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SUPRAMOLECULAR ORGANIZATION

AND ELECTRONIC STRUCTURE

OF PERYLENE TETRACARBOXYLIC DIIMIDE:
X-RAY DIFFRACTION AND THEORETICAL STUDIES

The inter- and intracolumnar arrangements of the perylene tetracarboxylic diimide (PDI)
was investigated experimentally and theoretically by using X-ray diffraction with combined
DFT computation and molecular dynamics simulation. The structure was found to be
hexagonal with a packing parameter of nearest column a = 2.025 nm characterized by a
~ 45° twist of molecules within the columns.

In the last years the self-assembly of organic molecules presented
the perspectives of developing novel materials for electronics. A special
attention was made on the mesophases, characterized by p-conjugated
molecules and formation of columnar superstructures in both the solid
and liquid crystalline states. The arrangement of the molecules allows a
charge carrier transport along the one-dimensional structures by increasing
of coupling of p-electrons, which make them unique materials for device
applications, such as field-effect transistors and solar cells. The
perspectives of such materials became clear taking into account the
anisotropy of electronic properties, low-cost and facile device fabrication,
self-healing of defects within the columns, and relatively high local one-
dimensional charge carrier mobility [1].

Most of the alkyl substituted low molecular weight species which
organize into columnar superstructures are p-type semiconductors. Rylene
diimide molecules, such as perylene tetracarboxylic diimide (PDI),
terrylene tetracarboxylic diimide (TDI) and quaterrylene tetracarboxylic
diimide (QDI) form a unique class of n-type organic semiconductors [2].
Both n-and p-types molecules can be used separately in field-effect
transistors, while only their mixture are required in bulk-heterojunction
photovoltaics, like hexabenzocoronene (HBC)-PDI and polycarbazol
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(CPz)-PDI, revealed the highest efficiencies for
columnar phases [3]. PDI derivatives are used to
control the molecular deposition [4], as an injector
of charge carriers for different polymers employing
the time-of-flight technique [5], and as fluorescence
switch [6]. Furthermore, perylene has been utilized
as convenient precusor for a consequent synthesis
of more complex molecules, such as terrylene
derivatives [7], perylenebisimide and bisbenzi-
midazole [8], fullerene-perylene and perylenebi-
simide-triphenyldiamine dyads [9]. These sub-
stances are widely used for optoelectronic appli-
cations [5—10] owing to their dyes cover the visible
light [11] and due to their high thermal and
photostability [ 12]. Nevertheless, the supramolecular
structure into which PDI self-assemblies is not yet
fully understand. An intracolumnar arrangement was
proposed with a twist of the adjacent molecules [11,
13], or without any twist [ 14]. A detailed knowledge
about the supramolecular organisations is necessary
for the calculation of the electronic properties, since
the electron and hole transfers strongly depend on
the molecular arrangement [15].

The aim of this communication is to determine
the supramolecular structure of heptyloctyl sub-
stituted PDI (1), namely inter- and intracolumnar
arrangements by using both X-ray diffraction
analysis and simulations.

Molecular dynamics simulation (total 30 ns run)
had been done at a pressure P = 0.1 MPa and a
temperature 7= 300 K by using usual OPLS force
field. GROMACS [20] software was used. The
equations of motion were integrated using Varlet’s
algorithm with a time step of 2 fs. After constructing
topology of single PDI molecule, a periodic box
of 4x4x12 molecules with hexagonal arrangement
of columns with a 45° twist within columns were
created. DFT calculations (BH&H/6-31G(d) level
of theory) were done for dimers constructed from
optimized monomers at the fixed distance of 0.35 nm
between molecular cores. Gaussian 03 and
GAMESS software were used. The total energy
and electronic spectra were calculated with for
different rotational angles.

2D-WAXS experimental setup [1, 11] consisted
of a rotating anode (Rigaku 18 kW) X-ray beam
with a pinhole collimation and a 2D Siemens

detector, that use a double graphite monochromator
for the Cu-K radiation (A = 0.154 nm).

