TanabeCkem.
Phys. Lett.200Q 319 547.

(40) Suhai, Sint. J. Quantum Chenil992 42, 193.

(41) (a) Gruhn, N. E.; da Silva, D. A.; Bill, T. G.; Malagoli, M.; Coropceanu,
V.; Kahn, A.; Braas, J. L.J. Am. Chem. Soc2002 124, 7918. (b)
Amashukeli, X.; Winkler, J. R.; Gray, H. B.; Gruhn, N. E.; Lichtenberger,
D. L. J. Phys. Chem. 2002 106, 7593.
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electrically conductive oligoheterocycles.

A. Comparison of MP2 and DFT/B3LYP Methods and
Basis Set EffectsDensity functional methods have long been
used to predict accurate bandwidths in solid-state materials, and
the B3LYP functional has proven to be accurate for calculating
ionization potentialg? electron affinities**> HOMO/LUMO
gaps?% and molecular geometriééHowever, it is also known
to describe weak interactions poorly, including van der Waals
andsz—a interactions’®36 Since the intermolecular interactions

(42) Ihaka, R.; Gentleman, R. Comput. Graph. StatisL996 5, 299.

(43) Spartan 02 Wavefunction, Inc.: Irvine, CA, 2000.

(44) Zhan, C. G.; Nichols, J. A.; Dixon, D. Al. Phys. Chem. 2003 107,

4184.

(45) (a) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. F.; Nandi, S;
Ellison, G. B.Chem. Re. 2002 102 231. (b) Rienstra-Kiracofe, J. C.;
Barden, C. J.; Brown, S. T.; Schaefer, H.J-Phys. Chem. 2001, 105,

524. (c) de Oliveira, G.; Martin, J. M. L.; de Proft, F.; GeerlingsPRys.
Rev. A 1999 60, 1034. (d) Curtiss, L. A.; Redfern, P. C.; Raghavachari,
K.; Pople, J. AJ. Chem. Physl998 109 42. (e) DeProft, F.; Geerlings,
P.J. Chem. Physl997 106, 3270.

(46) (a) Muscat, J.; Wander, A.; Harrison, N. KIhem. Phys. LetR001, 342,

397. (b) Hutchison, G. R. Theoretical Studies of Optics and Charge
Transport in Organic Conducting Oligomers and Polymers: Rational Design
of Improved Transparent and Conducting Polymers. Ph.D. Dissertation,
Northwestern University, Evanston, lllinois, 2004.

(47) (a) Hehre, W. JA Guide to Molecular Mechanics and Quantum Chemical

Calculations Wavefunction, Inc.: Irvine, CA, 2003. (b) Curtiss, L. A,;

Redfern, P. C.; Raghavachari, K.; Pople, JJAChem. Phys2001, 114,

108. (c) Bauschlicher, C. WChem. Phys. Lettl995 246, 40.
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Figure 7. Comparison of basis set effects (using a logarithgraxis) for counterpoise-corrected MP2 calculationsmestacked thiophene pairs for (a)

changes in intermolecular spacing and for (b) dimers having various interplanar tilt afgleish a 5.0 A center-to-center spacing. Note that while the
magnitudes of the energetic maxima and minima are somewhat basis-set-dependent, as expected, the shape of the curves and, in particulan, the extremu

geometries, are not substantially basis-set-dependent.

here are primarilyr—x stacking and van der Waals in nature, (2)1.0g+00 - eE31G" w326 /
second-order MgllerPlesset (MP2) ab initio calculations (useful ~ $ 463116™  XcopvDz
for treating dispersion and weak interactigtg-39) were also 5 105011 a LA LS E
performed for comparison. Since Hartregeock (HF) orbital g g
Lo i 1.0E-02 L
energies (i.e., from the MP2 results here) have been used les: o * i $e,
for computing bandwidth® careful comparison of the results £ 1.0e-03 * I ; L
of the two methods should prove to be informative as to the @ * « fy L
reliability of each. 2 10504 . :

Since treatment of dispersion effects, for example, in aromatic ~ 1.0E-05 . - X
m-systems such as benzene, is basis-set depeffdérigst 3.5 45 55 65 7.5
counterpoise-corrected MP2 calculations were performed with Intermolecular Spacing (A)
multiple basis sets on a thiophene cofagiatacked pair (Figure
7). In agreement with previous studiessofstacked dimerd? ( 1.0E400 - +631G"  =321G°
while the relative energies differ with different basis sets, the s 46:311G™  xco-pVDZ
positions/geometries of the minima/maxima are largely inde- 3 1.0E01 ScopVIZ  +STOG
pendent of basis sét.Similarly, the HOMO and LUMO orbital 8 -
splittings computed here are largely independent of basis set ; e L Y, s
(Figure 8) beyond the minimal STO-3G basis, except at large & 1 ge.03 - + 20y .
intermolecular separation, where the splittings are small in & + "t iL.
magnitude in any case. Since binding energies are substantially % 1.0E-04 , =
basis-set dependent, even the counterpoise-corrected bindin¢ T 1 0E08 . . . ’ .
energies presented here should be considered as only semi a5 45 55 65 75

quantitative trends. Figure 9 shows a comparison of the
counterpoise-corrected binding energies of the dimers of trimeric

Intermolecular Spacing (A)

. . . . Figure 8. Basis set dependence of HF-computed orbital splitting energies
oligoheterocyclesl—3 with relative displacements along the  (ysing a logarithmicy-axis) for (a) LUMO and (b) HOMO orbitals of

X-, y-, and z-axes (Figure 4) for both B3LYP and MP2 eclipsedr-stacked bithiophene pairs. Note that any basis set dependence
computational methods. The DFT method sometimes yields Of the orbital splittings over the distances considered here are small in
artifacts in the relative energies, particularly for displacements 220Ut magnitude (except for the minimal basis set, STO-3G) and only

| ( I “b N tin theand occur at large intermolecular spacings.
alon smaller ener umps” are present in thend z .
gy 9y P P displacements as well, but are obscured by the scale of the

- . . " figure). Figure S1 compares the computed HF and B3LYP dimer
(48) In general, this is true only if basis set superposition errors (BSSE) are . . .
taken into account, for example, with counterpoise corrections. In these Orbital energy splittings for both HOMO and LUMO orbitals
systems, as discussed below, the counterpoise-corrected binding energies; ~rqss all three oligomer series and all three oligomer lengths

do not show substantially different curves or extrema than the uncorrected X i . . A X
relative energy curves. considered rf = 2—4) in the z-stacking direction. While

J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005 16871



ARTICLES Hutchison et al.

