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We computed the intermolecular electronic coupling and the band structure of three pentacene derivatives
that stack cofacially in one or two dimensions. We rationalize the results building a map of the coupling
between HOMOs and LUMOs of isolated pentacene molecules as a function of the relative molecular
orientation and finding the position on such map of the actual molecular pairs. The apparently chaotic
dependence of the intermolecular coupling from the crystal structure is explained, and directions for the
design of materials with improved electric transport properties are given. We run molecular dynamics
simulations to explore the variation of the intermolecular coupling due to the thermal motions. It is
shown that, even in the crystal phase, the limited conformational space explored at room temperature is
large enough to produce consistent variation in the intermolecular coupling. The consequences of this

finding on the practicability of the transport properties of organic materials are analyzed.

1. Introduction

of theoretical physicist§?? is trying to provide the ap-
propriate framework for this problem. Computational chem-

Synthetic chemistry and crystal engineering are providing jsiry and physics are acting, as usual, as a link between the
a wide spectrum of solid compounds potentially useful as gxperiment and the formal theory still under developrigt.

organic semicondutorfs? usually based on modified con-
jugated molecules such as polyacenéspolythiophenes! 24

or hybrids thereot> 8 The phenomenology of the measured

charge transport properties in these materials is not com-
pletely understandable on the basis of the preexisting model
employed for inorganic semiconductors, and a broad group
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If the transport can be described as bandlike, the coupling
between molecular orbitals determines the band dispersion,
the carrier effective mass, antbgether with some additional
information on the scattering rat¢he charge carrier mobil-
ity. When the bandlike mechanism is active, the charge
carriers are completely delocalized and the transport is
described by the Boltzmann equation or other related
formalisms. In the opposite limit of a purely hopping
mechanism, the charge carriers are completely localized by
the electror-phonon coupling (nuclear reorganization en-
ergy) and the hopping rate between neighboring sites is
proportional to the square of the electronic coupling between
localized wave functions. Although the actual transport
mechanism is probably intermediate between the two re-
gimes, in both cases the best transport properties are obtained
for materials that display the larger possible electronic
coupling between neighboring molecules. The challenge of
crystal engineering applied to organic semiconductor is to
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Molecular Crystals Containing Pentacene Units

design systems with the maximum electronic interaction
between its molecular components.

Most of the conjugated molecule/polymer proposed for
organic electronics stacks in herringbone fashion (unsubsti-
tuted pentacene, thiophene, polyphenylene)Stacking
among cofacial molecules is rarer: it is displayed, for
example, by discotic materi&l;>* DNA base pair$?33poly-
(3-alkylthiophene¥* and dithiophene-tetrathiafulfalefeA
wide set of solids displaying cofacial packing among its
conjugated components was prepared by Anthony and co-
workers!%¢ who synthesized materials based on pentacene
with bulky substituents in positions 6,13 or 5,14.

These materials, substituted with trialkylsilyl groups, are
highly soluble, very stable, and form large crystals easily
by solution crystallization methods. The nature and amount
of z-overlap in these materials is controlled by altering the
size or location of the functional grodpAlthough a number
of derivatives have been reported, all of the stacking motifs
fall into three general categories (see Figure 1D slipped-
stack(exemplified by TMS, i.e., 6,13-bis(trimethylsilylethy-
nyl)pentacene)columnar sz-stack (exemplifiled by TESo,
i.e., 5,14-bis(triethylsilylethynyl)pentacene, with substitutents
offset with respect to the center), ar®iD s-stacking
(exemplified by TIPS, i.e., 6,13-bis(triisopropylsilylethynyl)-
pentacene). Of all the functionalized pentacene molecules
tested, only the 2-Dr-stacking materials exhibit significant
hole mobilities (up to 0.4 céV s for TIPS)3” Because of
the ease with which crystal packing in this class of materials
can be “fine-tuned”, working models that give direction to
the crystal engineering process will greatly accelerate the
development and utilization of useful materials.

In this paper, we compute the intermolecular electronic
coupling between neighboring molecules of the ordered
crystals of TMS, TIPS and TESo and their band structure.
After describing the method and illustrating the results
(section 2), we suggest a rationalization, identifying some
common characteristics in the intermolecular coupling for
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material based on coplanar Conjugated carbon moleculegrigure 1. Packing motifs of the three systems studied in this paper (A)

(section 3). We will show in section 4 how the thermal
motions can dramatically affect the transport properties of
this class of materials. In the conclusion, we discuss how
the findings of this paper might affect the strategies for the
design of better organic semiconductors.

