Theor Chem Acc (2010) 127:605-612
DOI 10.1007/s00214-010-0756-0

REGULAR ARTICLE

Theoretical study of challenging properties of intramolecularly
n-stacked oligo(dibenzofulvene) organic molecular

semiconductors

J. C. Sancho-Garcia

Received: 22 February 2010/ Accepted: 6 April 2010/ Published online: 22 April 2010

© Springer-Verlag 2010

Abstract It has been recently argued that poly(dibenzo-
fulvene) displays different properties for inter- and intra-
chain charge transport processes in the hopping regime.
The charge carrier path for intramolecular transport con-
sists in a set of n-stacked fluorene rings attached as pendant
groups to the main chain, which defines a set of increas-
ingly longer oligomers of helical shape according to the
number of fluorene rings. The all-pervasive non-covalent
interactions, influencing the mutual orientation of the
n-stacked fluorene rings, is accounted for by dispersion-
corrected methods, which had to be previously assessed
against some experimental values. The present theoretical
study aims to rationalize the competition between the two
processes (inter- vs. intrachain) through the accurate cal-
culation of the molecular parameters governing charge
transport along the intrachain path. Finally, we perform a
computationally guided molecular engineering of a set of
molecules, not yet synthesized, with extended face-to-face
n-stacking, which is achieved by fusing benzene rings to
terminal sides of the fluorene moieties. This allows us to
anticipate the performance of this new set of related
materials.
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1 Introduction

The field of molecular and plastic electronics is largely
based on the intrinsic conducting properties of functional
organic molecules and conjugated polymers, which are
able to act as active layers of optoelectronic devices
after sandwiching between two electrodes. Organic semi-
conductors have even surpassed amorphous silicon in
performance [1, 2] and many technologically relevant
applications are envisioned or are commercially available
now. The theoretical framework used to describe the
charge transport mechanism in these materials shares the
formalism with the field of electron-transfer reactions,
which is known to play a central role in many scientific
fields [3]. Much interest is currently devoted to exploit the
n-stacking interactions found between neighbouring mole-
cules as a driving force for increasing charge carrier
mobilities, which is known to play a leading role in the
efficiency of these devices [4, 5]. In fact, some of the
highest performances recently achieved in organic field-
effect transistors are indeed due to ultra close m-stacking
and favourable molecular orientation found in the films
[6-8]. It is hoped that the highest carrier mobilities
reported to date might be further increased by fine-tuning
the solid-state packing or after appropriate chemical
functionalization; note that non-covalent intermolecular
interactions between the planar or rigid-rod n-conjugated
motifs ultimately dominate the preferred solid-state pack-
ing of these materials.

On the other hand, a new class of covalently bridged
n-stacked fluorene systems called oligo(dibenzofulvenes),
oligo(DBF), see Fig. 1, was recently synthesized [9, 10],
and their properties widely characterized [11, 12], as
promising and versatile charge transport materials [13—15].
These model compounds are intended to serve as
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2 CH, CH,  DBF trimer (B)
2 H C,H,, DBEF trimer (B
3 CH,Ph C,H,, DBEF tetramer (C)
4 CH,Ph CH,Ph DBF pentamer (D)
5 C,H; C,H; DBF hexamer (E)

Fig. 1 Chemical structures and nomenclature of the investigated
compounds. The hydrogen atoms have been omitted for clarity

prototypes for studying and further engineering intramo-
lecular interactions, which might largely drive the experi-
mental hole drift mobilities measured [16, 17]. In the film
sample, both intra- and intermolecular processes are
expected to take place. In fact, a fast exchange of a single
electron among several fluorene moieties belonging to the
same chain, probably assisted by tunnelling, has been
recently observed [18]. We have thus systematically
investigated here, at a full quantum-chemical level, how
the orientation of the cofacial fluorene units evolves with
the nature and size of the system and if this feature intro-
duces undesired disorder effects for long oligomers
approaching the polymer limit.

