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In organic crystalline semiconductor molecular components are held together by very weak interactions and
the transfer integrals between neighboring molecular orbitals are extremely sensitive to small nuclear
displacements. We used a mixed quantum chemical and molecular dynamic methodology to assess the effect
of nuclear dynamics on the modulation of the transfer integrals between close molecules. We have found that
the fluctuations of the transfer integrals are of the same order of magnitude of their average value for pentacene
and anthracene. Under these conditions the usual perturbative treatment of the efglotioon coupling is

invalid, the band description of the crystal breaks down and the charge carriers become localized. Organic
crystals of pentacene and anthracene, even in the absence of defects, can be regarded as disordered media
with respect to their charge transport properties. These results suggest that the dynamic electronic disorder
can be the factor limiting the charge mobility in crystalline organic semiconductors.

1. Introduction cause a fluctuation of the doneacceptor coupling that affects
the charge transfer raté.Examples of noncovalently bonded
bridges that produce a strong fluctuation of the intermolecular
coupling include, among others, the DNA base paispme

The theoretical understanding of the charge transport mech-
anism in ordered organic semiconductors is still unsatisfying.

Notwithstanding decades of investigatibi,several contradic- . . ! .
9 9 ' proteinst? or the solverif in specially designed systems. The

tions between known conduction models and experimental sperience from charge transfer studi s that also th
evidence suggest that the framework developed for the studye perience from charge transter studies suggests that aiso the
electronic coupling between (noncovalently bonded) molecules

on inorganic semiconductors is somewhat inadequate for '[he.n an oraanic semiconductor can be stronaly influenced by the
rationalization of the transport properties of organic matefials. 'I[h m Igm ![i n ! u gly influ y
For example, in a pure thin film of pentacene, the hole mobility ermal motions.

u decreases with the temperature up 10 room- temperature,, i o BRESY 16 SRR R TRV AU O T
according to a power lawu(~ T™),% a phenomenology piing

compatible with the band transport mechanism. However, the charge transport in organic semiconductors. W? present the
fitting of the experimental data with the phenomenological results for the pentacene, probably the most studied compound

models indicates a mean free path of the hole comparable Wi,[hfor organic electronics forming ordered crystal or thin film

the crystal unit celf;” a fact in contradiction with the delocalized structures. Results r(_elatlve to the anthrgcene will b(_a also
picture that is implied by the band model presented for comparison. In the next section we describe the

It is convenient to recall the structural and electronic semiclassical approach used to perform this study. In the third

differences between inorganic and organic semiconductors tosection we present the resglts and some justifigati_on a pqsteriori

identify the origin of the different transport mechanisms. Organic of the qdopt_ed computathnal model. Our findings will be

semiconductors are narrow band materials; i.e., the electronicsummar'zed in the Ias_t section wherg we relate our approach to

interaction between the molecules in the crystal is much weakerthe others presented in the recent literature.

than the interaction among atoms in silicon or germanium. On 2 M
. . . S . Method

the other hand, the unit cell in organic materials is much larger,

causing an effective mass for the charge carrier comparable to Model. The full quantum description of the electrephonon

that of wide band materiafsThe weak attractive interaction coupling in an organic semiconductor is complicated and it

between the constituent of an organic crystal makes theseusually requires some assumption on the coupling strengths that

materials very soft and the consequences for their transportallows some sort of perturbative treatméht® In this paper

properties can be dramatic. This aspect is very well exemplified we adopt a semiclassical approach assuming that the nuclear

by several studies in the related study field of chargasfer motions of the crystal can be treated classically whereas the

in donor-bridge—acceptor systems. If the “bridge” is made by charge carriers are treated quantum mechanically, an assumption

covalently bonded atomgas in silicon) the coupling between often taken in the study of conductive polymers. We use the

donor and acceptor can be considered constant (Condonfollowing time-dependent one-particle (hole or electron) Hamil-

approximationf. When the transfer takes place througbn- tonian:

bonded molecule&s in an organic crystal), thermal motions

)
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in a molecular orbital (MO) localized on the moleciib. We

assume one relevant MO per molecule (single band approxima-

tion), for example, the HOMO orbital if we are interested in

the hole transport. The single band approximation may be

insufficient in some circumstancé®!” but the results of this

paper can be easily extended to the general case. The time

dependence dfj(t) is imposed by the classical huclear motions
that (in this model) have the only effect of modulating the
transfer integral. The approximations implied in this approach
and some justifications are summarized below:

(i) A single band can be used to describe the electron/hole.
Band calculations show that the bands originating from the

HOMO and the LUMO do not mix with bands originating with
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Figure 1. Six unit cells in theab plane of pentacene (a portion of the
supercell considered for the MD simulation). The arrows indicate the
intermolecular couplings monitored along the MD, divided in four
groups A (dasheddotted), A (dashed), B (solid) and C (dotted).

constant bond order for all the 24 pentacene molecules of the

other orbitals in most organic semiconductors including pen- system. We run MD simulations at constant temperatures of
tacene and that, therefore, a single band provides a valid100, 200, and 300 K, using the Berendsen’s algorithto

description of the electron or hole mobility.
(i) The phonons that couple with the electrons are low-

simulate the presence of a thermal bath. The volume (and crystal
cell parameters) was kept fixed to the value of ref 24 at all

frequency modes that can be treated classically. This point cantemperatures. The integration time step was set to 2 fs (the

and will be verified a posteriori. The semiclassical approach

hydrogen atoms were kept at their equilibrium distdAc& he

has the advantages that the effect of hundreds of optical phonorcomputer code Tinkét3lwas used to perform the classical MD
modes that are needed to describe the nuclear motions of arsimulation.

organic crystal is summed up in a unique time dependent

quantity \;(t).
(i) The classical motion of the nuclei is marginally affected
by the charge carrier wave function avig(t) can be seen as an

external modulation. An extra positive (or negative) charge on

The electronic coupling between HOMO orbitals of two
neighboring molecules was computed from the equation

V; = 3,1F%¢ 0 )

a large molecule like pentacene causes minor changes in itswhereg;° andg? are the unperturbed HOMOs of the two distinct

molecular vibrational modé%suggesting that the modulation
of the transfer integraV/; is not affected by the charge carrier
distribution. The principal finding of this paper is not affected
by this approximation that can be relaxed at a later stage.
(iv) We are neglecting the diagonal or Holstein coupling, i.e.,
the coupling of the matrix elements with the nuclear

molecules andrC is the Fock operator of the system of the two
bases built using the unperturbed density matrix (we used a
similar approach in ref 11 and 13). Other researchers in the
field of organic electronics often adopt the “dimer” metfod
where the energy splitting of the HOMO orbitals in the
molecular orbital calculation of twadentical molecules is

coordinates. These terms account for the deformation of the identified with 2V;|. In our case the two considered molecules

molecule when a net charge is on sitd he effect of Holstein

are not identical at a given time because of the nuclear dynamics

coupling is extensively discussed in the literature and text- that we are explicitly taking into account. Therefore, we compute

books?® Its main effect, in the small coupling regime appropriate
to pentacene, is to produce band narrowingith consequent
reduction of the charge mobility (whereas in the large coupling
regime it is responsible of the formation of small polarons).
This approximation is introduced only for simplicity because
we will focus in this paper on the importance of off-diagonal
electror-phonon coupling.

directly the matrix elemen¥ using eq 2, valid also if the two
considered molecules are unequivalent.