B3LYP Binding Energies MP2 Binding Energies
07 0.10
> 06 >
=] 0.08
=05 \ g: \
° .
G E o4l N '-“:g‘ 006 { \\
= Y o
2 2503 Y, £3 oot m s
é TX 02 ~ Tx A-BIp.
£~ ~a ~ c 0.02 ::%-._
5¢ @ 01 t=$;¥_ @ =
0.0 A+t 0.00 Attt
150 160 170 180 190 200 150 16.0 17.0 180 19.0 20.0
Intermolecular Separation (A) Intermolecular Separation (A)
1.8 1 0.5
- 1.6 n >
g‘_ 1.4 4 <, E’sﬂ 0.0 .\ ,.f"';:.;
o 124 W ° - -y =
w:E_L.:_ 6\‘«\\ ng_a_s e
2 250¢] 2g -10 .
é 52 061 . T x x5
g 0.4 L bt S g 15 y
> 0.2 4 By 3y A — _pe”
0.0 : 1 204 . ' :
65 75 85 6.5 7.5 85
Intermolecular Separation (A) Intermolecular Separation (A)
150
= ==
§= §= 100
c o c 0
m‘g w -E. 50
2 23 £F oo
% B2 g2
£ £ 50
N @ m
-10.0
30 4.0 5.0 6.0 3.0 4.0 5.0 6.0

Intermolecular Separation (A) Intermolecular Separation (A)

Figure 9. Counterpoise-corrected binding energies of dimers as a function of the center-to-center intermolecular spacing along the axes indicated (Figure
4) for terthiophene4), terfuran @), and terpyrrole ¢) having the eclipsed orientation. Note that for B3LYP/6+&8* repulsive interactions are generally
observed even out to large intermolecular separations, while MP2#&3Talculation demonstrates binding fgrandz Cartesian axes.
computed orbital splitting energies are greater for B3LYP than the dimer potential energy behavior for displacement along the
for HF, the two methods show high correlatioR?(= 0.996 three Cartesian axes (Figure 4) for three triheterocycles; these
and 0.991 for HOMO and LUMO splittings, respectively). This indicate purely repulsive interactions for all heteroatoms,
observation is surprising, considering that the HF-computed oligomer lengths, and eclipsed/inverted orientations. However,
LUMOs are consistently too diffuse due to neglect of correlation, with the exception of thez-axis cofacial #-stacking, the
and DFT functionals suffer from approximations in the ex- magnitudes of the energetic changes are modest and in actual
change-correlation functional and are known to poorly describe crystal structures may be balanced by the overall free energy
unoccupied states. Lower-level DFT calculations on organic of packing. The consequences of thaxis andy-axis displace-
conjugated materials, however, have consistently demonstratednents primarily reflect the differences in the structures of the
comparable bandwidths to those computed by high-level DFT three trimers considereehe trithiophene is longer than the
quasiparticle methods, even if the HOMQUMO gap dif- tripyrrole or trifuran (12.42 A versus 11.42 and 11.07 A,
fers 49,50 respectively), while the results of theaxis displacements
Consequently, since the HF-derived orbital splittings are correlate with the van der Waals radii of the heteroatoms
similar to the B3LYP splittings and the MP2-computed relative involved (1.70, 1.85, and 2.0 A for O, N, and S, respectively).
energy profiles are more reliable, the present discussion generEven for z-axis displacement, beyond a separation of 4.0 A,
ally focuses on the MP2 results, unless otherwise indicated. Thethe relative computed energies in general fall by onl—6
results of the DFT calculations are, in general, qualitatively very kcal/mol out to 9.50 A intermolecular separation. Since the
similar. magnitudes of these binding energies are highly basis-set-
B. Influence of Intermolecular Orientation, Heteroatom, dependent and thus the results are more useful for discerning
and Oligomer Length. As mentioned above, Figure 9 shows qualitative/semiquantitative trends, the results have not been
tabulated, but representative trends are presented (e.g., in Figure
9) and discussed where appropriate below. These same general

(49) (a) van der Horst, J. W.; Bobbert, P. A.; Michels, M. A. J.; Brocks, G.;
Kelly, P. J.Synth. Met1999 101, 333. (b) van der Horst, J. W.; Bobbert,

P. A, de Jong, P. H. L.; Michels, M. A."J.; Brocks, G.; Kelly, PPhys. trends were also observed for the homologous bi- and tetra-

Rev. B 200Q 61, 15817. (c) Rohlfing, M.; Louie, S. GPhys. Re. Lett. heterocvcles

1999 82, 1959. (d) Rohlfing, M.; Tiago, M. L.; Louie, S. Gynth. Met. Y : . ) L . o

ZROOlLl%taz%)%la' s(a%) gggrfct)ti,/ f'kf?‘é'”"’-*é Mc'):lmant,t_E./;\ Cgld_as,x/l%)ﬁ. Before comparing orbital splitting energies, it is useful to

e. Lett. A . ussl, G.; Ferrettl, A.; Ruini, A.; Calaas, . .

