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The molecular parameters that govern charge transport in anthradithiophene~ADT! are studied by
a joint experimental/theoretical approach involving high-resolution gas-phase photoelectron
spectroscopy and quantum-mechanical methods. The hole reorganization energy of ADT has been
determined by an analysis of the vibrational structure of the lowest ionization band in the gas-phase
photoelectron spectrum as well as by density-functional theory calculations. In addition, various
dimers and clusters of ADT molecules have been considered in order to understand the effect of
molecular packing on the hole and electron intermolecular transfer integrals. The results indicate
that the intrinsic electronic structure, the relevant intramolecular vibrational modes, and the
intermolecular interactions in ADT are very similar to those in pentacene. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1689636#

I. INTRODUCTION

Organic p-conjugated materials are being increasingly
used as active elements in optoelectronic devices such as
field-effect transistors ~FET’s!,1–8 light-emitting diodes
~LED’s!,9–12 or photovoltaic and solar cells.13–16 Organic
materials offer the advantages of easy fabrication, mechani-
cal flexibility, and low cost. A number of organic materials
have now demonstrated useful FET performance, which can
be characterized by their field mobilities and on/off current
ratios. For instance, the mobility of pentacene reaches 5
cm2/V s and exceeds that in amorphous silicon FET’s.17–20

Despite its adequate charge transport properties, penta-
cene suffers from oxidative instability and insolubility.21 In
addition, the herringbone packing of pentacene molecules in
the solid state does not provide for optimal intermolecular
p-orbital overlap, which is a critical factor impacting the
intrinsic carrier mobility.22 Many attempts have been made to
improve the stability and charge transport properties of pen-
tacene by substrate modification or functionalization of the
molecular structure.23–27 Anthony et al. synthesized penta-
cene derivatives showing a significant amount ofp stacking
in the crystal;24–25however, recent density-functional theory
~DFT! calculations indicate that the reorganization energies
for these functionalized pentacenes are about 50% higher
than in pentacene itself.28 Recently, Menget al. prepared

single crystals of a pentacene derivative where the four ter-
minal hydrogens are substituted by methyl groups;26 the
crystal structure and calculated reorganization energy of this
derivative are found to be very similar to those of pristine
pentacene.

Another strategy is to design isostructural analogues of
pentacene such as anthradithiophene~ADT! and dihydro-
diazapentacene.27,29,30Katz and co-workers29,30have recently
shown that ADT, see sketch below, and its alkyl derivatives
exhibit a mobility ~0.06–0.15 cm2/V s! approaching that of
pentacene.

In addition, thea carbons of the terminal thiophene rings in
ADT can be substituted to enhance solubility, morphology,
and adhesion for processing. It is therefore of interest to
evaluate the molecular parameters affecting the charge trans-
port properties in ADT and to compare them to those in
pentacene. Here, we report a detailed quantum-mechanical
characterization of the charge transport properties of
ADT together with an analysis of its gas-phase ionization
spectrum.
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II. EXPERIMENT

ADT has been synthesized as mixtures of anti and syn
isomers as previously described.30 The gas-phase photoelec-
tron spectrum of ADT was collected using the instrument
and experimental procedures reported in more detail
elsewhere.31 The sample sublimed at 220–280 °C with no
evidence of contaminants present in the gas phase during
data collection. The instrument resolution during data collec-
tion was better than 35 meV~measured using the full width
at half height for the2P3/2 ionization of Ar!.

III. THEORETICAL METHODOLOGY

We first recall that the main parameters governing charge
transport at the molecular level are the electronic couplings
~transfer integrals,t! between adjacent oligomers and the re-
organization energies due to hole-vibration or electron-
vibration interactions.22,32,33In perfectly ordered materials at
very low temperature, provided the bandwidths are signifi-
cant, charge transport can be described in terms of a bandlike
regime. In this case, the total valence and conduction band-
widths resulting from the interaction of the HOMO~highest
occupied molecular orbital! and LUMO ~lowest unoccupied
molecular orbital! levels of the individual units determine the
hole and electron mobilities, respectively. In a tight-binding
model, the total valence and conduction bandwidths of an
infinite one-dimensional stack is equal to four times the in-
termolecular transfer integrals.