2. Electronic Structure of the Three Solids

Method. To compute the band structure of the three solids,
we used a slightly modified version of a method described
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slip stacks of TMS, (B) columnar stacks of TESo, and (C) segregated stacks
of TIPS.

in detall in ref 27, which we briefly recall. This method is
akin to the approach often referred as the “dimer meti&&d”.
We first compute, for all the molecules in the unit cell, the
molecular orbitals (MO) of the isolated molecule (we will
refer to them asunperturbedMOs). We consider only a
subset of MOs, usually four frontier orbitals, i.e., the two
highest energy occupied and the two lowest energy unoc-
cupied orbitals per molecule. This sé#.}, can be used to
form the Bloch-type basis functions for the calculation of
the band structure. We compute the interorbital coupling
between neighboring molecules and their ovei$ags:

Vypr = [, (0 H"|gp(r — T)O
Syt = Be(NIdy(r — T

1)
)

Hefis an effective one-electron Hamiltonian, usually of the
same type used to compute the unperturbed orbifasan
element of the direct lattice with unit vectddsb, and¢ (T

= na + ngb + nc, with n,, ny,, andn; integer numbers).
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The matrix elements in eqs 1 and 2 involve the orbital
and the orbitalps, the latter translated by a lattice vector
Identifying withk a vector in the reciprocal spade< x.a*

+ xpb* + X 6%, with X,, X, andx. real), the band energie$

for eachk value are a solution of the generalized eigenvalues
equation:

H CK = S'Cke* (3)

with the matrixesH* and S¢ given by
H&=Zwmwmﬂ) @)
(5)

Sur= X S explKT)

We computed the orbitals of the isolated molec\le¢g}
at the B3LYP level with the 6-31G* basis sét®" in eq 1
could be therefore chosen simply as the (B3LYP) Foeck
Kohn—Sham operatéf for the couple of molecules implied
by eq 1. This was the choice made in ref 27 and it is
sufficiently accurate when there is nonnegligible overlap
between the frontier orbitals of neighboring molecules. In

this case, however, there are couples of molecules that are

in contact through their alkylic portion, i.e., the interaction
between the frontier orbitals (localized on the pentacene
units) can be also mediated by orbitals localized on the

saturated fragment. The situation is analogous to that of

donor-bridge-acceptor molecules in which the denor
acceptor interaction is mediated by a saturated brigitfe.
One trivial way to study this case requires the inclusion of
all the MOs on each molecule in the calculation of the band,

but this approach could complicate the analysis of the results.

Instead, we use the matrix partition metft to compute
from the total one-electron Hamiltonian of a couple of
molecules areduced Hamiltonianthat includes only the
frontier orbital but accounts effectively for the presence of
other orbitals that could mediate the intermolecular coupling.
The implications of this method have been widely discussed
in the charge-transfer literatufé?® and we simply use the
main result.

The full orbital space is divided into two subspaces: the
F subspace, containing only the frontier orbitals, andGhe
subspace, containing all the other orbitals. The total Hamil-
tonian of the couple of molecules (and similarly the overlap
matrix S) is partitioned as

Hee HFG]
H= 6
Her Hee ©

The effective Hamiltonian in the subspace of the frontiers
orbital is

HEL(E) =

HFF + (H FG ESFG)(ESGG - HGG)_l(HGF - ESGF) (7)
The first term in the right-hand side of eq 7 corresponds to
the direct coupling between the frontier orbitals, and the

second term is the correction due to the coupling through
orbitals external to the frontier orbital subspace. The

Troisi et al.