We evaluated the transfer integral between HOMO orbitals
every 30 fs with the INDO/S Hamiltonian, which proved to
give results in reasonable agreement with more accurate DFT
calculation®2 As reported in Figure 1, the close molecular pairs
can be of type A, A B and C. For each considered snapshot

The main system investigated in this paper is a plane of We computed 3 transfer integrals between couples of type A

crystalline pentacene, one of the reference standards for organi@nd A, and 6 transfer integrals between couples of type B and
electronics. An ordered pentacene thin film can be grown on a C. The 18 evaluations of the intermolecular coupling were the
SiO;, substrat®-23 with the ab plane parallel to the substrate. ~Slowest part of the procedure that limited the length of the
Hole conduction takes place mostly within this plane (probably analyzed dynamics to 100 ps. We note that, in the crystal plane
the first layery* in a thin film transistor experimental setup. It ~ Of interest, no molecule interacts with its image. Additional
was shown that the highest occupied band of the perfectly technical details on the coupling between MD and quantum
ordered (001) plane of pentacene can be expressed analyticallghemical calculations are given in ref 13.
as a function of three transfer integrals between the (unper- The very same procedure was applied todhelane of the
turbed) HOMOs of the isolated molec#We investigate here  crystalline anthracen®,displaying a packing similar to that of
the effect of thermal motions on these three transfer integrals. Pentacene. This additional computation was done to verify that
Computational Details. We replicated the crystal unit c&l the c_haractensncs shown in this paper focused on pentacene
building a 3 x 2 x 2 supercell (containing two layers of &€ likely to be general features of polyacenes an_d, probably,
pentacene molecules in thab plane). The dynamics of the of all ordered, noncovalently bonded, organic semiconductors.

system was studied with periodic boundary conditions employ-
ing the MM3 force field?” This force field is particularly suited

to study conjugated organic molecules because it is coupled to A sample of the time variation of the three transfer integrals
a semiempirical evaluation of the bond order amorfgcspoons of type A, B, and C is given in Figure 2. We will begin the
that allows a correct description of the bond alternation. In this analysis by describing the distribution of the HOMBOMO
study we computed the bond order for an isolated single coupling between molecular pair and neglecting its time
pentacene molecule and we run the simulation using the samedependence. Because the couplings A ahbehave similarly,

3. Results
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Figure 2. Time modulation of the transfer integrals due to thermal K). The charge densitiep(x,y) = |yi(xy)|?, are reported for the ground
motions (300 K) for three molecular pairs of type A, B, and C (see state E = Eg) (a) and states at ener@y— Eo; = 305 cnt? (b) andE

Figure 1). — Eo = 500 cn1? (c). The dots in the lowermost part of the pictures
indicate the position of the 3200 molecules in the supercell used to
TABLE 1: Average Coupling and Variance of the study the charge localization.
Intermolecular Transfer Integral between Molecular ) )
HOMOs in Pentacene (Space GrougP1) and Anthracene order of magnitude of the average coupling. To search for
(Space GroupP2/a) at Different Temperatures possible correlations between the intermolecular coupling
T=100K T=200K T=300K andV,, we computed the statistical correlation between them,
Vo oy VO ov VO oy defined as
Pentacene .V - v IV, O
A 459.8  150.3 460.9  199.8 4553  258.8 cor(V,V,) = (3)
A’ 4772 1505 4855 207.1 476.6  262.1 OvkOvL

B —630.9 208.0 —-626.0 291.3 -—-6159 356.4 ) o o
Cc 1018.4 2375  1008.0 327.1 983.3 404.4 oy, and oy, being the standard deviation of the individual

coupling. The correlation (computed between all the couples

Anthracene I .
A —-621.9 203.7 —616.7 2758 —629.6 375.7 shown in Figure 1 at 300 K) is small (0.2 |cor(Vk,VL)| <
B 4457  276.3 439.8 395.1 426.7 496.6  0.25) for pairs of intermolecular couplings that share a common
2 The higher symmetry of the anthracene crystal makes equivalent 0lecule and negligible|gor(Vi,Vi)| < 0.1) for independent
the transfer integrals AA’ and B-C. couples of molecules. This observation can be very helpful for

the modeling of the process because, to a very good degree of

0.30 . approximation, the intermolecular coupling fluctuation can be
considered uncorrelated. The lack of correlation is due to the

02s | . relatively large number of phonon modes that are coupled to
the intermolecular transfer integral. Many low-frequency optical

020 | i phonons are essentially dispersionless; i.e., they can be also

treated as vibration localized on each molecule (as in the
Einstein model). These modes contribute with independent
phases to the time dependence/gf, and the overall coupling
pattern is essentially random.