At high temperature, when the motion of the carriers can
be modeled by sequences of uncorrelated hops, the mobility
can be expressed as34–36

m5
ea2

kBT
kET . ~1!

Here,kB denotes the Boltzmann constant,T the temperature,
e the electronic charge,a the spacing between the molecules,
and kET the hopping probability per unit time~electron-
transfer rate!. In the context of semiclassical electron-transfer
~ET! theory and extensions thereof,37–39 there are two major
parameters that determine the self-exchange ET rate and ul-
timately the charge mobility:~i! the intermolecular transfer
integralt, that ~as in the case of the bandlike regime! should
be maximized; and~ii ! the reorganization energyl, which
needs to be small for efficient transport. The reorganization
energy includes the molecular geometry modifications that
occur when an electron is added to or removed from a mol-
ecule ~inner reorganization! as well as the modifications in
the surrounding medium due to polarization effects~outer
reorganization!. We note that the weakness of the van der
Waals interactions among organic molecules makes the sepa-
ration of the reorganization energy into inner and outer mo-
lecular contributions reasonable, even in the case of molecu-
lar crystals. In the high-temperature limit, the rate constant is
given by40

kET5A•expF2
~l22t !2

4lkBT G . ~2!

Prefactor A depends on the strength of the electronic cou-
pling ~i.e., the transfer integrals!: in the case of weak cou-

pling ~nonadiabatic ET regime!, A't2; in the case of strong
coupling~adiabatic ET regime!, A5nn , wherenn is the fre-
quency for nuclear motion along the reaction coordinate.

Here, we focus on the intramolecular reorganization en-
ergy and its vibrational mode description. The intramolecular
reorganization energy for self-exchange consists of two
terms corresponding to the geometry relaxation energies
(l rel

(1) andl rel
(2)) when going from the neutral-state geometry

to the charged-state geometry and vice versa, see Fig. 1.35,36

Thel terms were evaluated in two ways:~i! they were com-
puted directly from the adiabatic potential-energy surfaces of
neutral/cation and neutral/anion species using the procedure
outlined in Ref. 41;~ii ! they were obtained on the basis of a
normal-mode analysis, which provides as well the partition
of the total relaxation~reorganization! energy into the con-
tributions from each vibrational mode:38,42,43

l rel5( l i5(
1

2
kiDQi

2, ~3!

whereDQi represents the displacement along normal mode
Qi between the equilibrium geometries of the neutral and
charged molecules;ki is the corresponding force constant.

The geometries of the neutral, cation, and anion species
of both anti and syn ADT isomers were optimized at the DFT
level44,45by using the B3LYP functionals46 with the 6-31G**
basis set,47 and the vibrational frequencies and normal modes
were evaluated. All DFT calculations were performed with
the GAUSSIAN98 program.48

The transfer integrals quantify the electronic coupling
between two interacting oligomers (Ma and Mb) and are
defined by the matrix elementt5^C1uVuC2&, where the op-
erator V describes the intermolecular interactions andC1

and C2 are the wave functions corresponding to the two
charge localized statesMa

22Mb and Ma2Mb
2 @or Ma

1

2Mb and Ma2Mb
1], respectively.49,50 It is, however, pos-

sible to obtain a simple and reliable estimate by applying
Koopmans’ theorem.51 In this context, the absolute value of
the transfer integral for electron@hole# transfer is approxi-

FIG. 1. Schematic diagram of general adiabatic energy surfaces correspond-
ing to the ionization processDQ is a normal-mode displacement andl (1)

andl (2) are relaxation energies.
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mated by the energy difference,t5(«L11@H#2«L@H21#)/2,
where«L@H# and «L11@H21# are the energies of LUMO and
LUMO11 @HOMO and HOMO21# orbitals taken from the
closed-shell configuration of the neutral state of a dimer
(Ma2Mb).49,50The sign oft can be obtained from the sym-
metry of the corresponding frontier orbitals of a dimer;t is
negative if LUMO@HOMO# of the dimer (Ma2Mb) is sym-
metric ~i.e., represents a bonding combination of monomer
LUMO’s @HOMO’s#! and positive if LUMO@HOMO# is an-
tisymmetric ~antibonding combination of monomer LUMO
@HOMO#’s!.50