M. J.; Molinari, E.Adv. Soiid State Phys2003 43, 313. (g) Ruini, A.; consider the spatial depgndence of the computed HOMO and

%JSSI, G.; Ferretti, A.; Caldas, M. J.; Molinari, Bynth. Met2003 139, LUMO contour surfaces in the reference frame defined above
(50) (a) Tiago, M. L.; Northrup, J. E. Louie, S. ®hys. Re. B 2003 67, (Figure 2). Figure 10 shows the DFT-computed HOMO and

115212/1. (b) Ferretti, A.; Ruini, A.; Bussi, G.; Molinari, E.; Caldas, M. J.

Phys. Re. B 2004 69, 205205/1. (51) Handbook of Chemistry and Physi&RC Press: Boca Raton, FL, 1995.
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orbitals, the computed splittings)(are expected to exhibit
inverse exponential dependence on the intermolecular center-
to-center distanced]. Indeed, the data can be fit by:

In(s) = C,+ C,d 3)

whereCy and C; are fitting parameters. Due to potential size-
consistency and numerical accuracy issues inherent in the
computational method, statistical fittings were performed only
on a subset of the data, namely, at the smaller separations with
greater orbital overlapfaxis, 11.6-13.0, 15.6-17.0, and 18.6
y 20.0 A for dimers through tetramers, respectivghaxis, 7.0
L 9.5 A; andz-axis, 3.0-7.0 A). Greater overlap values should
x lead to proportionally smaller errors and hence to more accurate
Figure 10. Orbital contour maps of the (a) LUMO and (b) HOMO for fits. All fits for the MP2-computed HOMO and LUMO splittings
sexithiophene in the same reference frame as in Figure 2. Although gre compiled in Table S1, while the B3LYP-computed fits are
sexithiophene is plotted here, the patterns are similar in other oligo- compiled in Table S2. Several translations alongxtiagis show
thiophenes. Principal orbital populations are depicted in red and blue. . . . .
poor fits to exponential behavior (i.e., loR? values) but, not
LUMO surfaces for sexithiophene, which are representative of surprisingly, also have small computed bandwidths (esg.,
the motifs for all oligoheterocycles considered here. The 1072—1072 eV as illustrated in Figure 11) and are unlikely to
HOMOs are principally composed of ring=€C bonds, aligned be major charge-transport pathways.
predominantly along thg-axis. The LUMOs are principally To gain an overall understanding of the interplay of variables
composed of inter-ring formal €C single bonds, the hetero- (heteroatom, oligomer length, axis, eclipsed/inverted orientation)
atoms, and formally single €C intra-ring bonds, all aligned in this multidimensional study, we employ multivariate analysis
predominantly along thg-axis. of variance (ANOVA) on the linear regression results. This
Figure 11 shows the computed HOMO and LUMO energy statistical technique highlights the effect of one particular
splittings as a function of intermolecular separation for all three geometric/structural change on the orbital splittings as repre-
tetramers and for displacements in all three Cartesian directions.sented by the coefficients of the exponential fits and reveals
Since this interaction reflects the overlap of the two molecular statistically significant correlations for further analysis by

C «
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Figure 11. HF-derived HOMO and LUMO level splittings (on a logarithmic scale) as a function of the intermolecular spacing along the specified axis
(Figure 4) for tetrathiophener(, tetrafuran M), and tetrapyrrole®) in eclipsed orientation. Solid lines are the exponential fits given in Table S1. Note that
the fits generally underestimate the computed splittings at the largest separations (where the orbital splittings are small in magnitudeyehzio$iélmn

for the remaining points.
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Table 1. Four-Way ANOVA Analysis of the Principal Factors and Table 2. Three-Way ANOVA Analysis of the Principal Factors and
Interactions for Computed Oligoheterocycle HOMO and LUMO Interactions for Computed Oligoheterocycle HOMO and LUMO
Orbital Splitting Parameters (Co, C1) Using Both HF and DFT/ Orbital Splitting Parameters (Co, C1) in the z/z-Stacking Axis,
B3LYP Methods from the Data in Table S12 Using Both HF and DFT/B3LYP Methods from the Data in Table
a
MP2 (HF) B3LYP s
MP2 (HF) B3LYP

HOMO LUMO HOMO  LUMO

HOMO LUMO HOMO  LUMO

effect C C C C C C C C
Principal Factors effect G G G G G & G G
heteroatom X X X X X X X Principal Factors
oligomer length X heteroatom X X X X X
(no. of monomers) oligomer length (no. of monomers) X X X X
orientation X orientation X X
axis X X X X X X X X

Interactions (2nd order)

Interactions (2nd order)
heteroatom:oligomer length
heteroatom:orientation

heteroatom:oligomer length
heteroatom:orientation
oligomer length:orientation

heteroatom:axis X X X X X X X X Interactions (3rd order)

ol!gomer Iength:orlgntatlon heteroatom:oligomer length:orientation
oligomer length:axis X

orientation:axis X

aFilled cells (X) indicate factors which are statistically significant for
Interactions (3rd order) that variable with a 95% confidence level. These summarize which factors
heteroatom:oligomer length:orientation are important in dictating the response of each variable and whether these
heteroatom:oligomer length:axis X X e_ffe(_:t_s are independent (i.e., whether 2nd or 3rd order interactions are
heteroatom:orientation:axis significant).