The effect of uncorrelated modulation is equivalent to the
effect ofdisorderin the electronic structure, and its main effect

Probability
Q
o

0051 ] is thelocalizationof the hole wave functio®~3" The localiza-
S S tion of the eigenfunctions (in the frozen conformation at a give
0-00 060 1500 -1000 500 O 500 1000 1500 2000 2500 time) of a system characterized by the parameters given in Table
cm”’ 1 can be easily evaluated. We built a large supercell containing
Figure 3. Distribution of the transfer integrals in solid pentacene at 3200 pentacene molecules, coupled according to the pattern
different temperatures. outlined in Figure 1, and we attributed random values to the

transfer integrals following a Gaussian distribution with the
we will mention only the former in the discussion. Table 1 parameters of Table 1 (i.e., derived from the computations on
shows the average couplings and the variance computed for thea small supercell). Figure 4 depicts the typical density distribu-
pentacene and the anthracene at different temperature. Couplingson of the hole for several eigenfunctions of such a disordered
of the same type between different molecules are treatedsystem at 300 K. All eigenfunctions are localized within a few
cumulatively in the calculation of the averages. Figure 3 displays unit cells, and the ones represented in Figure 4 are just three
the distribution of the A, B and C coupling for the pentacene at samples taken at different energies (eigenvalues) to help their
different temperatures. The distributions are Gaussian with width visualization. It should be remarked that each region of the plane
varying between 250 and 400 cfat room temperaturé.We has some eigenfunctions localized close to it and that eigen-
have not performed calculations at a temperature lower thanfunctions with close energy need not be localized in close
100 K because, in the limit of low temperature, the classical regions of the plane. Localized wave functions have normally
approximation adopted for the crystal nuclei motions breaks several nodal planésand, for this reason, the charge density
down. displays several peaks and valleys.
The variance of the transfer integrals coupling is extremely A quantitative measure of the degree of localization of an
large and the modulation introduced by the nuclei is of the same eigenfunction can be given by the number of molecules with
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Figure 5. Fourier transform of the autocorrelation function of the
transfer integrals between HOMOs of neighboring molecules (300 K).
A vertical offset was introduced for clarity among the curves relative
the transfer integral type A, B, and C.

the highest charge density that account for the 50% of the total
(unit) excess charge, definedldsy, The localization decreases

as the energy of the eigenfunctions increases. The Boltzmann

average 0fNspy is 39, 36 and 31 molecules at 100, 200 and
300 K, respectively. At low temperature the disorder and the

consequent localization is less pronounced but higher in energy

and more delocalized states are less populated. The combinatio
of these two factors causes a relatively modest effect of the
temperature on the degree of localization of the wave function.
A convenient way to evaluate the role of the coupling
dynamics is plotting the Fourier transform of the autocorrelation
function [dVk(0) oVk(t)LE° shown in Figure 5 for the couplings
A, B, and C (we have defined the deviation from the average
transfer integrabVk(t) = Vk(t) — Wk (t)D). The most important
point is the majority of the phonon modes that modulate the
coupling have energy around 40 cthand the contribution of
modes above 160 cmh is negligible. Because only low-
frequency modes play a role in the modulation of the transfer

integral, the semiclassical description adopted here can be

considered valid at room temperature and at least plausible abov
150 K (vibrations can be treated classically if their frequency
w is such thathw < kgT). The other important point is the
dynamic disorder of organic crystals has a very long correlation
time: Vk(0) andVk(t) are correlated for a time longer than the
MD simulation length (in such cases the correlation time is not

precisely determinable). The long correlation distinguishes these

systems from conductive liquid or liquid crystdfs®® There is,

as may be expected, some overlap between the peaks in Figur

4 and the Raman spectra of the pentac€reresemblance that
we take as a confirmation of the reliability of the used force
field. More in detail, there are 18 low-frequency optical modes
in the pentacene crystal deriving from the combination of 6
intramolecular modes below 200 cfrand 3 hindered rotations
(at energy of approximately 86, 114 and 140@)4 for each
molecule in the unit cell. In agreement with the results of ref

14, essentially all these low-frequency modes modulate sub-

stantially at least one of the relevant intermolecular transfer
integral because of their large amplitude.