Here, we evaluate the transfer integrals obtained by
Koopmans’ theorem from the electronic structures calculated
at the semiempirical INDO level.52,53The INDO method has
been successful in describing the electronic structures of iso-
lated and interacting conjugated molecules and provides re-
sults in excellent agreement with corresponding experimen-
tal data33,54–56 and theoreticalab initio results.57 We have
analyzed the way the transfer integrals are affected by the
relative orientations of the molecules in the solid state. In the
absence of crystal-structure data for ADT, we have investi-
gated:~i! the influence of intermolecular separation by con-
sidering cofacial dimers~with respect to the thiophene rings
in ADT! and changing the distance between the molecular
planes in the range 3.5–5.0 Å;~ii ! for a fixed intermolecular
distance of 4.0 Å in a cofacial dimer, the impact of lateral
displacements of one of the molecules, along both the long
and short molecular axes;~iii ! the evolution of the transfer
integrals as a function of the number of molecules in a one-
dimensional cofacialp stack~that is, as a function of cluster
size!. The results are compared to those obtained in similar
conditions for pentacene.

IV. RESULTS AND DISCUSSION

The experimental gas-phase ultraviolet photoemission
spectroscopy~UPS! spectrum of ADT is shown in Fig. 2
together with that of pentacene;28 the two spectra are very
similar. The first ionization of ADT has a vertical energy of
6.69960.001 eV vs 6.58960.001 eV for pentacene and is
well separated from the other ionizations of the molecule.
Several ionizations show partially resolved vibrational fine
structure. A closeup of the lowest binding energy peak asso-
ciated to the HOMO level is shown in Fig. 3. As is the case
in pentacene,28 the first ionization clearly exhibits a high-
frequency progression of about 1400 cm21 that lies in the
region expected for C–C stretching modes. The line shape of
the lowest UPS band is directly related to the geometry re-
laxation energy,l rel

(1) , calculated when going from the neu-
tral ground-state geometry to the cation optimal geometry;
l rel

(1) closely corresponds to one-half the vibrational reorgani-
zation energy for intramolecular hole transfer.28 The similar-
ity in the shape of the first ionization peak in ADT and pen-
tacene points to the fact that the reorganization energy of
ADT is as small as in pentacene, as further supported by the
DFT-B3LYP calculations.

The B3LYP/6-31G** -optimized geometries of the anti
and syn isomers of ADT are shown together with that of
pentacene in Fig. 4. The anti and syn isomers are calculated

to be nearly isoenergetic: the anti isomer is very slightly
more stable than the syn isomer by 0.02 kcal/mol. The cal-
culated C–C bond distances in the ADT isomers show a
reduced bond-length alternation compared to pentacene. The
DFT-B3LYP adiabatic ionization potential~IP! of ADT is
estimated to be 6.15 eV for both anti and syn isomers, which
is comparable to the value obtained for pentacene~5.93 eV!
at the same level of theory; the calculated IP’s of both ADT
and pentacene are lower than the experimental values by
about 0.6 eV. The fact that IP is slightly higher in ADT than
in pentacene is expected from the replacement of the two
CvC bonds of pentacene with the slightly more electrone-
gative sulfur atoms present in ADT.58

The degree of geometry relaxations calculated when go-
ing from the neutral to the cation or anion states is similar to

FIG. 2. Gas-phase photoelectron spectra of ADT~top! and pentacene.

FIG. 3. High-resolution closeup of the first ionization of ADT.
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those observed in pentacene. The C–C bond distances
change by about 0.01 Å in both isomers of ADT~0.01 Å for
pentacene!; for both isomers, the change in the C–S bond
distances when going from the neutral molecule to the cation
~0.02 Å! is much larger than that calculated upon reduction
~0.004 Å!. This is easily understood from an analysis of the
shape of the ADT frontier orbitals~see Fig. 5!; the HOMO
level presents an antibonding character between the carbon
and sulfur atoms, which leads to a shortening of the C–S
bonds when one electron is removed; in contrast, the sulfur
atoms do not contribute to the LUMO level, which results in
small changes in the C–S bond distances when one electron
is added. Comparison of the frontier orbitals in ADT and
pentacene indicates that the bonding–antibonding pattern of
the orbitals is nearly the same~especially in the central an-
thracene unit!, see Fig. 5; thus modifying pentacene by in-
troducing thiophene rings hardly changes the electronic char-
acteristics. This has also been found in the previous study of
anthracene and naphthothiophenes~isoelectronic with
anthracene!.58