oligomer length:orientation:axis

separations, respectively. Consequently, decreased overlap is
y y
2Filled cells (X) indicate factors which are statistically significant for  computed for the oligopvrroles and oligofurans. Along the
that variable with a 95% confidence level. These summarize which factors .p A g Py 9 ) 9
are important in dictating the response of each variable and whether theseY-2XIS, at 7.0 separation between m0|eCU|arlcenterSv tetrafuran,
effects are independent (i.e., whether 2nd or 3rd order interactions aretetrapyrrole, and tetrathiophene molecular pairs have 2.13, 2.18,
significant). and 2.57 A separations between closest contacts (H-heteroatom),

) . . explaining the observed ordering of small HOMO splittings.
comparing whether the groups formed by particular geometric/ However, along the-axis, the longer €S bonds and greater
structural changes have similar or different centroids. The effect, 5\ qer Waals radius of S relative to that of O and N leads to
of each factor may not be completely independent of other greater overlap from the LUMO portion residing on the
factors. For example, each oligomer has a slightly different |\ oa0atom (Figure 10a) and the neighboring molecule.
geometry, so the oligoheterocycle with greatest splitting in the 1o resyits in Figure 11 indicate that changing intermolecular
x direction may have the least splitting in thelirection because separation along the-axistr-stacking direction gives quanti-

of the greater molecular length. Consequently, the ANOVA tatively similar and large bandwidth changes lbath HOMOs
results summarized in Table 1 for the HF- and B3LYP-computed and LUMOs, but also that the bandwidths are essentially

orbital splittings consider all potential second- and third-order independent of heteroatom. An ANOVA analysis restricted to
interactions, which would be important for these nonindependent ; 5, is displacement is summarized in Table 2 and indicates that
effects, |nd|cat|ng_5|gn|f|cant effect_s as thqse with confidence pateroatom identity, oligomer length, and orientation are all
levels of 95% or higher. In general, interaction effects represent o ntiajly important, but likely function independently since
combinations of pairs, triplets, or other combinations of o, gne potential second- or third-order interaction is significant
independent factors, acting as correction factors to the results;; ihe 950, confidence level suggesting that the different
predicted simply by orthogonal main effects acting aIEhe. heterocycles scale differently as a function of oligomer length.
Table 1 suggests that the three most consistently importantsmall differences do exist, as illustrated in Figure 12, which
factors in the computed intermolecular orbital splittings are the compares orbital splittings at a fixed separation of 4.0 A as a
heteroatom, the Cartesian displacement axis, and the secondfunction of oligomer length (other separations yield almost
order interaction between the two (these two effects are notidentical trends). The computed orbital HOMO splittings for
independent). The computed splittings in Figure 11 show some the different oligomers are very similar, and splitting decreases

dependence on heteroatom, particularly alongdfandy-axes, as a function of oligomer length for all three. This is consistent
which can be explained by structural differences in the three \ith the HOMO composition; it does not include appreciable
oligoheterocycles. Along th direction (long axis), oligoth-  heteroatom population, only carbon backbone (Figure 10b). In

iophenes exhibit somewhat larger computed orbital splittings. contrast, as suggested by the contours in Figure 10, the LUMOs
At a center-to-center separation of 18.0 A alongxtteeis, the  exhibit decreased orbital splittings as a function of heteroatom,
tetrathiophene pairs have a1..74Aseparat|on between terminakrom thiophene to furan to pyrrole, in order of increasing
H atoms (3.73 A closest-€C distance), while the corresponding  heterocycle electron density. Furthermore, the decrease in
oligopyrrole and oligofuran have 2.99 and 3.44 A-H LUMO overlap as a function of oligomer length is greater for
oligofurans and oligopyrroles than for oligothiophenesactly
(52) For more information on multivariate. ANOVA or multivariate linear  the sort of interdependence Suggested by ANOVA (Table 2)
regression techniques used here, see for example: (a) Cobb, G. W. . T L
Introduction to Design and Analysis of Experimer8pringer: New York, The decrease in HOMO and LUMO splittings as a function
1998. (b) Box, G. E. P, Hunter, W. G., Hunter, J. Statistics for  of gligomer length is different from that observed in previous

Experimenters: An Introduction to Design, Data Analysis, and Model X R .
Building; Wiley: New York, 1978. INDO/S calculations on oligothiophen&g hat work reported
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Figure 12. Comparison of HF and B3LYP orbital splittings as a function of oligomer length for LUMO and HOMO orbitals of oligothiophepes (
oligofurans @), and oligopyrroles#), for cofacial stacking in an eclipsed orientation and with a 4.0 A intermolecular separation. Note that for both HOMO
and LUMO, the splittings decrease, as expected, as a function of oligomer length. The small HOMO splitting for bithiophene using HF appears to be
anomalous, and the monotonic trend holds for the B3LYP-computed splittings.

HOMO level splittings similar to those computed by B3LYP translating one molecule along thaxis, followed by a rotation
or HF here, but smaller LUMO level splittings and an increase by an angled (about the molecular long axis), moving half of
in LUMO splitting as a function of oligomer length at this same the first molecule closer to the second and half further away.
4.0 A intermolecular separation. Since both the B3LYP- and Currently, no single-crystal structures have been reported for
HF-computed splittings computed here agree and do not revealoligopyrroles or oligofurans; however, this model represents a
substantial basis set dependence, we suggest that the previougasonable starting place to approximate the packing in these
result is an artifact of the semiempirical INDO method. Even oligoheterocycles, as well. The smaller center-to-center inter-
with small basis sets (e.g., 3-21G* and STO-3G) as illustrated molecular spacings (i.e., 4.875 or 5.0 A) with tilt angles of40
in Figure 7, the computed HF orbital splitting energies show 60° most closely resemble the aforementioned experimental
the LUMO splitting to beconsistently greater or approximately  crystal structures. For bithiophene, bifuran, and bipyrrole, the
equal to the HOMO splitting energy in oligothiophenes. two-dimensional potential energy surfaces were also computed,
Considering the comparable volumes of the molecular HOMO varying the intermolecular spacings from 4.75 to 6.0 A and tilt
and LUMO contour maps (Figure 10), it is not clear why in the angles ) from 0 to 180.
cofacial eclipsed stacks the overlap of the LUMOs should be  1p¢ computed HOMO and LUMO splittings as a function
substantially different from that of the HOMOs. of tilt angle are shown in Figure 13 for the tetramers of

