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We report EHT calculations of the band electronic structure of substituted pentacene derivatives and the
polymorphs of the parent compound. The results show that there are wide disparities among the bandwidths
and electronic dimensionalities of these compounds. The parent pentacene polymorphs are 2-dimensional in
their band electronic structure with moderate dispersions; the bandwidths in the 14.1 A d-spacing polymorph
are noticeably larger than for the 14.5 A d-spacing polymorph, reported by Campbell. Whereas the parent
pentacene polymorphs adopt the well-known herringbone packing, the new, substituted pentacenes are
noticeably different in their solid state structures and this is reflected in the band electronic structures. TMS
adopts a highly 1-dimensional structure that leads to a large bandwidth along the stacking direction; TIPS
also adopts a stacked structure, but because the molecules are laterally interleaved in the fashion of bricks in
a wall, this compound is strongly 2-dimensional.

Introduction pentacene derivatives that are forced into stacking geometries

Rigorously purified single crystals of pentacene show high by the attachment of substituents to the pentacene molécule.

mobilities at low temperature, and this result has been interpreted
in terms of band transpotf. It is fundamental to our under-

R
standing of transport processes in solid-state materials that
conductivity comes about as result of a conducting pathway
and the availability of carriers (electrons or holes). It is important

R

to note that this understanding of the relationship between

conductivity and orbital overlap is not necessarily based on

sophisticated theories of electronic structure, but is usually made R = H (pentacene)

obvious in the simplest methods, such as the Extended Huckel )

Theory (EHT)%* It is for this reason that EHT band structure R = C=C—Si(CHs) (TMS)
calculations have been widely used in the rationalization of the R = C=C—Si(CH(CH3);) (TIPS)
electronic structure of organic conductors and superconductors.

In a recent article on pentacene, it was shown that the single |n crystals of TMS, the molecules adopt a simple one-
crystals exhibit high field effect mobilities.Not all polymorphs dimensional (1-D) stack that has short interatomic spacings
can be grown as single crystals, and in the thin films the mobility (~3.4 A) and excellent overlap along the stacking direction. In
is limited by grain boundaries. We compared the 14.1 A crystals of TIPS, the molecules are also arranged in stacks, but
d-spacing polymorpt-2t with the 14.5 A d-spacing polymorph  there is a large offset in the arrangement so that each molecule
reported by Campbetf: In the present article, we use extended overlaps above and below with two neighboring molecules in
Huckel theory (EHT) calculations of the valence and conduction the stack; in this way, the molecules develop interactions lateral
bands to show that the interactions between neighboring organicto the stacking direction. These two stacked structures found
molecules in the crystal lattice are dominated by their orientation in the substituted pentacenes contrast with the herringbone
and arrangement rather than by their interatomic separations. structure of the unsubstituted pentacene polymoiphs.

We also report the band electronic structure of two new  For comparison purposes, we also include the band structure
of solid Gsp although EHT calculations on &gy have been

Iﬁart %f the special iSdsue “JOEH (I:cj EU”ydEEStSCZFiﬁ"- reported previously1 At the EHT level of theory, there s little
0 wnom corresponaence shou e addressed. . .
* Departments of Chemistry and Chemical & Environmental Engineering, difference between the band structures (_)f these two solids.
University of California, Riverside. Nevertheless, § and Go are known to function as field effect

E Dep?rtment okf Chemistry, Advanced Carbon Materials Center, Uni- transistors®8and recent work has shown that field effect doping
versity of Kentucky. ; i

I'Bell Laboratories, Lucent Technologies and Department of Materials of the parenétsfullerene&‘., can induce SUp?rcondUCtMty at low
Chemistry, Lund University. temperatures> The previous EHT calculations ongK_:BO gave

O University of Groningen. a bandwidth for the half-filledst, level of 0.5 eV which may

10.1021/jp0207937 CCC: $22.00 © 2002 American Chemical Society
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Figure 1. View of the herringbone structure of 14.5-pentacene, ~
showing intermolecular contacts that fall within 4 A. This arbitrary ?g
value was chosen to accentuate the differences between polymorphs. > [T 1 rTTTYYSO O[T 1 &
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L e e e Figure 4. Electronic structure of the valence and conduction bands of
= F 14.1-pentacene along X (a*), Y (b*), and Z (c¥).
(0]
& o5 I i TABLE 1: Band Dispersions for Pentacenes
' conduction bardd valence barmtd
compd direction (eV) (eV)
. F 1 14.5-pentacene X 0.03, 0.03 (0.08) 0.05, 0.06 (0.18)
T \ Y 0.12,0.07 (0.18) 0.12,0.04 (0.18)
T V4 0.03, 0.02 (0.07) 0.01, 0.02 (0.18)
_/_ I
100 F 1 1 i 14.1-pentacene X 0.22,0.20(0.28) 0.20, 0.08 (0.21)
’ Y 0.06, 0.04 (0.12) 0.06, 0.03 (0.13)
z 0.01, 0.01 (0.09) 0.02, 0.00 (0.13)
T™MS X 0.86 0.09
Y 0.02 0.03
r X T v o r z z o001 0.01
Figure 2. Electronic structure of the valence and conduction bands of TIPS X 0.36 0.15
14.5-pentacene along X (a*), Y (b*), and Z (c*). Y 0.33 0.03
V4 0.00 0.00
Ceo X 0.53 (), 0.60 (i) 0.61 (h)

a2The values in parentheses refer to the total width of the band
complex for both pentacene molecules in the asymmetric unit. In the
case of Gy, the values given are for the total bandwidth of orbitals
that are degenerate in the free molecule.

polymorphs display appreciable dispersion along X (a*) and Y
(b*), and thus, they reflect the herringbone stacking arrangement
found previously in the crystal structures and indicate a 2-D
electronic structure for these materials.