Table I collects the theoretical estimates of the relaxation
energies of the charged species from the calculated adiabatic
potentials~AP’s! and from a normal-mode~NM! analysis.
The reorganization energies~l! obtained from both AP and
NM approaches are in excellent agreement. The two compo-
nentsl rel

(1) andl rel
(2) of the total reorganization energy~l! are

nearly identical, as also observed for other systems.32,41 The
reorganization energies calculated for both ADT isomers are
very similar and are larger by 40–45% for the anion; this is
also the case in pentacene for whichl in the anion is 25–
27% larger than that in the cation. The larger reorganization
energy for the anion is rationalized by the fact that the ge-
ometry modifications upon reduction are more pronounced
than upon oxidation. Comparison of the reorganization ener-
gies suggests that ADT behaves much like pentacene in
terms of hole- and electron-vibrational coupling.

The partition of the relaxation energies of ADT isomers
and pentacene into the contributions of each normal mode
~considering only symmetric modes! is reported in Table II.
The main contributions to the relaxation energy for the cat-
ionic species originate in vibrational modes in the range
760–1600 cm21 for both ADT isomers, while in the penta-
cene cation they come from vibrational modes in the range
1200–1600 cm21. The vibrational modes yielding the largest
contribution to the relaxation energies for the cationic spe-
cies are at 1585 cm21 ~anti ADT!, 1584 cm21 ~syn ADT!,
and 1560 cm21 ~pentacene!; they all correspond to in-plane
C–C stretching modes, thus explaining the similarity of the
vibrational structure observed in the gas-phase photoelectron
spectra of ADT and pentacene shown in Fig. 2. The vibra-
tional modes around 800 cm21 that contribute in ADT are
characterized by in-plane C–S stretching modes.

For the anions of both ADT isomers, there is a strong
coupling with a low-energy vibration, around 250 cm21 ~at
268 and 245 cm21 in the anti and syn isomers, respectively!,
accounting for about 20% of the total relaxation energy; this
vibration corresponds to in-plane C–C stretching mostly lo-
calized within the terminal thiophene rings. In pentacene, a
significant contribution~28%! to the relaxation energies
comes from a normal mode at 263 cm21 also related to in-
plane C–C stretching within the terminal benzene rings. This
relatively strong interaction with a low-frequency mode in
the anionic state, which is absent in the cationic state, has

FIG. 4. Optimized bond distances~in Å! of the ADT isomers and pentacene
at the B3LYP/6-31G** level. Only the symmetry-unique values are shown
~anti ADT: C2h symmetry, syn ADT:C2v symmetry, pentacene:D2h sym-
metry!.

FIG. 5. Bonding–antibonding pattern of the HOMO and LUMO of ADT
and pentacene at the B3LYP/6-31G** level.

TABLE I. DFT-B3LYP estimates of the relaxation energiesl rel
(1) and l rel

(2)

and reorganization energiesl ~in eV!, associated to hole- and electron-
vibrational couplings in ADT and pentacene.

Molecule Method

Hole transfer Electron transfer

l rel
(1) l rel

(2) l l rel
(1) l rel

(2) l

ADT ~anti! APa 0.048 0.048 0.096 0.081 0.080 0.161
NMb 0.047 0.045 0.092 0.083 0.084 0.167

ADT ~syn! APa 0.047 0.047 0.094 0.080 0.079 0.159
NMb 0.047 0.046 0.093 0.088 0.080 0.168

Pentacene APa 0.048 0.049 0.097 0.066 0.066 0.132
NMb 0.051 0.048 0.099 0.064 0.068 0.132

aValues calculated from the adiabatic potential~AP! surfaces of the neutral
and charged species.

bValues obtained from a normal-mode~NM! analysis.
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also been found in other oligoacenes and their
derivatives.59–61