Rotation of 180 about the longitudinal molecular axes- (- gligomers1—3. As the two molecules are not symmetrical for
axis) from the eclipsed to mvgrted conformatlon decreases thearbitrarye values, the HOMO and LUMO contours of each
computed LUMO level splittings only slightly, but roughly — gpecies may not be exactly identical, resulting in small errors
halves the computed HOMO level splittings. The LUMO  j, the computed splitting energies. Nevertheless, recent studies
splittings are nearly |nvar|a_nt because the inverted configuration using similar tilted configurations (from crystal structure data)
places the heteroatoms directly over fearbon atoms, and  yje|q excellent agreement between computed and experimental
both contribute to the LUMO electron density but not to that 1,1 mopilities4 To systematically compare orbital splittings
of the HOMO (Figure 10). These effects are similar in 5004 ail three heterocycles, the cofacial eclipsed @.es,
magnitude to those observed previously. 0°) orientation is used as the baseline, and Figure 13 illustrates

the computed splitting for a given tilt angle as
s[5

\S/ \s7/ S(6) = C(6) 0) (4)

C. Tilt Angle Effects. While the above analysis provides where§0) is the splitting calculated for the given MO at tilt
insight into the bandwidth directionality and anisotropy in solid- angled = 0°, andC(6) is the tilting enhancement factor. The
state oligoheterocycles, all known unsubstituted oligothiophenessplittings approximate Gaussian-like dependence: the overlap
and many substituted oligothiophenes do not stack strictly along increases as one edge of the tilted molecule moves closer to
the Cartesian axes. In particular, in thestackingz-axis the other, gradually reaching a maximum at,98here the two
direction, the molecules often pack in herringbone motifs (e.g., molecules are perpendicular (i.e., as the closest-contact distance
Figure 3) and across the herringbone stacks (alonglthes decreases, even though the center-to-center distance remains the
in Figure 3), one molecule is tilted about the longitudinal same). The computed splittings are systematically slightly
molecular axis relative to nearest neighbors, often with tilt angles smallerfor the inverted @ = 18C°) orientation (likely because
of ~40—60°.16-18.325ych structuré§1832can be modeled by this orientation engenders less direct atomic overlap, with one
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Figure 13. Comparison of HF orbital splittings for tilteet-stacked tetramer dimers as a function of tilt angle (Figure 5) at a fixed 5.0 A molecular
center-to-center distance. Indicated is the “enhancement factor” in sptittiegratio of the splitting for a given tilt angle to the splitting for the cofacial

dimer (tilt angle® = 0°) for dimers of (a) tetrathiophene, (b) tetrafuran, and (c) tetrapyrrole. Solid lines indicate fits to Gaussian functions, as summarized

in Table S3. Note that the actual data are slightly asymmetric, which leads to small deviations in the fits, particularly at small tilt angles ffQhe HO
levels.

molecule “flipped”, directly above the other). Fits to Gaussians HOMOs and largely perpendicular to the LUMOs (cf., Figure

are given in Tables S3 and S4, as a function of 10). This effect is heteroatom-dependent: the oligopyrroles
exhibit a slightly smaller increase in both HOMO and LUMO
c(0) =y0+Le[*2(9*90)2’W21 (5) splittings, with the difference between HOMO and LUMO
w72 splittings nea¥ = 90° increased relative to the oligothiophenes

whereyy is the baseline correctiorw is twice the standard and ollgofuran§ (F'gl_”e 13). ) o
deviation or 0.849 times the width at half-maximuéa,is the The 6 = 0° orientations become particularly relevant in view
center of the peak, andl the total area under the curve. Such ©f the computed packing energies. Tilted/herringbone orienta-
fits are approximate, as mentioned above; the splitiings aretions (at a fixed center-to-center distance, e.g., 5.0 A) are
smaller atd = 18C° than at 6, and so the curve is slightly  significantly stabilizedelative to the cofacial eclipsed/inverted
asymmetric, particularly in the case of the fits to the HOMO orientations-oligofurans and oligopyrroles exhibit binding
enhancements, where the deviation is greatest at $mall energies versu§ = 0° of ~2.0-3.0 kcal/mol per molecular
As seen in Figure 13, the HOMO levels exhibit greater pair for tilted orientations (Figure 14). Across all three oligomer
enhancement in splitting with increasing tilt angle than do the lengths, all oligoheterocycles consistently show two energetic
LUMO levels. This difference derives from the spatial disposi- minima in thed ~ 35—60° andf ~ 120-135’ tilt angle ranges.
tion of the orbitals themselves. In the present frame of reference, This stabilization relative to th® = 90° T-shaped form is
increasing the tilt angle changes the relative positions of the greater 5.0 kcal/mol) for the more electron-rich heterocycles
short axes of the molecular planes, largely parallel to the (furan and pyrrole, with smaller ionization potentials and smaller
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Figure 14. MP_2/6-31-|—G*—computed binding energies W'.th counterpoise  tpee_dimensional representations may be found in Figure S2.
corrections of tiltedz-stacked oligomers as a function of tilt angle (Figure

5) at a fixed 4.75, 4.875, and 5.0 A distance between molecular centers as A
indicated for (a) bithiophene, (b) bifuran, and (c) bipyrrole, respectively. smaller for tetrapyrrole and tetrafuran (3.68 and 3.65 A,