Table 1. Selected Electronic Couplings between MOs Localized on
Close Molecules for the Three Considered Molecular Solids

T™MS m Na Np Ne Vian(cm™1) Vi(em™h
1 0 0 1 2.7 2.1
1 0 1 0 225 0.7
1 0 1 1 12.2 —-13.4
1 1 -1 -1 -0.2 0.2
1 1 -1 0 54.5 58.1
a 1 1 0 0 358.0 1839.6
1 1 0 1 -4.3 —2.4
1 1 1 1 -0.4 0.7
TESo m Na Np N H—H L-L
1 0 1 0 -6.2 -0.9
2 -1 0 0 14.2 -8.0
2 0 -1 0 14.2 -8.0
3 0 -1 0 -0.4 0.7
3 0 0 0 -0.4 0.7
4 -1 0 -1 0.0 0.0
4 0 -1 0 8.3 -10.3
4 0 0 0 67.1 —26.3
4 0 1 0 8.3 -10.3
5 0 -1 0 76.9 3.5
5 0 0 0 9.4 -1.5
6 0 0 0 136.7 —1129.2
c 6 0 1 0 —472.2 804.0
7 -1 0 -1 0.5 0.2
7 -1 1 -1 1.8 -0.1
7 0 0 0 0.5 0.2
7 0 1 0 1.8 -0.1
8 0 -1 -1 3.7 4.8
8 0 -1 0 3.7 4.8
8 0 0 -1 0.9 1.6
8 0 0 0 0.9 1.6
TIPS m Na Ny Ne H—H L-L
1 0 0 1 -1.6 0.5
1 0 1 -1 -1.8 2.1
1 0 1 0 —-14.8 -2.9
d 1 1 -1 0 34.3 652.7
1 1 0 -1 0.2 0.1
1 1 0 0 237.8 —1514.1
1 1 1 -1 0.7 -1.0

aWe included only the coupling between HOMO#,() and LUMOs
(VLL). Each row reports the coupling between the first anchitiemolecule
of the unit cell?” with the mth molecule translated by = na + nyb +
n. The labelsa—eindicate the most strongly interacting couples discussed
in the text.

parameteE is conveniently set to the average energy of the
unperturbed frontier orbitals.

The computational procedure can be summarized as
follows: (i) a list of couples of interacting molecules is
compiled? (ii) For each couple thel andS matrixes in the
basis of the unperturbed MO are computed; (iii) the effective
coupling between the frontier orbitals is computed using eq
7 and will form the set of matrix elemen{®ys}; (iv) the
global Hamiltonian of the solid is built using eq 1, and the
band dispersion is computed from eq 3.

The computation is performed on the geometries obtained
by X-ray crystallography and published in refs 36 and 7.
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(44) We include the interaction between two molecules if the closest
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Figure 2. Plot of the two HOMOs (above) and the two LUMOs (below) of the five couples of close molecules with the strongest electronic interaction
between the localized frontiers MOs. The labetse correspond to that indicated in Table 1.

We note that these systems are very large compared to thehese five cases in Figure 2. While it seems obvious why
one for which solid-state computational packages are opti- the frontier orbital of the couplea—e are more strongly
mized. For example, TESo contains eight molecules in the coupled than the others, it is not immediately clear what
unit cell, which bring to~5500 the number of basis functions determines the difference in magnitude and sign among their
required to perform a calculation with a 6-31G* basis set. coupling. In the next section we try to rationalize these
The tight binding approach based on a subset of localizeddifferences by providing some general directions for the
MO seems to be a viable approach to perform computationsmaximization of the coupling.

for which smaller and Iarger SyStemS are treated with an We conclude this section by presenting the Computed
identical and sufficiently good level of approximati®h.  pands for the three solids (Figure 3). The band dispersion is
Moreover, as we will see in section 3, the insight provided npegligible in the directions along which the molecules are
by a description based on the MOs can be extremely in contact through their alkylic portion® @ndg, for TMS,
valuable. aandc for TESo, anc for TIPS). From the computed band
Results.A selection of the matrix elementr, required structure we expect an essentially one-dimensional conduc-
to compute the band structure of the three materials, istion along the crystaB and ¢ axis for TMS and TESo,
collected in Table 1. We reported the coupling between respectively, and a two-dimensional conduction in #ie
HOMO orbitals and between LUMO orbitals for all the plane for the TIPS-based material. We note that in molecular
couples of molecules considered in the calculation of TMS crystals there is a very good correlation between bands and
and TIPS (that have one molecule per unit cell). For the MOs of the isolated molecule, because the bands originating
TESo solid (which has eight molecules per cell) we reported from different MOs do not mix. For this reason it is very
only the couples formed by one selected molecule with all often found that the information contained in tables such as
the neighbors with non-negligible coupling. The pattern of Table 1 is completely equivalent to the calculation of the
the couplings with the neighbors is similar for all the other band dispersion. We also note that the band structures for
molecules in the unit cell. TMS and TIPS closely resemble those previously reported