Note that a detailed and accurate investigation of these
materials still represents a challenge for any theoretical
method [19]. Organic electronic materials are often used as
a class of p-type systems; note that charge transport is
expected in these materials to be more efficient for holes
than for electrons [20]. Notwithstanding the above-men-
tioned features, we need to reliably estimate the molecular
parameters governing the rate of charge hopping between
two adjacent fluorene rings belonging to the same chain,
which is based on [21]: (i) the electronic intramolecular
coupling between the frontier electronic levels, also known
as transfer integral, and (ii) the energy change as a result of
the geometry distortions experienced during the charge
hopping. Note that the molecular geometries and energies
are expected to be poorly described by those methods
unable to accurately account for non-covalent interactions;
these interactions, on the other hand, are expected to highly
influence the final shape of the chains. Thus, we must first
to select the method to be applied, based on a detailed
assessment of the strengths and drawbacks of available
theoretical methods, for the understanding of supramole-
cular structures and energetics, which is done next.
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2 Computational details

We present here a summary of the DFT-based exchange-
correlation functionals employed along this work. The
Generalized Gradient Approximation (GGA) is treated as a
baseline for further developments. Among all the available
expressions we select the ubiquitous B88 [22] and LYP
[23] for exchange and correlation functionals, E,[p] and
E_[p], respectively. The expression adopted to systemati-
cally introduce additional components within the func-
tional is as general as:

E)ccl?uble—hybrid [p] _ WHFE)I;{F + (1 _ WHF)Ex [,0] (1)
+wpra EX™? 4 (1 — wpra)Ec[p], (2)

where EMF and EFT? are, respectively, the exact exchange
HF-like energy and the correlation energy obtained at the
Mgller—Plesset perturbation theory up to second order [24].
Note that both terms are evaluated with the orbitals arising
from the solution of the Kohn-Sham one-electron
equations [25]. The EF™? perturbative term has the form:

oy 1 ialjb) — (iblja)]*
EF =ZZZ“ ljb) — (iblja)]

)
w €+ € — € — €

(3)

where ij and ab refer to occupied and virtual spin orbitals,
respectively, and ¢ are the corresponding orbital energies.
Note that these double-hybrid functionals (B2-PLYP), in
the sense that both exchange and correlation are combined
with expressions taken from ab initio theories, belong to a
higher rung in the hierarchy of DFT-based methods than
pure or hybrid functionals do [26]; the latter being found
if wprp =0 but wyr # 0. These orbital-dependent
functionals are called to play a major role in next decades
due to their flexibility and proved accuracy [27-30].
Table 1 presents the detailed composition of the exchange-
correlation functionals used in this work. Note that the
values for wyr and wpr, are always obtained by fitting to a
well-defined training set. A newly reparameterized B,LYP

Table 1 Detailed composition of the exchange-correlation func-
tionals used in this work

Type Functional wi.  wby, E.[p] E.l[p]
Semilocal GGA B 0 0 B -
BLYP 0 0 B LYP
Hybrid GGA B3LYP 0.20 0 B LYP,VWN
B,LYP 0.2533 0 B LYP
BHHLYP 050 O B LYP
Double-hybrid GGA B2-PLYP 0.53 027 B LYP

® Weight of the HF-like exchange. Formal scaling by N*, without
further approximations, where N is related to the size of the molecule

b Weight of the perturbative term. Formal scaling by N°, without
further approximations, where N is related to the size of the molecule
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functional, which was recently devised specifically for
calculations of charge transport properties of organic
molecular semiconductors [31], will be also used here to
further assess its reliability. Note that B3LYP-based [32]
results are also included for completeness since this func-
tional is routinely applied nowadays. We remind that the
formal scaling of these methods (N4/N5 , where N is related
to the size of the molecule) is several order of magnitude
lower than ab initio methods, as CCSD(T) is, which are
known to give reliable results for intermolecular n—mn
interactions [33] although, however, at a computational
cost which precludes their application to the longest oligo-
mers tackled here.