The normal-mode analysis has been further exploited to
simulate the shape of the first ionization peak in the UPS
spectrum. In the framework of the Born–Oppenheimer and
Franck–Condon~FC! approximations, the shape of the ion-
ization band is governed by the overlap~Franck–Condon
integral!, FCI(m,n)5^Fm(Q)uFn(Q)&, of the vibrational
functions; here,Fm(Q) and Fn(Q) correspond to a mode
associated to the neutral and cationic states, respectively.
When Duschinsky mixing62,63is neglected, the relative inten-
sity of a multidimensional vibrational transition, involvingp
vibrational modes, is obtained as a simple product of one-
dimensional FC integrals:64,65

I ~m1 ,n1 ,...,mp ,np!5)
i 51

p

FCI~mi ,ni !
2 expH 2\miv i

kBT J ,

~4!

FCI~m,n!25exp$2S%S~n2m!
m!

n!
@Lm

~n2m!~S!#2, ~5!

wheremi andni are the initial and final vibrational quantum
numbers of the modev i while theSi5l i /\v i terms are the
Huang–Rhys factors~hole-vibrational constants! andLn

(m) is
a Laguerre polynomial.64

The results of the simulation are shown in Fig. 3 for
ADT. The positions of the peaks are very well reproduced,
although the intensity of the feature around 6.9 eV is under-
estimated compared to the experimental one. The overall

agreement between the simulated and experimental spectra
increases the confidence in the reliability of DFT-derived vi-
bronic constants and relaxation energies. The simulation also
points to the role of multimode effects to get a better under-
standing of the UPS data and supports the DFT estimate of
the reorganization energy in ADT.

We now turn to a discussion of the transfer integrals. The
DFT-optimized geometries have been used to build dimers
and clusters in a specific way, from which single-point cal-
culations have been performed at the INDO level to calculate
the intermolecular transfer integrals and understand the in-
fluence of the relative positions of the molecules~see Fig. 6!
and the size of the clusters on the electronic splittings. A
cofacial dimer where the two molecules are exactly superim-
posed on the top of one another has been initially considered;
cofacial conformations can be found for instance in discotic
liquid crystalline phases.66,67 In the following, we also report
the results of such model calculations for pentacene~even
though the crystal structure of pentacene is of herringbone
type55! since derivatization can lead to cofacial/displaced
configurations,24,25 similar to those investigated here.

Figure 7 displays the evolution of the electronic split-
tings (2t) of HOMO and LUMO levels as a function of the
distance between the molecular planes in a cofacial dimer of
ADT. The calculated electronic splittings of the anti and syn
ADT isomers are nearly identical and are on the order of a
few tenths of an eV below an intermolecular distance of 4.0
Å. The HOMO splittings are systematically found to be
larger than the LUMO splittings in the range of 3.5–5.0 Å.

TABLE II. Vibrational frequenciesv ~cm21! and relaxation energiesl rel ~meV and cm21 in parentheses!
associated to the totally symmetric vibrations of ADT and pentacene in their singly oxidized and reduced states.

ADT

Pentaceneanti syn

cation anion cation anion cation anion

v l rel v l rel v l rel v l rel v l rel v l rel

222 2~16! 220 7 ~56! 123 0 ~0! 122 0 ~0! 263 1 ~8! 263 18~145!
270 1 ~8! 268 13~105! 246 3 ~24! 245 20~161! 613 0 ~0! 616 3 ~24!
431 0 ~0! 435 1 ~8! 354 0 ~0! 350 2 ~16! 636 0 ~0! 638 0 ~0!
523 0 ~0! 524 0 ~0! 561 1 ~8! 550 3 ~24! 765 0 ~0! 756 2 ~16!
619 1 ~8! 614 0 ~0! 624 0 ~0! 624 1 ~8! 807 0 ~0! 800 1 ~8!
650 2~16! 643 4 ~32! 684 0 ~0! 678 1 ~8! 1046 0 ~0! 1041 0 ~0!
689 0 ~0! 681 0 ~0! 765 4 ~32! 752 0 ~0! 1200 3 ~24! 1176 1 ~8!
798 4~32! 784 2 ~16! 825 1 ~8! 814 4 ~32! 1227 8 ~65! 1219 5 ~40!
853 1 ~8! 847 7 ~56! 848 0 ~0! 838 5 ~40! 1338 1 ~8! 1325 1 ~8!