T
A\
Lo

: v [
&) £ " A {759 . . .
J\’/\/\, _____ The band dispersions of all of the pentacenes are summarized
o s v . th herringb ruct . 1:11 . in Table 1, where it may be seen that the valence band
jgure o. Iew o € nerringbone structure_ o .l-pentacene, i i - i -
sh%wing intermolecular contacts that fall witht A (see Figrijre 1). dispersions of the 14.1 A d-spacing polymorph (14.1-pentacene)

are calculated to be greater than the values obtained for the 14.5
be compared with the bandwidth of 0.6 eV obtained by LDA  d-Spacing polymorph (14.5-pentacene), in agreement with the
calculation$ superior physical properties found for this polymof8iThe
dispersion in the highest lying valence band of 14.1-pentacene
is calculated to be about 0.2 eV along the X direction, whereas
space charge limited spectroscopy gives an effective in-plane

The structures and calculated valence and conduction bandg?andwidth for hole conduction of 0-10.4 eV in the temperature
for the parent pentacene polymorphs are shown in Figurds 1~ range 300 to 10 K®
In the solid state, there are two molecules in the asymmetric  Our results may be compared with recent INDO calculations
units of both cells, and thus there is a pair of energy bands for on 14.1-pentacene clustér§hese calculations obtain a splitting
the valence and conduction bands. The energy bands of bothof the energy levels for the two molecules in the unit cell of

Results and Discussion
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Figure 6. Electronic structure of the valence and conduction bands of
TMS along X (@*), Y (b*), and Z (c*).

In contrast to the pentacene polymorphs, the substituted
pentacene derivatives adopt stacked structures (Figures 5 and
7), and this is reflected in the highly anisotropic band electronic
structure (Figures 6 and 8). Of most note, however, is the large
dispersion in the conduction bands (Table 1); this amounts to
about 0.9 eVin TMS and 0.7 eV in TIPS and is to be expected
given the close approach between the stacked molecular planes
which are reported to be at the van der Waals separation for
pairs of carbon atoms.

TMS adopts a slipped 1-D stacking arrangement which
superimposes slightly less than four out of the five benzene rings
in the pentacene structure at distances close to the van der Waals
separations for pairs of carbon atoms (3.4 A). As a result the
bandwidth of the conduction band (0.9 eV) is unprecedented
for a neutral molecular crystal, and exceeds even thatsgf C
which has intermolecular carbeitarbon distances of 3.3 A;
Figure 5. View down the crystallographia axis, showing isolated nevertheless, & is face-centered cubic with overlap in 3-di-
columns ofz-stacked TMS molecules together with space filling views MENSIONS rather than_ being confined to a single direction as is
of the crystal packing. found in TMS (See Figure 9)

TIPS also adopts a stacked structure, but the details are
0.061 eV (HOMO) and 0.070 eV (LUMG)which may be unusual (Figure 7). The TIPS structure is composed of
compared with the values obtained with EHT theory of 0.020 interleaved molecular plates, in just the same way that bricks
and 0.033 eV, respectively. The INDO calculativpsovide are laid and produces a wall of molecules connected in 2-D.
estimates of 0.61 and 0.59 eV for the conduction and valence Presumably to avoid the bulky central groups, the surface of
bandwidths, respectively. Thus, the INDO calculations give any given pentacene overlaps with two other pentacenes in the
interaction energies in the crystal lattice that are 2 to 3 times stacks so that about two benzene rings in a pair of pentacenes
larger than the EHT calculations. actually overlap. Because any pentacene overlaps with two

Our analysis supports previous wétk81253yhich suggests ~ molecules in the stack (both above and below), a lateral
that carbon-carbon interactions are surprisingly effective even conducting pathway is established. The stacking axis is ap-
when the interactions occur at distances that far exceed the sunproximately along Y and the lateral direction lies approximately
of the van der Waals separations (3.4 A) and do not involve along X. It may be seen that the conduction band shows similar
the type of head-om-orbital overlap that occurs in crystalline  dispersion along these two directions [0.33 eV (stacking
Cso- Relatively weak interactions between carbon-based p direction), 0.36 eV (lateral direction)], but the valence band
systems (Table 1), are shown to be capable of supporting highexhibits significantly greater dispersion along the X direction
conductivities that probably involve band transpoi§. [0.03 eV (stacking direction), 0.15 eV (lateral direction)].
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Figure 8. Electronic structure of the valence and conduction bands of
TIPS along X (&%), Y (b*), and Z (c*).
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Figure 7. View down the crystallographib axis, corresponding to ) ) r X )
ther-stacking axis, showing two-dimensional stacks of TIPS molecules Figure 9. Electronic structure of the valence and conduction bands of
together with space filling views of the crystal packing. Ceo along X.
Conclusion