Table 1 is a useful tool to link the band structure with by Haddon et at® using (singleg) extended Huckel calcula-
chemical intuition. Each entry of the table can be visualized tlons.
as a couple of molecules dressed with the corresponding MO It should be remarked that the bandlike mechanism could
and, from these drawings, it can be verified how a larger be considered valid for organic semiconductors only at very
coupling is associated with a larger overlap between the low temperature. As noticed by several autt¥éf§the mean
MOs. We labeled asg, b, c, d, andethe five entries of Table  free path of the charge carrier drops to values on the order
1 that correspond to couples in which the pentacene of magnitude of the crystal unit cell at temperatures above
fragments are in face-to-face contact. This class of solids
was designed to maximize the interaction between the (45) Haddon, R. C.; Chi, X.; Itkis, M. E.; Anthony, J. E.: Eaton, D. L.:
couples labeled aa—e, and according to the predictions, Siegrist, T.; Mattheus, C. C.; Palstra, T. T. 8.Phys. Chem. B002
these COUpIe$ show the largest HOMBQMO ar_‘d LUM_O_ (46) }&%I?r??/ M.; Andersen, J. D.; Dunlap, D. H.; Duke, C.Mhys.
LUMO coupling. We represented the interacting orbitals for Rev. Lett. 1989 62, 1165.
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section 4 of this paper.
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— better organic semiconductors would not be possible. We
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% 29000 i | | behavior of the coupling magnitude showing, indeed, that it

o is possible to define few rules for the design of new materials

2 3000l _ It _ of this class with improved intermolecular coupling.
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-24000 1r 1T ] HOMO orbitals in pentacene derivatives, stating similarities
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Figure 3. Band structure of (A) TMS, (B) TESo, and (C) TIPS. The labeled th.e coupling between two pentacene molecules S.“dmg one
points indicate the following positions (in terms of reciprocal space unit With r_eSpeCt to t'he cher on tWO parqllel pllanes 'd|5t.ant 3.4
vectors),I" (0, 0, 0),X (Y2, 0, 0),Y (0, ¥, 0), Z (0, 0,%,). One occupied A, as illustrated in Figure 4 (their relative orientation is kept

and one unoccupied band are shown in parts A and C (one molecule perﬁxed) Thex andy parameters describe the shift of one of
unit cell). Eight occupied and eight unoccupied bands are shown in part B ’ . . . . .
(eight molecules per unit cell); note the quartet of quasidegenerate bands.tN€ molecules in the direction of its longer or shorter axis,

~150 K a fact that seems to contradlctadelocal!zed plcture.(47) Ostroverkhova, O.: Cooke, D. G.. Shcherbyna, S.; Egerton, R. F.;
Experimentally, bandlike transport was found in a recent Hegmann, F. A.; Tykwinski, R. R.; Anthony, J. Ehys. Re. B 2005
paper for pentacene and the materials studied in this paper 71 035204.

. . . 48) Jurchescu, O. D.; Baas, J.; Palstra, T. T. |. Phys. Lett2004
up to room temperatur®,in agreement with other similar ( )84‘ 3061. Adpl. Phy
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being the (0,0) position correspondent to the mirror sym- I
metric perfect pairing. A similar map was built by Kazmaier [ |
and Hoffmann to analyze the optical absorption of several ar |
perylene derivative® » il A~

The map of the HOMG-HOMO coupling Vuu(X,y), for - ' .’ _ |
Xy > 0, is reported in Figure 4. The maximum coupling ™2 [, ' =’ )/
(~6000 cnT?) is found at the (0,0) position, where the Ui AW Wl [ el ' /
overlap between the two orbitals reaches its most negative .b 'Ic f Py | i
value. The (positive) maxima or (negative) minima of the 0 : : : :

coupling follow the minima and maxima of the interorbital
overlap, and the absolute value of the coupling in these . . .

maxima or minima becomes smaller as the distance betweerf2Ure 5. He? eprecentng e cectonic ouping petueen e LUMO:
the center of mass of the pentacene molecules increases. Thge plotted at intervals of 700 crh

coupling map shows nodal planes that correspond to the

nodal planes of the interacting orbitals. We note, in particular, for the unsubstituted pentacene. Moreover, the largest
that the HOMO orbital of pentacene (which, as for other couplingVyy in absolute valued) corresponds to the point