1052 2~32! 1029 1 ~8! 1031 2 ~16! 1008 1 ~8! 1426 1 ~8! 1409 1 ~8!
1116 1 ~8! 1098 2 ~16! 1117 0 ~0! 1099 1 ~8! 1441 18~145! 1427 22~177!
1197 4~32! 1178 4 ~32! 1202 5 ~40! 1187 3 ~24! 1515 0 ~0! 1511 1 ~8!
1224 2~16! 1206 1 ~8! 1277 1 ~8! 1259 0 ~0! 1560 11 ~89! 1548 4 ~32!
1306 0 ~0! 1288 0 ~0! 1313 0 ~0! 1296 2 ~16! 1590 8 ~65! 1580 1 ~8!
1322 0 ~0! 1302 1 ~8! 1354 1 ~8! 1332 1 ~8! 3192 0 ~0! 3141 1 ~8!
1378 2~16! 1359 4 ~32! 1439 9 ~73! 1416 17~137! 3196 0 ~0! 3147 1 ~8!
1443 4~32! 1418 10 ~81! 1451 1 ~8! 1427 1 ~8! 3202 0 ~0! 3152 1 ~8!
1471 5~40! 1458 5 ~40! 1487 2 ~16! 1475 3 ~24! 3224 0 ~0! 3179 1 ~8!
1519 0 ~0! 1534 0 ~0! 1536 0 ~0! 1544 2 ~16!
1576 5~40! 1548 1 ~8! 1584 17~137! 1580 18~145!
1585 11~89! 1574 15~121! 1627 0 ~0! 1614 2 ~16!
1609 2~16! 1596 4 ~32! 3191 0 ~0! 3141 0 ~0!
3237 0 ~0! 3187 1 ~8! 3237 0 ~0! 3187 1 ~8!
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As expected, both decay exponentially as the intermolecular
distance is increased; they are reduced by a factor of 3 in
going from 3.5 to 4.0 Å, which is a range of intermolecular
distances typically encountered in organic conjugated crys-
tals and films.68,69

Another dimer configuration in which one molecule is
rotated by 180° around its long molecular axis has also been
considered. In this case, the molecular planes are still parallel
and perfectly superimposed over the central anthracene seg-
ment, while the terminal thiophene rings point in opposite
directions. For an intermolecular distance of 4.0 Å, the
HOMO splittings are calculated to be 0.225 and 0.244 eV for
the anti and syn isomers, respectively, and are smaller than
the corresponding values~0.274 eV for both anti and syn! in
the cofacial dimers. This is related to the fact that the global
overlap between the HOMO levels is slightly less favorable
for the rotated geometry. In contrast, the LUMO splittings,
calculated to be 0.17 eV for both isomers, are nearly equiva-
lent to those in the cofacial dimers~0.18 eV! since the sulfur
atoms do not contribute to the LUMO level.

It is well established that packing often involves dis-
placements of adjacent molecules along their long or short
molecular axes. Figure 8 shows the evolution of the HOMO
and LUMO splittings in dimers of anti ADT and pentacene in
which the top molecule is translated along its long or short
molecular axis for an intermolecular distance fixed at 4.0 Å.
It is important to note that a small displacement can lead not
only to a significant change in the amplitude of the transfer
integral but can also modify its sign~a feature that was not
highlighted in our previous work22!. Strong oscillations of
the electronic splittings are observed for translations along
the long molecular axis. The overall attenuation of the oscil-
lation patterns with displacement indicates that the intermo-
lecular orbital overlap is progressively reduced as the degree

of translation increases. Interestingly, as described
previously,22 there are translations for which the LUMO
splitting is larger than the HOMO splitting~thereby poten-
tially favoring electron mobility over hole mobility!. For in-
stance, for a translation of 4.5 Å along the long molecular
axis, the HOMO and LUMO splittings are 0.011 and 0.088
eV, respectively, for the anti ADT isomer, and 0.032 and
0.136 eV for pentacene. The calculated evolutions depend on
the relative positions of the molecules and the bonding–
antibonding pattern of the frontier orbitals in the molecule as
shown in Fig. 9. Obviously, the absolute values of the elec-
tronic splittings are largest when the global overlap between
thep orbitals is maximized and reach zero when there occurs
perfect cancellation between bonding and antibonding inter-
chain overlap.