Regarding the technical details, all the calculations are
performed with the ORCA quantum-chemical package [34]
and assume that the molecules are in the gas phase.
Analytical gradients are available for all the methods [35].
Density fitting techniques were applied to speed up the
B2-PLYP calculations [36]; however, this approximation is
not expected to introduce any meaningful error in the
calculation of energy differences or geometries [37].
Concerning the choice of a basis set, we first remark that the
charge transport magnitudes calculated here hardly depend
on large basis sets [38, 39]. Thus, the 6-31G* basis set was
fixed as a decent compromise between accuracy and com-
putational cost. The grid for numerical integration of the
exchange-correlation functional was made denser than the
default to reduce numerical errors. The application of an
external electric field, as normally found in molecular-based
device applications, is not expected to significantly modify
the conclusions, as shown in previous studies [40].

3 Results and discussion
3.1 Benchmarking the theoretical methods

We have first used crystallographic structures for the pre-
liminary calculations in order to avoid mixing structural
and electronic effects [41]. Note that it has been previously
suggested that these molecules possess similar geometries
in the gas phase and in the crystalline state [20]. We remind
that the goal here is to assess first the reliability of the
methods to select the most convenient one according to the
complicated nature of the problem. Therefore, we have
chosen a set of molecules (A, A’, B; i.e., the shortest
oligomers shown in Fig. 1), for which a variety of experi-
mental results are available, to conveniently assess the
computational methods to be further employed. First, the
measurements of gas-phase photoelectron spectra is known
to provide the vertical detachment energies [9, 20] which
can be readily compared to theoretical results [42]. On the
other hand, the comparison of theoretically calculated

vertical excitation energies (Es, — Es,) in vacuum with the
lowest-energy absorption peak (Egp) at room temperature
and using THF as solvent [10], requires further manipula-
tions [43]. First, the Ey values measured in solution have
been increased by 0.15 eV (AE,,) because the typical
shifts, related to solvation effects, are of the order of
0.1-0.3 eV and increase with the size of the system [43].
We have then added the equilibration energy (AE.q) in the
lowest excited state extracted from absorption spectra at
room temperature. Since a vibronic replica is not observed
in the absorption spectra, the vertical excitation energies
are expected to be close within 0.1-0.2 eV to the absorp-
tion maximum. We have thus considered an approximate
averaged energy shift (AE, + AEq) of 0.3 eV, which is
added to the experimental Ey, value before comparing
experimental and theoretical results.

Table 2 gathers the results for vertical ionization
potentials and singlet-singlet excitation energies for the
various DFT-based methods employed; the latter calculated
at the corresponding time-dependent (TD-)DFT level. Note
that a good description of the Dy (radical-cation) ground
state and the S; (first singlet) excited state is a prerequisite
of any method for further application within the organic
electronics field [44]. Certainly, we observe that pure
functionals (wyr = Wpro = 0) lead to rather poor results for
both properties. Furthermore, we see how the results for
excitation energies are only marginally affected after add-
ing the corresponding correlation functional. We have also
tried a density functional with improved long-range
behaviour, the LB94 expression [45], implemented through
the gradient regular asymptotic correction [46], to see its
effect on the GGA-based results. The orbital energies and
lowest excitation energies were affected by less of 0.1 eV

Table 2 Computational estimates of vertical ionization potentials
(Ep, — Es,, in eV) and transition energies from the ground to the first
excited singlet state (Es, — Eg,, in eV)

Method Ep, — Es, Eg, — Es,
A A B A A B

B 5.6 5.4 5.1 35 3.6 3.5
BLYP 6.6 6.3 6.0 3.4 3.5 35
B3LYP 6.9 6.7 6.4 43 43 42
B,LYP 6.9 6.6 6.4 46 4.4 44
BHHLYP 72 6.9 - 5.1 4.8 48
B2-PLYP 7.3 6.9 6.8 49 4.6 47
Exp. 7.7 7.5° 7.3° - 4.3° 43°

All quantities are calculated with the 6-31G* basis sets
4 Taken from [20]
® Taken from [9]

¢ Taken from [10] and corrected with both the solvent shift and the
equilibration energy (see text for details)
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and will thus not be shown; these corrections are expected
to be more important in studying Rydberg states. Thus, the
parameter to be controlled seems to be the addition of a
moderate portion of HF-like exchange (B3LYP or B,LYP),
which significantly improves the results. However, it is also
known that higher weights could lead to rapidly deteriorate
the accuracy for thermochemical and other ground-state
properties. Finally, the double-hybrid orbital-dependent
functionals (B2-PLYP) also behaves rather accurately, as
expected [47]. Note that the B2-PLYP results for excitation
energies include the so-called doubles correction, which
systematically improves the values by around 0.2 eV from
the compensation of the large fraction of HF-like exchange.
Therefore, as usual for conjugated materials [48, 49], it
seems difficult to negotiate the need of different values of
wyr for various properties and systems.