Note that the energetic profiles remain similar in character for all three respectively) than for tetrathiophene (3.77 A). This might
oligomers; however, the extent of tilted packing stabilization is significantly suggest that at decreased intermolecular separation the oligoth-
heteroatom-dependent. . L I .
iophenes would exhibit greater stabilization energies for the

electron affinities) versus a2.5 kcal/mol stabilization for tilted conformations. Indeed, the counterpoise-corrected MP2/
oligothiophenes. While these values are modest, they are6-31+G* potential energy surfaces as functions of inter-
consistent across the three oligoheterocycle series as well asnolecular spacing and tilt angle, illustrated in Figure 15, reveal
across the three oligomer lengths < 2—4), increasing as a  that for smaller intermolecular separations (i.e., 4.75 A) the
function of oligomer length (e.g., the stabilization for bifuran repulsive interactions observed in the perpendicular orientations
and bipyrrole is~50% of that for tetrafuran and tetrapyrrole). increase—evidently, the oligothiophenes approach too closely,
The relatively small basis set used for the present MP2 while the tilted form evidencegreaterstabilization. Increasing
calculations may somewhat underestimate the contribution of intermolecular separations for all three oligoheterocycles show
dispersion interactions, which are known to be important for that the repulsive interactions observed ~a90° for small
m—sm stacking in benzene and in other aromatic systems. separations evolve into stabilization at greater intermolecular
Dispersion may contribute additional stabilization for the tilted separations (e.g., 6.0 A) probably from attractive van der Waals
motifs, as observed for theé = 90° benzene dime8:3° interactions (Figure 15).

At a center-to-center intermolecular spacing of 5.0 A and a  The distance dependence of stabilization is further clarified
tilt angle of 60, the shortest €C intermolecular contact is by examining electron density/electrostatic potential surfaces
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Figure 16. Maps of the DFT electrostatic potential surfaces for cofacial, eclipssthcked dimers (left column), and tilted (§0z-stacked dimers (right
column) of oligothiophenes, oligofurans, and oligopyrroles, all with 5.0 A molecular center-to-center separations and eclipsed orientiatinins ifRticates
greater negative charge, while blue color indicates greater positive charge (identical color scale throughout).

for the three oligomers (Figure 16). While the minimum-C computed HOMO and LUMO splittings for the tetrahetero-
intermolecular distance is larger for oligothiophenes, the greater cycles, as a function of displacement along yhend z-axes.
van der Waals radius of sulfur and the larger molecular width Most importantly, the computed LUMO splittings ard 0 times
of oligothiophenes along thg-axis (Figure 2) yield greater  smaller than those in cofacial-stacks at the same center-to-
intermolecularz-electron cloud overlap, relative to that of center displacement (Figure 11), and the HOMO splittings are
oligofurans and oligopyrroles. The electrostatic potential con- ~100 times smaller. The smaller HOMO versus LUMO
tours in Figure 16 indicate that the largeorbital electron splittings correlate with the same effect observed for coplanar
density accounts for the repulsive potential energies observedmolecules translated along thexis (Figure 11), likely reflect-
for eclipsed/cofacial arrangements, as discussed above. Thang the overlap between the heteroatom-centered LUMO portion
electrostatic repulsion is qualitatively lessened in tilted struc- and the neighboring LUMO residing on < backbone
tures, and favorable edge-to-face interactions are incorporated fragments. The slipped stacks show reduced repulsive energies
as well. Electrostatic repulsion in cofacial packings may explain relative to cofacialr-stacks, with the stabilization (typically
the decrease in orbital overlap with increasing oligomer length ~0.2 kcal/mol for oligothiophenes and oligofurans2.5 kcal/
as noted above; if the-orbital volume decreases slightly with  mol for oligopyrroles) increasing with increasiizepxis inter-
increasing oligomer length (to minimize unfavorable electrostatic molecular separation and remaining approximately constant with
repulsion which increases with oligomer length), then the variedy-axis intermolecular separation.
bandwidths of cofacial stacks would be expected to similarly  E. Consequences for Hole and Electron Transfer Rates.
decrease with increasing oligomer length. In summary, the As outlined in the Introduction, overall charge-transfer rates for
present results show that electrostatic effects dominate thehopping transport can be described by semiclassical (Marcus)
packing arrangements and drive molecular pairs away from theory based on the internal reorganization enefyyatd the
cofacial z-stacks to tilted forms. electronic coupling matrix element, which is half the orbital
D. Comparisons of Slippedr-Stack Herringbone Models. splitting computed for molecular pairs. This model naturally
In addition to the case of tilted-stacks, which correspond to  neglects the possibility of coupling to phonon modes and
d-axis extension across two herringbone stacks (Figure 3), medium polarization. However, recent applications of the present
herringboner-stacks may also have appreciable hole or electron model to oligothiophené% and pentacert yield reasonable
bandwidths. As described above, the herringbone motif can beagreement with experimental hole mobility trends. For example,
considered a slipped-stack, with a translation alongzthgis the activation barrier measured experimentally for hole-conduc-
and a “slip” along they-axis (Figure 6), typically on the order  tion in single-crystalline sexithiophene mmaller than the
of a molecular width (e.g., Figure 3). Figure 17 shows the computed,'353which would not be the case if phonon-coupling
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Figure 17. Comparison of the computed HF HOMO and LUMO splittings (on a logarithmic scale) for slipped-stack/herringbone (Figure 6) dimers of
tetrathiophenex), tetrafuran M), and tetrapyrrole€), as a function of center-to-center intermolecular distance alongsthetacking direction (left column)
at a fixedy-axis displacement and at a fixefir-stacking displacement varying the center-to-center intermolecular distance alopgtise