in the valence bands are calculated to be: 0.05 (X), 0.12 eV

There are wide disparities among the bandwidths and (Y) 14.5-pentacene; 0.20 (X), 0.06 eV (Y) 14.1-pentacene.
electronic dimensionalities of the pentacene molecular crystals Whereas the parent pentacene polymorphs adopt the well-known
discussed in the present report. The parent pentacene polymorphkerringbone packing, the new substituted pentacenes are notice-

are 2-D in their electronic structure with moderate dispersions; ably different in their crystal packing structures. TMS adopts a

the bandwidths in the vapor phase grown material are noticeablyhighly 1-D structure that leads to a large bandwidth along the

larger than those in the solution phase material. The dispersionsstacking direction (X); TIPS also adopts a stacked structure (Y),
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but because the molecules are laterally interleaved (along X)  (2) Chi, X.; Itkis, M. E.; Patrick, B. O.; Barclay, T. M.; Reed, R. W.;

in the fashion of bricks in a wall, this compound is strongly (13;]'1"%3%;1-638;‘133' A. W.; Haddon, R. @. Am. Chem. Sod 999

2-dimensional. The calculated dispersions in the valence (3) Chi, X.; ltkis, M. E.: Reed, R. W.; Oakley, R. T.; Cordes, A. W.;
bands: 0.09 (X), 0.03 eV (Y) TMS; 0.15 (X), 0.03 eV (Y) TIPS, Haddon, R. CJ. Phys. Chem. B002 106, 8278-8287.
are dwarfed by the dispersions in the conduction bands: 0.86 (4) Cordes, A. W.; Haddon, R. C.; Oakley, R. T.; Schneemeyer, L. F.;

. Waszczak, J. V.; Young, K. M.; Zimmerman, N. M. Am. Chem. Soc.
(X), 0.02 eV (Y) TMS; 0.36 (X), 0.33 eV (Y) TIPS. 1991 113 582.

. . (5) Cornil, J.; Calbert, J. P.; Bredas, J. L. Am. Chem. So2001
Experimental Section 123 1250-1251.

_ ; (6) Erwin, S. C.; Pickett, W. ESciencel991, 254, 842-845.
X-ray Crystallography. Crystallographic data have been (7) Haddon, R. CAcc. Chem. Re<.992 25, 127,

previously reported:1*-22 The coordinates from these structure (8) Haddon, R. CJ. Am. Chem. Sod996 118 3041-3042.
determinations were used directly in the band structure calcula-  (9) Haddon, R. C.; Hebard, A. F.; Rosseinsky, M. J.; Murphy, D. W.;
tions. Duclos, S. J.; Miller, B.; Fleming, R. M.; Siegrist, T.; Glarum, S. H.; Tycko,

: _ R. ACS Symposium Serié992 481, 71—89.
Band Structure Calculations. The band structure calcula (10) Haddon, R. C.. Perel. A. S.: Morris, R. C.: Palstra, T. T. M.: Hebard,

tions made use of a modified version of the extended Huckel o F :'Fleming, R. M.Appl. Phys. Lett.995, 67, 121—123.
theory (EHT) band structure program originally supplied by  (11) Haddon, R. C.; Ramirez, A. P.; Glarum, S. Atlo. Mater. 1994
M.-H. Whangbo. The parameter set is chosen to provide a 6, 316-322.

; : P : ; (12) Haddon, R. C.; Siegrist, T.; Fleming, R. M.; Bridenbaugh, P. M;
reasonably consistent picture of bonding in heterocyclic organic Laudise, R. AJ. Mater. Chem1995 5, 1716-1724.

compounds:*? In the case of benzenoid hydrocarbons, EHT (13) Hoffmann, R.J. Chem. Phys1963 39, 1397-1412.
calculations are known to give-orbitals which lie too high in (14) Hofmann, RSolids and Surfaces/CH: New York, 1988.
energy relative to the-orbitals’3°and in certain circumstances, (15) Schoen, J. H.; Kloc, C.; Haddon, R. C.; Batlogg, B. A Supercon-

—Arhi ; ; ; ; ducting Field Effect SwitchScience200Q 288 656—658.
the g-orbitals are interspersed with theorbital manifold. We (16) Schoen, J. H.: Kloc, C.: Batlogg, Bhys. Re. Lett. 2001 86,

have neglected theseorbitals, and all of the crystal orbitals  3g43.
shown in the band diagrams have been confirmed to arise from (17) Siegrist, T.; Fleming, R. M.; Haddon, R. C.; Laudise, R. A;
s-orbitals. Lovinger, A. J.; Katz, H. E.; Bridenbaugh, P.; Davis, D..D Mater. Res.
1995 10, 2170-2173.
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