Since the results provided by the B;LYP functionals are
of the same quality than those of the B3LYP methods, and
the former is expected to give slightly better results for
transport properties of conjugated systems [50], we will use
in the following one representative of each class of methods,
namely: BLYP (Semilocal GGA), B,LYP (Hybrid GGA),
and B2-PLYP (Double-hybrid GGA), to ascertain the
transport parameters of the dibenzofulvene (DBF) oligo-
mers. Note also that B3LYP has not been recommended for
the calculation of through-space interactions between par-
allel arenes in peri-substituted biphenylenes [51].

3.2 Predicted structures of n-stacked DBF oligomers

The accurate description of non-covalent interactions is
expected to play an increasingly leading role for the accurate
description of m-stacked compounds, supramolecular
assemblies, chromophore macrocycles, tubular aggregates,
and guest emitters inserted in cavities or host compounds.
Unfortunately, DFT has not reached yet the stage where the
non-covalent interactions can be reliably and accurately
predicted without further manipulations [52-54]. Note that
calculations with wave-function-based methods, which
naturally take into account the dispersion interactions, are
too demanding for the oligomers investigated here. How-
ever, it is still possible to use a correction for DFT geome-
tries and energies, at essentially no extra computational cost,
to account for a large part of this contribution to the elec-
tronic energy. The dispersion energy between two weakly
overlapping systems is thus calculated separately (in a post-
SCF fashion) by resorting to a function which explicitly
depends on the well-known R~ decay of these interactions:

Cs

F ) (4)
where f; (R) is a damping function of the interatomic dis-
tance (R) and Cg is a dispersion coefficient [55-57]. We

Ep = fa(R)
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adopt this approach here, which is termed in general
DFT-D, for the optimization of the =n-stacked DBF
systems. The method has been conveniently parameterized
for the BLYP, B,LYP (=B3LYP), and B2-PLYP func-
tionals [58].

We will thus systematically compare the structures
calculated at the BLYP, B,LYP, and B2-PLYP levels,
with and without the dispersion correction, for molecules
A, A’, and B; we choose two representative yet critical
distances as a matter of example. First, we compare the
distance between the quaternary carbon atoms of the
fluorene rings (d;), which experimentally (X-ray crystal
structure) are known to be 2.61 A (A), 2.70 A (A"), and
2.73 A (B). All the DFT methods employed lead to
values very close to the experimental distances. For
instance, the calculated distances for molecule A range
from 2.68 (BLYP) to 2.62 A (B,LYP). The calculated
distances oscillate for molecule A’ between 2.78 A
(BLYP) and 2.71 A (B2-PLYP), and the same holds true
for compound B. The dispersion correction, indepen-
dently of the functional, always improves the data and
brings them closer to experiments: 2.62-2.63 A (A),
2.69-2.71 A (A") or 2.70-2.73 A (B). Thus, the selection
of exclusively this distance to assess the performance of
a theoretical model chemistry, as done before [12], seems
not to be enough to extract any conclusion about the
reliability of the method to be used. However, since the
fluorene moieties might adopt a face-to-face (syn con-
figuration) or an edge-to-face (anti configuration) orien-
tation, see Fig. 2 for the detailed investigated structures,
we compare next for each molecule the distance between
the carbon atoms being at the base of the pentagon of
each fluorene ring (d,). These distances are experimen-
tally known to be: 5.79 + 0.03 A (A), 3.71 £ 0.01 A
(A)), and 3.75 + 0.04 A (B). Due to the interplay
between the floppiness of the fluorene rings and the
directionality of the non-covalent interactions, these dis-
tances appear to be much more sensitive to the method
selected. In fact, this distance is calculated for molecule
A to deviate by up to 0.3, 0.2, and 0.1 A at the BLYP,
B,LYP, and B2-PLYP levels, respectively. Interestingly,
the deviation reduces (in absolute value) to less than
0.1 A if the dispersion correction is applied to any level.
In the case of A’, the deviations are now 0.5, 0.4, and
0.1 A at the BLYP, B,LYP, and B2-PLYP level,
respectively; which greatly reduce to an error of only 0.2
(0.1) A after correcting the BLYP or B,LYP (B2-PLYP)
methods with the dispersion correction. Finally, the same
degree of improvement found for A’ is also found for the
trimer B. These results are collected in Table 3.