6
x/ A

oligoacenes, transforms as thg representation of thBy, further away from the nodal planes, while the coupling
point group) has a nodal plane coincident with itg between the molecules of the couplis the smallest, because
symmetry plane that shows up in the coupling map as a nodethe distance between the two centers of mass is too large.
parallel to thex axis withy = 1.72A. The map also can be helpful in suggesting strategies to

Position of Real Systems in the Map and Consequences. maximize the coupling between HOMOs for the design of
We can find on the above-described map the position of the better p-type semiconductors based on this class of mol-
five distinct couples of cofacial pentacene fragments found ecules. A moderate increase of the coupling can be achieved
in the three considered materials (entr@ese of Table 1 by reducing the offset of the molecules along thexis,
and Figure 2} We found that that all five couples are in a while a great increase of the coupling could be achieved by
mutual position that corresponds to a point close to the nodalreducing the offset along theaxis below the current limit
plane of theV coupling map. In particular, all experimental  of 0.8 A. The bulky pentacene substituents have been used
pairs of coplanar pentacene fragments show an offset alongio force the pentacene fragments in a coplanar packing
they direction between 0.8 and 1.8 A, therefore close to the instead of the herringbone arrangement typical of unsubsti-
nodal plane withy = 1.72A. tuted polyacenes. It is probably possible to design an

The reason for this positioning is easily understandable appropriate substitution of the pentacene moiety whose
in terms of rigid sphere packing. If we model the pentacene interaction with the neighbors is strong enough to force a
as a collection of 22 rigid spheres centered on the carbonpair of pentacene fragments in the higher coupling configu-
atoms, the best coplanar packing requires an offset of therations with a reduced offset along thheirection. The map
atom layers (the face to face packing of two pentacene of the LUMO—LUMO couplingV,.(xy) is shown in Figure
molecules can be considered akin to that of two adjacent5. As for the other oligoacenes, the LUMO transform as the
planes of graphite). Because of the Coulomb and Pauli by, representation and it has no nodal plane corresponding
repulsion between the electronic clouds surrounding the to its oy, Symmetry plane. Consequently, in the coupling map
carbon atoms, the energetically most favorable packing bringswe do not find the nodal plane parallel to tkeaxis but a
the molecules to a more unfavorable position for the larger number of nodal planes parallehtexis. The absence
electronic coupling. of the nodal plane at = 1.72A, close to the actual position

Near the nodal plane, the sign and magnitude of the Of thea—ecouple, is one of the reasons for the higher values
coupling are extremely dependent on the precise position ofOf coupling between these LUMO orbitals in Table 1 (the
the two molecules, and for this reason it is very difficult to Other reason is that the LUMO orbitals are slightly more
predict the coupling magnitude from the inspection of Figure €xtended along thedirection). As in the previous case, there
2 or similar plots. However, the coupling map of Figure 4 is @ good correspondence in sign and magnitude between
(which does not consider the effect of the pentacene the position in the map of the—e couples and the accurate
substituents), provides a useful guide for the rationalization calculations of Table 1. In contrast to the HOMO case, there
of the five Coup"nga—e_ For examp|e, we can note that are two molecule pairSi ande, that are far from all nodal
there is a precise match between the sign of the computedPlanes of the coupling map and are consequently associated
coupling and the corresponding sign in the coupling map With the highest values of the LUMELUMO coupling. The

comparison of Figure 4 with Figure 5 suggests that it is easier
(49) Although the HOMO shape is marginally affected by the functional- to get greater abSO|Ute_ coupling betweer_1 LUMO_S “5_'”9 face-
ization, the oxidation potential of these substituted pentacenes is to-face pentacene units and that packing motifs similar to

~66 000 cnt® higher than that of unsubstituted pentacene. that of TMS and TIPS may be useful for the construction of
(50) Kazmaier, P. M.; Hoffmann, R.. Am. Chem. Sod994 116, 9684. y

(51) The idealized planar pentacene geometry overlapped the pentacendl-type semiconductors Research om-type materials is
fragments in the experimental structure. For each cofacial pair, the focusing on compounds that can be easily reduced in

center of mass of one molecule was projected on the plane defined i 116,52 . .
by the other molecule to get they) coordinate represented in Figure solution, but also a large LUMG&LUMO coupling is

2. desirable because it increases the electron mobility and
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decreases the reduction potential in the solid (facilitating the i
charge injection). il |
4. Effect of Thermal Motions of the Intermolecular 0.3
Coupling

The considerations of the previous section assumed a static
view of the crystal, a view that is justified at low-temperature
assuming a negligible electretphonon coupling. However,
these large molecules have several low-frequency vibrational 01k
modes that can be populated at room temperature and that
can influence the intermolecular coupling.