fTab(l)eI 3 hDFTh-ComPgled lfntemal R%Oglanizatiorll En(ergiezs (T) tfeV) packing motifs (cofacial, tilted, slipped-stacks) presented
or Oligothiophenes, Igofurans, an igopyrroles (n = 2— or
Both Hole Transfer (4+) and Ele¢tron Transfer (4_)2 ab_ove, hole and electron transfer rates_ at _298 K were comput_ed
using eq 2, and the results are shown in Figure 18. For cofacial
hole transfer, the largest transfer rates are observed for oligo-
furans, which have the smallest reorganization energies, even
g 8-‘3‘%2 8-32? 8-2;3 gggi 83?2 8-2% though the tight-binding bandwidths are also smallest for
2 0342 0313 0271 00286 0281 o281 Oligofurans _(F|gure_ 12_). Wh||(_a the _cofamal hole bandwidths
decrease slightly with increasing oligomer length for all three
a Computed hole transfefr: values are from ref 13. oligomers, the overall hole transfer rates increase significantly

or polarization effects were significant since these should for each because the reorganization energies Qecrgase with
creasing numbers of monomer units. This implies that

increase the measured value relative to that computed. Recent™ i in intrinsic hole t ¢ i ith oli -
computational studies on gas-phase charged oligothiophene’2H'@10NS 1N INMMNSIC hole ranster rates with oligomer size or

dimers suggest only-0.1-0.2 A differences in interplanar heteroa'_[on;' are Iarg(_aly governed_b;t/kéan?(t_lonz_m ttr.]e w:;ernal
spacing between neutral and charged dirdaithough higher- reorganizaion energies because, Intragiacking direction, the

level calculations suggest that more detailed studies are needeél“.)Ie bgndw@th; are quite large and vary by only a few percent
to evaluate the details of such geometric charfges. with oligomer size and heteroatom (Figures 11 and 12). For

The reorganization energies felectron transfef(i.e., inter- example, at an intermolecular separation of 3.5 A, as used in

conversion of neutral and anionic states) have been computeoFigure 18, the bandwidths arel.7—1.8 eV (Figure 11). These

~. — 0, i I I
in the present study and are summarized in Table 3, which values are .44. .74/0 of the |ntrachaln_ hp!e bandwidths
reveals that the oligothiopherfeparameters for both cations calculated for infinite polyheterocyckésand significantly greater

and anions are similar to those reported previoBs[yhe A than the bandwidths 0£0.40-0.6 eV measured experimentally

. 7 .
values computed here for electron transfer in oligothiophenes n TCNQ or ~0.10-0.50 eV calculated for hole bandwidths

i i 59
are slightly smaller than those for hole transfer, in contrast to in pentacene using various methddS:? However, note that

results for molecules, such as substituted biphehyiis likely thg latter molecular cofacial-stacking isnotobserved in oligo-
reflects the appreciable reorganization penalty for inter-ring thiophene crystal structures.

dihedral angle changes in biphenyl radical anidndowever, The picture is ;Iightly different for compu.ted cofacial electron
for oligofurans,A_ is consistently greater thah,, while the transfer rates since the electron bandwidths computed from
two are approximately equal for terpyrrole and tetrapyrrole. The LUMO splittings for oligothiophenes are greater than the
oligofurans and oligopyrroles here prefer flat geometries in the corresponding hole bandwidths (e.g., 2.1 versus 1.8 eV for
neutral, cationic, and anionic states, hence do not incur terthiophene electron and hole bandwidths, respectively), and

significant reorganizational barriers from dihedral angle changes

No. of Oligothiophenes Oligofurans Oligopyrroles

monomer units As A Av A As A

i (57) (a) Heeger, A. J. Inlighly Conducting One-Dimensional Soljd3evreese,
even,m the gas phase. . i . i . J. T., Evrard, R. P., Van Doren, V. E., Eds.; Plenum: New York, 1979; pp
Using the computed cation and anibmalues in combination 69. (b) Kagoshima, S.; Nagasawa, H.; SambongiOfie-Dimensional

with the HOMO and LUMO orbital splittings in the various Conductors Springer-Verlag: Berlin, New York, 1988.

(58) Endres, R. G.; Fong, C. Y.; Yang, L. H.; Witte, G.; Woell, Comput.
Mater. Sci.2004 29, 362.
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Figure 18. Total computed hole and electron transfer rates for oligothiophexgoligofurans M), and oligopyrroles €) from eq 2, using the internal
reorganization energied)(calculated for hole and electron transfer from ref 13 and Table 3, respectively, and splittings computedzterstaeking

direction in the eclipsed orientation with tilt angles and center-to-center intermolecular separations as indicated (Figure 5) or for thaskgpatngbone

motif (Figure 6) with thez-axis andy-axis center-to-center intermolecular separations indicated. Geometric parameters approximate those in various
oligothiophene crystal structures.

the computed anion internal reorganization energies are smallerintermolecular spacing (Figure 13; even though a portion of
The net result is that computed electron transfer rates~&e  the tilted molecule is further away) but smaller than those for
times greater than the hole transfer rates, while for oligopyrroles a cofacialz-stack in which the intermolecular distance is fixed
and oligofurans, computed electron transfer rates are slightly at the closest (but unstabteide supra) C-C contact for the
smaller (~10—20%), primarily because of the greater anion tilted form.

internal reorganization energies relative to those of the cation. For slipped stacks arrayed along herringbone directions,
In fact, while the oligofurans and oligopyrroles have markedly computed hole transfer rates are.0 times smaller than that
different electron bandwidths, as illustrated by the LUMO for tilted z-stacks because of the significantly smaller band-
splittings in Figures 11 and 12, the dispersion in computed widths. The small variations are a significant percentage of the
overall electron transfer rates is only-2% (e.g., 9.79% 10%? total bandwidth and thus yield noticeable variations in computed
and 9.66x 102 s~ for tetrafuran and tetrapyrrole, respectively; hole transfer rates (Figure 18). On the other hand, the greater
illustrated in Figure 18) because the computed anion reorganiza-electron bandwidths in the slippedstacks yield computed
tion energies effectively compensate. electron transfer rates comparable to those of tiltestacks,