It should be noted that the theoretical results deviate the
most for the molecules A’ and B; i.e., for those molecules
for which the non-covalent interactions largely dominate
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Fig. 2 Representation of the molecular geometries of compounds A,
A/, and B (from fop to bottom). The geometries shown come from
crystal structures [9]. Figure created with XMakemol, see
http://www.nongnu.org/xmakemol/

their shape. Furthermore, only the dispersion corrected
methods are consistent with experimental findings. Thus,
extreme care must be taken when using non-corrected, pure
or hybrid GGAs, methods for DBF and closely related
oligomers. As a compromise between accuracy and com-
putational cost, we will thus use in the following the
B,LYP-D density functional, which is approximately an
order of magnitude less costly than the corresponding
B2-PLYP-D method, to robustly calculate the parameters
relevant for charge transport rates and mobilities at the
correct configuration.

3.3 Transport properties of n-stacked DBF oligomers

In the case of charge transport (CT) at room temperature, it
is reasonable to consider that the rate of self-exchange
electron-transfer reaction between two adjacent fluorene
units (k°T) can be described by the Marcus expression [59]:

kCT _ Aef}./4kg®’ (5)

where the prefactor A depends on the strength of the
electronic coupling, A = f(tz), in the case of a non-
adiabatic process, ® denotes the temperature, and kg is the
fundamental constant. The main two parameters defining
the rate, and which thus deserve to be controlled or engi-
neered by quantum-chemical methods, are A, the total
reorganization energy, and ¢, the electronic coupling, which
is also called transfer integral. A large (moderate) value of
the transfer integral (the reorganization energy) translates
into a large hopping rate, which is closely related to the
carrier mobilities. The validity of this approach is restricted
by the condition ¢ < 4 (vide infra).

The magnitude of A reflects the changes occurring in the
geometry of the interacting fluorene rings during the charge
hopping (the internal part, 4;) and the accommodation of
the charge-induced changes by the surrounding medium
(the external part, /). The strategy to compute /; involves
[60]: (i) the separate optimization of the geometry of the
isolated neutral (Es,) and charged molecules (Ep, ); and (ii)
the single-point calculations of the neutral molecule at the
cation geometry (Es(J / /Do) and of the charged molecule at
the neutral geometry (EDO //So)' Note that we primarily
focus here on the internal part since A, is much less
straightforward to calculate, it can be thus consider as a
tunable parameter having a value of 0.2-0.4 eV, which is
believed to be a highly realistic assumption [61]. There-
fore, / is then calculated as:

=i+ s = (EDO//SO - ED0> + (Eso//D0 - Eso) + A
(6)

Accordingly with the results exposed in previous sections,
since we need reliable geometries for the interacting
pendants groups, the B;LYP-D/6-31G* method was

Table 3 Calculated relevant distances: d; (distance between the quaternary carbon atoms of the fluorene rings, in A) and d, (distance between
the carbon atoms situated at the base of the pentagon of each fluorene ring, in A)

Method d] d2

A A B A A B
BLYP (-D) 2.68 (2.63) 2.78 (2.71) 2.80 (2.72) 6.07 (5.78) 4.23 (3.54) 4.13 (3.55)
B,LYP (-D) 2.65 (2.62) 2.74 (2.69) 2.77 (2.70) 6.01 (5.76) 4.14 (3.54) 4.05 (3.55)
B2-PLYP (-D) 2.63 (2.63) 271 (2.71) 2.74 (2.73) 5.89 (5.89) 3.80 (3.80) 3.79 (3.79)
Exp.” 2.61 2.70 2.73 5.79 371 3.75