Localization of electronic states in a solid is often associated
with insulating state>-37 However, the localization described

n
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molecular site. For this reason dynamic localization is not in
contrast with the high mobility observed recently for crystalline
organic semiconductors such as rubréwe pentacené®?1We

are currently working on the simulation of the electron dynamics
in model systems characterized by a degree of disorder similar
to that quantified in this paper.

The degree of localization and its characteristic time scales
can be investigated by optical spectroscopy of field induced
charge®? The results obtained for different organic semiconduc-
tors*44indicate the presence of localized charge carrier also at
low temperature (100 K), a picture that can be explained either
by our model or by assuming the formation of a small polaron.

4. Discussion and Conclusion

The computational results presented here strongly point to
an essential deficiency in the theoretical modeling of charge
transport in organic materialit is not possible to treat the
electron—phonon coupling as @erturbation. The modulation
of the transfer integrals, due to low-frequency phonons, is of
the same order of magnitude of their average values already
above 100 K. The band description of the material breaks down
because thé& vector is not a good quantum number for these
systems. Thermal disorder is able to localize the charge carrier
within a few unit cells, preventing a description of the transport
based on the carrier mean free path, which is consistent only
with a delocalization of the carrier over a distance of many unit
vectors. A similar behavior has been discussed for several
metals, known as “bad metals”, and is related to the approaching
of the electrons mean free path to the unit cell lerf§tt¥.The
thermal disorder discussed here for pentacene and anthracene
is likely to be a general feature of many organic semiconductors,
as indicated by previodsand underdevelopment studies on
other organic compounds.

The huge overall modulation of the transfer integvglis
due to the high number of low-frequency modes that contribute
independently to it (see Figure 5). In a typical perturbative
approach, the effect of each phonon mode is treated indepen-
dently through the electrerphonon coupling matrix elements

(?aking the form ofV;/du; (u; is the nuclear displacement along

the phonon modéd).1* Although each coupling term can be
relatively small, the global effect is dramatic if the unit cell
contains tens of modes for which the coupling is not negligible
(an essential difference between organic and inorganic semi-
conductors). The phonons in such systems affect the zeroth order
description of the electronic wave function, making the theoreti-
cal modeling of the transport particularly challenging. The

Bisorder of these materials dynamicand a transport model

should be able to describe the time evolution of localized states
such as the ones depicted in Figure 5. The calculation presented
in this paper suggests that a semiclassical numerical approach
can be used to study the evolution of the charge carrier wave
function in a model system characterized by few parameters
characterizing its dynamical disorder, like the average amplitude
of the modulation and the average frequency of the modulating
phonons. Such a model is currently under investigation in our
group.

It is useful to put the results of this paper in the framework
of the general approach presented by Hannewald ét-4l.,

here is dynamic and not due to static defects or self-trappedWhICh starts from the following Hamiltonian:

small polarons that lead to an activated transport regime. These
localized states are mobile because they are very stronglyH =
coupled to other close localized states by the eleetmimonon

coupling term. One can see the charge carrier as being
continuously scattered with very high probability at each

1
> VinrPn' 8+ Zhwa(bquqi + 5) +
mn q

2 Mg mlby;” +0-g: ) 2 (4)
ga,mn
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wherean™ and a,, create and annihilate an electron at site be the missing ingredient in the description of the transport in

and byt and by, " create and annihilate a phonon with organic semiconductors.

wavevectorq in the model (electrons and phonons are coupled

by the last term of the Hamiltonian). The Hamiltonian of eq 4 References and Notes
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