For the tilted z-stacking arrangements, as noted above, with the exception of the oligofurans. The electron bandwidths
oligopyrrole structures have significantly greater bandwidths remain relatively constant as a function of oligomer length, yet
than do either the oligothiophenes or oligofurans and hence havethe electron transfer rates increase sinceltbarrier decreases
greater computed hole and electron transfer rates, although againn longer oligomers.
the increase in computed charge-transfer rate with increased The importance ofl in these systems is significant, largely
oligomer length is driven by a-23-fold increase in the exp-  because in ther-stacking direction, either cofacial or tilted
(—A/4ksT) reorganization energy term. Similarly, the oligofuran intermolecular arrangements have significant computed band-
cation reorganization energies are systematically smaller thanwidths for both holes and electrons. For other directions, such
those of the oligothiophenes, and the computed hole transferas along thex or y Cartesian axes, the computed bandwidths
rates are correspondingly greater for the oligofurans, while the are ~2—3 orders of magnitude smaller, which results 6t
opposite is observed for electron transfer rates. For all tilted orders of magnitude decrease in computed charge-transfer rates.
configurations, the computed bandwidths are greater than thoseThe overall picture of charge transfer in these materials, from
for a simple cofacial arrangement at the same center-to-centerthe computed dimer charge-transfer rates, is an anisotropic one,
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with almost all charge transfer in thestack directions and The variation in orbital splittings with increased molecular
acting as the rate-determining barrier in these directions. Indeedtilt angle is in accord with increased overlap resulting from
in thin single-crystal sexithiophene measureméhthermally decreased intermolecular contact distances (i.e., while the center-

activated hole transport is observed at temperatures above 10@o-center distance remains the same, the closest-contact distance
K with an activation barrier of 0.025 eV, in reasonable agree- changes). This increases both hole and electron bandwidths,
ment with the computed gas-phase barrié#).*® This implies although the effect is greater for the former than for the latter
that the lattice environmental reorganization (akin to outer-sphere due to the LUMO special distributions in these oligoheterocycles
reorganization energy in solution-phase charge-transfer pro-(Figure 10). The increased bandwidths with increased tilt angles
cesses) is very small, as assumed above; otherwise, the experimeans that the tilted forms exhibit hole/electron bandwidths
mental activation barrier would be larger than the computed one. ~33—50% of those for eclipsed cofacial stacking at the smallest
For both the cofacial and herringbomestack orientations, interplanar separation, but are energetically more stable. The
the differences between computed hole and electron transferslipped zz-stack motifs have significantly smaller hole band-
rates are largely driven by changes in internal reorganization widths and somewhat smaller electron bandwidths, suggesting
energies-computed hole and electron bandwidths are within that the anisotropy of charge transporpirandn-type slipped-
20% of each other for all three heterocycles and oligomer lengths stack materials is likely to be different.
considered. This suggests that the relative paucity-bfpe The hole and electron transfer rates computed in this study
conductive/semiconductive organic materials with high mobili- suggest that the intrinsic hole and electron mobilities in these
ties!®:80 compared top-type ones isnot accounted for by unsubstituted oligoheterocycles can be comparable, so that
differences in relative hole and electron bandwidths in these observed differences between charge-transfer rates for particular
materials, particularly for unsubstituted oligoheterocycles. Other systems are largely governed by differences in internal reorga-
recent first-principles band-structure calculations on pentacenenization energies. Since the cation and anion reorganization
and other conjugated materials confirm that computed electronenergies for these species are also comparable, many of the
bandwidths can be greater than hole bandwidths and computedbserved differences im-type and p-type performance in
electron effective masses can be smaller than hole effectiveconductive/semiconductive organic materials must be due to
masses§?9-58 other contributing effects, such as charge injection, traps, or
grain boundary scattering. Future work will focus on chemical
) ) . . modification of internal reorganization energies, for example,
The necessary requirement fectrically conductie organic iy heterocycle substituents, since these are of clear importance
materials 1S the ability to efficiently t_ransfe_r Chafge' either via for understanding trends in intrinsic charge mobility in organic
holes or via electrons, between neighboring units. Therefore, conductors.
we .have cgnsidered hopping.-typ.e transport between two neigh- This work addresses several key issues in current organic
boring conjugated heterocyclic oligomers as an electron-transferelectronic materials research, including the following: (1) a

reaction and focused on the influence of structural variables, detailed comparison of the electron and hole bandwidths

f]u?h ast mte_rgmlgtcular Zep?ratlon, ||nter;rr1]olecutlﬁr Or'ematlog’demonstrates that the paucity oftype organic conductive
eteroatom identity, and oligomer length on the compuled ., iq )5 isnot due to intrinsically small electron bandwidths

electronic coupling for hole and electron transfer between (and thus to inadequate-type charge mobility) in these

neighboring units. materials; (2) computed overall intrinsic charge-transfer rates

_ The present first-principles gnalysis p_rovide_s considerable for electron and hole transport aessentially equagxcept in
insight into the relative energetics of various oligoheterocycle the slipped-stack direction, where hole transport decreases

packing motifs and the resulting bandwidths for charge transfer. significantly; and (3) an MP2-based framework is presented to

The relatlv_e computed energies of |ntermolecular Qrganlzauon facilitate analysis of oligoheterocycle families, in which there
in these oligoheterocycles agree well with the motifs observed is a paucity of solid-state structural data

experimentally in oligothiophene single crystals and suggest that
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