? Taken from [9]
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consistently used for the calculation of 7, We obtain a
value of 572 meV for the dimer A’, the prototype for the
charge hopping occurring between adjacent fluorene units,
which is admittedly larger than the values found for state-
of-the-art molecules as oligo(acenes) and derivatives, TPD
or titanyl phthalocyanines [21]. Interestingly, we have
observed that the values obtained without the dispersion
correction are underestimated by almost a factor of two,
which might predict higher yet unrealistic values for the
rate of hopping.

Figure 3 presents the shape of the orbitals involved in
the hole transfer process, the Highest Occupied Molecular
Orbital (HOMO) and the (H — 1)OMO, which are, how-
ever, asymmetrically distributed between the fluorene units
for most of the oligomers unless for dimer A’. This
molecule will be thus considered in the following as the
model dimer for the rest of the oligomers. The transfer
integral is calculated by a two-state model, combined with
Koopmans’ theorem, where the parameter ¢ is estimated as
half the splitting of the energies (¢) of the corresponding
HOMO and (H — 1)OMO,

EHOMO — €(H—1)OMO
= 7
2 ) ( )

which is commonly known as the “energy splitting in
dimer” (ESD) approximation [62]. We are aware that this
way of calculating the coupling might overestimate the
values in some cases [63], and especially when the fluorene
units are not fully cofacial. Note also that the values of the
calculated coupling might also depend on the theoretical
method used to obtain the one-electron energies appearing
in Eq. 7. The transfer integrals were obtained here from
one-electron energies calculated at the Intermediate
Neglect of Differential Overlap (INDO) level [64]. Even
recognizing a slight dispersion of the results upon the
method, the INDO-based values are typically of the same
order of magnitude as those obtained with more sophisti-
cated approaches [65, 66]. Furthermore, the choice of this
method is motivated by the excellent compromise between
accuracy and computational cost found in previous appli-
cations [67]; which is also validated here by comparing the
available experimental gas-phase photoelectron spectra
value (145 meV) of compound A’ [20] with the INDO
estimate of 150 meV, obtained on the basis of the experi-
mental geometry. Note that: (i) the B,LYP-D/6-31G* cal-
culated value is slightly less accurate (90 meV); and (ii) we
do not need to consider a more sophisticated three-state
model [68] since the excess charge on the bridging group
always remains lower than 0.02 lel. The theoretical esti-
mates of the effective electronic coupling are affected the
most by the relative orientation of the fluorene rings. It
is known that cofacial orientations of the rings in these
systems would allow larger values but, in practise, the
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n-stacking is characterized by a rather flat potential energy
surface with respect to the angle measuring the deviations
from the cofacial orientation [20]. Additionally, the fluo-
rene rings are progressively twisted, see Fig. 3, leading to a
single-handed helical structure for the longest molecule.
All these features might difficult the interpretation of the
results and, shortly speaking, the estimate of 150 meV
should be possibly considered as an upper limit.

Finally, the calculated values for the rate of intra-
molecular charge hopping, as obtained from Eqs. 5-7, range
from 2.4 x 10" s7' (A, =02 eV)t03.1 x 1057 (4, =
0.4 eV), which are in the typical range expected for charge
transport in the hopping regime [69]. Since the hole drift
mobility of a n-stacked poly(dibenzofulvene) film was
measured at 299 K to be as low as 2.7 x 107* cm?V~'s™!
[16], we compare next experimental and theoretical results,