Consequences on the Transport PropertiesThe pen- I
tacene fragments, for all the face-to-face couples of these
materials, are in the relative position where the coupling o , , _
between HOMOS is the most sensiive to the geometric FIIE B Diouion fnclon f thews, couping betieer adcert
parameters. In other words, since the molecule pair is and gray histograms refer to the simulation at 100 and 300 K, respectively.
positioned close to the nodal plane of the HOMO coupling
map, any small displacement causes a large change in the Since the MOs are recomputed every snapshot, their sign,
coupling. It is therefore natural to expect that the thermal not maintained from one snapshot to the other, is arbitrary,
motions enhance the intermolecular interaction, introducing as well as the sign of the interorbital coupling. To avoid
at the same time disorder and loss of coherence in thethis problem (which prevents the proper calculation of the
electron motion. coupling distribution function) we compared at each time

We will describe, only for TMS, the effect of the thermal = t; the sign of the orbital with the sign of the same orbital
motions on the most important intermolecular coupling, and in the previous snapshot= t; — dt, and if the sign at is
we will report the average and the variance of the coupling changed, we multiply the orbital by 1.
at different temperatures. TMS solid was chosen for simplic- ~ Analysis. The distribution ofvyy at the two temperatures
ity, because it forms a one-dimensional stack alongahe is shown in Figure 6. The distribution is approximately
axis of the crystal with only one molecule pair with a Gaussian, with the average value and standard deviation
substantial coupling between HOMOs and LUMOs (i.e. entry given by 340+ 186 and 366+ 371 cnt?, respectively, at
a of Table 1). 100 and 300 K. The distribution of, is similar, with V.

Molecular Dynamics Simulation.We replicated the unit = 16894 170 cn* at 100 K andv,,. = 1608+ 338 cn1*
cell of TMS generating the 4 3 x 3 supercell used inthe at 300 K. Clearly, the most important outcome of this
molecular dynamics (MD) simulation (in this way each calculation is the huge variance of the coupling already at
molecule is not in contact with its image). We used the MM3 relatively low temperature. The role of thermal motions is
force fielcP3 to simulate the classical motions of the nuclei. probably more important for théuy coupling, which has a
This force field was parametrized to reproduce the packing variance of the same magnitude of the average coupling. The
of organic molecular crystal, and its use seems particularly larger relative fluctuations of the HOMO coupling can be
suited to this problem. MD calculations were run at constant understood by comparing the position of the pentacene
temperature within the canonical ensemble using the Ber-coupleain Figures 4 and 5a, being closer to a nodal plane
endsepr algorithm. Hydrogen atoms were constrained at their of Vuu(Xy), the Vuy coupling is more sensitive to small
ideal bond distance using the RATTLE algoritfnyhile changes in the geometry th&ln . We note also that the large
the remaining degrees of freedom were left flexible. The variance of the intermolecular coupling is due to the weak
integration time step was 2 fs. We run simulations at 100 interaction among individual molecules described by the
and 300 K, analyzing the results after 10 ps of equilibration. nonbonded (van der Waals) terms of the force field. Since

Every ot = 0.1 ps we computed the electronic coupling, these terms are similar among different force fields, the
Vun andVy ., between the adjacent molecules in the supercell, choice of the force field does not affect the main conclusions
as described in section 1. The adjacent molecules correspon®f this section.
to the couplea of Table 1. This was the most computationally ~ To visualize the conformational space visited by the MD
demanding part of the procedure that limited the time of the simulation, we showed in Figure 7 the overlapped structures
analyzed trajectory to 50 ps. To speed up the calculation, of 50 snapshots of the simulation. To better understand the
we reduced the computational level for the calculation of effect of this motion on the coupling, we plotted (Figure 7)
the orbitals and their coupling to HF/3-21G. on the HOMO coupling map the relative position of the
pentacene fragments in 400 snapshots of the simulation as
(52) Chesterfield, R. J.; Newman, C. R.; Pappenfus, T. M.; Ewbank, P. done for the five molecule pairs in Figures 4 and 5.
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hcﬂgtgf‘%'g%%s'lg"-l';%'\"a””v K. R, Miller, L. L.; Frisbie, C. Adv. Obviously, while the map was build using rigid molecules
(53) Allinger, N. L.; Li, F.: Yan, L.; Tai, J. CJ. Comput. Chen.99Q 11, that kept their relative orientation, the thermal motions also
(54) ?368- J .3 C. Postma. 3. P. M Gunst W.E- di Nol cause slight deformation of the molecules and change in their
erendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, . F.; di Nola, . . . . - .
A.; Haak, J. R.J. Chem. Phys1984 81 3684. relative orientation. Figures 6 and 7 illustrate that, even in