For translations along the short molecular axis, the
HOMO splittings show two minima for shifts of about 1.5
and 2.0 Å, while the LUMO splittings decrease gradually as
the translation proceeds. These trends can also be explained
from Fig. 9. The HOMO wave functions displayp orbitals
with opposite signs along the short molecular axis, which
leads to the appearance of minima throughout the translation.

FIG. 6. Displacement patterns in cofacial dimer:~a!, ~b! separation of dimer
as a function of intermolecular distance;~c! lateral displacement along the
long molecular axis;~d! lateral displacement along the short molecular axis.

FIG. 7. Evolution of the calculated HOMO and LUMO splittings in a co-
facial dimer as a function of the intramolecular distance.
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In contrast, the LUMO wave functions do not change sign
along the short axis; as a result, the splitting never reaches
zero and simply decreases in parallel with the reduction in
global overlap.22 Overall, we can conclude that the influence

of the relative positions of adjacent molecules on the HOMO
and LUMO splittings is very similar in ADT and pentacene.

Figure 10 shows the evolutions of the total HOMO and
LUMO bandwidths formed by the interaction of the HOMO
and LUMO levels in clusters containing from one to eight
ADT molecules stacked in a perfectly cofacial configuration,
with fixed intermolecular distances of 4.0 Å. The results
show that the HOMO and LUMO splittings saturate rapidly
with cluster size; their evolutions are linear with respect to
cos@p/(N11)#, whereN is the number of molecules in the
stack, as would be expected in the framework of tight-
binding models; extrapolating for largeN values provides
valence and conduction bandwidths for such one-
dimensional stacks of ADT molecules of 0.548 and 0.366 eV,
respectively; the corresponding values are 0.527 and 0.418
eV for a pentacene stack. Overall, the lower reorganization
energies and larger bandwidths for hole than for electron
suggest that hole mobility in ADT is expected to be higher

FIG. 8. Evolution of the calculated HOMO and LUMO splittings in a cofacial dimer along the long@~a!,~c!# and short@~b!,~d!# molecular axes in the ADT and
pentacene.

FIG. 9. Illustration of the bonding and antibonding pattern of the HOMO
and LUMO in ADT and pentacene. The color and size of the circles repre-
sent the sign and amplitude of the orbital coefficients.
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than electron mobility. This is consistent with the mobility
data reported by Katz and co-workers.30

Finally, we note that preliminary x-ray-diffraction stud-
ies on ADT~Refs. 70 and 71! suggest that the ADT unit cell
corresponds to a herringbone packing as in the case of pen-
tacene. Calculations of transfer integrals based on a
herringbone-type structure using the same lattice parameters
as in pentacene55 reveal that the HOMO–LUMO splittings in
ADT are again very similar to those in pentacene. For in-
stance, the HOMO splitting for holes along thea axis ~see
Ref. 55! is on the order of 0.08 eV for an ADT dimer; that
compares very well with the corresponding value of 0.09 eV
previously obtained for pentacene.55

V. CONCLUSIONS

We have estimated the reorganization energies of posi-
tive and negative charge carriers in ADT and found them to
be as low as in pentacene. A normal-mode analysis shows
that the main contribution to the relaxation energy comes
from high-energy vibrations in ADT as well as in pentacene.
Despite the fact that the energies of the vibrational modes

coupled to the charge-transfer processes lie in the same en-
ergy region for both compounds, the actual number of such
vibrations is larger in ADT. The nature of the frontier mo-
lecular orbitals and vibrational modes are very similar for the
two molecules, suggesting that the derivatization of penta-
cene to form ADT does not change the electronic properties
in any significant way. We have also estimated the strength
of the transfer integrals by considering dimers in various
geometry configurations and cofacial stacks. Again the re-
sults are very similar for both ADT and pentacene.

Thus it can be concluded that the molecular parameters
governing charge transport are as interesting in ADT as in
pentacene, making ADT a promising material for the fabri-
cation of stable and efficient FET’s. Additional work to op-
timize the film deposition parameters and improve the mor-
phology and crystal engineering in ADT could therefore
prove very valuable.
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