Fig. 3 Isocontour plots of the INDO/S//B;,LYP-D/6-31G* calculated
(H-1)OMO (left)y and HOMO (right) molecular orbitals for the
molecules A, A, B, B, C, D, and E (from fop to bottom). The size and
grey scale colour describe the amplitude and sign of the coefficients
used to expand those 7 orbitals in terms of atomic orbitals. Figure
created with gOpenMol, see http://www.csc.fi/english/pages/g0penMol/
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assuming a purely diffusive motion of the charges, by

feeding the results of the calculations into the following

expression [70]:
ed? 4CT

H=7—=

kg®" ®)

where d is the separation between the two moieties taking
part in charge hopping (taken here as an average distance
of 3.6 A between all atoms belonging to the two adjacent
fluorene rings in dimer A’) and k“T is the formerly calcu-
lated rate. The hole mobilities estimated are found between
12 x 1072 and 2.0 x 103 cm? V! sfl; our theoretical
calculations confirm than the mobilities experimentally
found might well correspond to interchain charge transport,
the slower process, whereas the intrachain process is
characterized by (ideally) slightly larger mobilities. How-
ever, a competition between the two processes cannot be
fully excluded from the present calculations; the control
over the arrangements of the chains of poly(dibenzoful-
vene), or further derivatives, by fine-tuning of their align-
ment might induce higher mobilities and thus better
efficiency for electronic devices.

We have finally investigated the effect of fusing benzene
groups to the fluorene rings of the dimer A’, see Fig. 4 for
the detailed structure of all the molecules considered
(A’, A”, and A", from top to bottom), as an attempt to
predict if such kind of molecular engineering would sig-
nificantly affect the values of the reorganization energy: the
calculated values for the molecules shown in Fig. 4 (from
top to bottom) are 572, 360, and 315 meV, respectively. We
can see how the energy dissipated after a sudden jump from
the electronic state describing a hole in the donor molecule
to that associated with a hole in the acceptor is largely

Fig. 4 Chemical structures of the engineered compounds. The
hydrogen atoms have been omitted for clarity and only one-half of
the molecule is shown

Table 4 Theoretical estimates of charge transport parameters:
internal reorganization energy (4, in meV) and transfer integral (¢, in
meV), see text for details

Molecule 2 t

A 572 150
A 360 51
A" 315 102

affected in the right direction, as expected [71]. Note that for
a reasonable INDO estimate of the transfer integral
(t = 50-100 meV), see Table 4 for a summary of the results,
considering that A, varies between 0.2 and 0.4 eV and taken
again into account the difficulties arising from the floppiness
of the cofacial rings, we calculate now transport rates
between3 x 10'%and2 x 10'? s7 1. Thus, further molecular
design by considering larger and more rigid pendant groups
could also serve as a design guideline for novel functional
materials belonging to this family of systems.

4 Conclusions

Oligo(dibenzofulvenes) have been studied as potential
candidates to be used in devices for organic electronics. The
face-to-face m-stacked fluorene rings promote a high degree
of disorder leading to a helical-like shape for the longest
oligomers. This feature prompted us to consider very
accurate methods, specifically devised and systematically
assessed for this kind of molecules, accounting for the
all-pervasive non-covalent interactions which are expected
to dominate the relative orientations of the fluorene rings.
We have then calculated at the quantum-chemical level the
reorganization energy and electronic coupling associated
with intramolecular transport, which are found to strongly
depend on the relative positions of the face-to-face -
stacked fluorene rings. Our calculations have yielded
intramolecular or intrachain transport parameters (rate of
charge transport and associated hole mobilities) which are
slightly higher than the values experimentally found. The
mobility results are consistent with a mechanism in which
holes are expected to delocalize over n-stacked fluorene
groups of the same chain, although the hopping between
adjacent chains is possibly impeded by unfavourable
intermolecular alignments; thus, hole transport along the
conjugated polymer backbone might be significantly faster
than hopping between neighbouring chains. This behaviour
has been semi-quantitatively rationalized at a full quantum-
chemical level, although for a quantitative comparison of
intra- and intermolecular mobilities the detailed composi-
tion of the samples should be known at the nanoscale, which
is missing at present. Therefore, the possible disorder of the
chains in the film sample seems to act as a limiting step;
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which, however, will not preclude the use of these n-stacked
systems as molecular wires. It is also observed that
condensing benzene groups at both ends of the fluorene
rings seems to be also an efficient way to decrease the
reorganization energies.
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