(55) Andersen, H. CJ. Comput. Phys1983 52, 24. the crystal phase, the limited conformational space explored
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comparison of intermolecular coupling strength should be
complemented by an estimate of the importance of thermal
motion on the relevant coupling. According to this view,
molecular pairs whose coupling is close to a nodal plane of
the coupling map are less efficient in mediating the charge
transport. For example, the persistent photocurrent measured
for TIPS is not only related to the high coupling between
its LUMOSs but it is probably also due to the position of the
couplee in the LUMO’s coupling map (Figure 5). In fact,
the LUMO couplingeis not only high but also less sensitive
than in other compounds to thermal motions, because it is
further away from the node in the coupling map.

2.5

5. Conclusion

We computed the intermolecular electronic coupling and
the band structure of three pentacene derivatives, discussing
their possible application in organic electronics. To better
rationalize the results found for the three crystals, we built
a map of the coupling between a pair of coplanar unsubsti-
tuted pentacene molecules, and we found that the actual
interacting pair of pentacene derivatives are often found in
the region of the map closer to a nodal plane, where the
sensitivity to the smallest structural deformation is higher.

0 : : : We noted how the coupling map between HOMOs and
8 85 4 45 /A s 55 6 65 LUMOs of the unsubstituted pentacene can be used as a
Figure 7. (Top) Overlapped ejcc)metries of a couple of TMS molecules guide for the des-ign of material with -stronger interaction.
degrived from 5pO snapshr:)rzs ofga MD simulation. (BF:)ttom) The black dots From the coupling map it could be mferreq that thermal
represent the relative position of the pentacene fragment during the dynamicsmotions could substantially modulate the intermolecular
(taken every 0.1 ps) in terms of their relative offset, as described in Figure coupling. We investigate in detail this aspect for the TMS-
4. The contour fines reproduce thew coupling map of Figure 4. based material, running a molecular dynamics simulation and
computing the intermolecular coupling for several hundreds

at room temperature is large enough to produce consistent ) .
variation in tf\e intermolecglar coupﬂing P of snapshots. We have found that the off-diagonal disorder

. . (fluctuation of the intermolecular coupling) is very large for
The effect of the thermal disorder on the electronic ( pling) ylarg

) . .~ _this class of systems, and it certainly plays an important role
structure of these materials can be dramatic. The fluctuation y ypay P

of the intermolecular coupling causes localizatféiof the in the transport mechanism. The difficulties in relating
: piing intuitively the crystal structure of a material with its electric
wave function and frequent loss of coherence of the

. . . o .~ transport properties are probably also related to the huge
electronic motion. We argue that this dynamic disorder is port prop P y g

related to the very small mean free path of the charge carriereffect of thermal motions, which cannot be considered a
that these materigls appear 1o h é&/ap d a detailed th(gaoreti- small perturbation over the ideally frozen crystal structure.
cal modeling of the glpectron d narr]nics will be presented The computational findings of this paper also suggest that
9 ) y )€ prese the usual perturbative treatment of the electrphonon

elsewhere. A practical aspect of the role of disorder is the i be inad f . icond f
sensitivity of these materials to thermal energy, as reportedcwp Ing can be Ina _equate or organic semiconductors, for
in refs 7 and 58. From a “use” perspective arel'ativel oor which this coupling is large and affects the zeroth order
electronic condﬁctor with stronp ekfctre hé)non cou I?/np description. A mathematical framework suitable for the

9 P : piing modeling of the transport under these conditions is currently
may lead to new thermal management materials for use in

. : X under development.
the semiconductor industry or biosenshig. P
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