The two-dimensional wide-angle X-ray scat-
tering (2D-WAXS) pattern of a mechanically
aligned PDI (1) is presented in Fig. 1. On the basis
oftwo distinct equatorial reflections an orthorhombic
intercolumnar arrangement was previously proposed
with a unit cell of @ = 1.67 nm and b = 2.08 nm.
Later It is possible to consider the unit cell as a
hexagonal lattice with @ = 4.05 nm [11] leading to
the assignment of the two equatorial reflections
as (110) and (200).

The intracolumnar packing is more complex and
can be characterized by the meridional reflections.
The major distinct (004) wide-angle meridional
reflection is related to the 7t-stacking period of 0.345 nm,
as shown in Fig. 1. The molecular cores arrange
orthogonally with respect to the columnar axis. The
appearance of additional (001) meridional reflections
suggests a further intracolumnar correlation. Taking
into account the m-stacking distance in relation with
the high order distance of 1.39 nm, it is derived that

Fig. 1. The 2D-WAXS pattern of PDI (1) at a temperature
T =300 K. Two meridional (004) and (001) reflections
correspond to 0.345 nm and 1.39 nm periodicities in a
direction of the columnar axis. Inset highlights the two
major (110) and (200) equatorial reflections of hexagonal
intercolumnar arrangement of a =4.05 nm
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every fourth molecule within the column is in the
same position and laterally rotated by 45° to each
other, providing the excellent agreement with
n-stacking distance of 1.39/4 = 0.3475 nm with a
divergence average of less than 1%.

The large hexagonal packing parameter of a =
= 4.05 nm contradicts the theoretical size of the PDI (1)
molecules, while orthorhombic one with a > b
parameters disagrees with the possible 45° twist of
molecules. In comparison, the more extended rylene
molecules, i.e. TDI and QDI revealed even a smaller
hexagonal lattice with @ =2.94 nm and a = 3.09 nm,
respectively. It is reasonably to assume that the
parameter of a = 4.05 nm involves every second
column leading to a simple intercolumnar distance
0f2.025 nm in the hexagonal unit cell. Indeed, such
anon-usual distribution of reflections with absence

Table 1. Experimental (WAXS) and simulation data for

a PDI columnar phase at 300 K

Method Intercolumnar | Intracolumnar | Rotational
distance, nm distance, nm angle, deg
Experimental 0.345 2.025 45
Simulation 0.35 1.98 4045

of'the (100) reflection has been reported for discotic
liquid crystals [16] and fullerene-like crystals [17].
In such a case PDI belongs to columnar liquid
crystals with p6 mm symmetry, like other rylenes.
In order to confirm the experimentally observed
hexagonal packing of columns, molecular dynamics
(MD) simulation was performed (see for details [18]).
As a test, a single column of 12 molecules was
simulated. During the simulation the column was
tilted in the simulated box, already indicating rather
a hexagonal than rectangular or orthorhombic

3
Distance (nm)

Fig. 2. Calculated positional correlation functions: perpendicular (squares) and parallel (circles). Inset highlights the
hexagonal columnar arrangement of a simulation box after 30 ns run
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Fig. 3. The single column of simulated box after MD
simulation (a). Molecular architecture of PDI (1)
molecules in the stack (every molecule is rotated to its
neighbour by 45° around the columnar axis as shown by
arrows) (b). Geometry of dimer of PDI molecules (at 30°)
during quantum-chemistry calculations (c)

columnar arrangement. MD simulations revealed a
unit cell parameter of 1.98 nm and a m-stacking
distance of 0.35 nm (Fig. 2 and Fig. 3a) which were
in a good agreement with the experimental values,
from above discussed X-ray diffraction analysis.
The hexagonal structure was slightly disordered so
that the (100) reflection entirely could not be visible.

The packing of PDI molecules in the columns
revealed strong dependence on the molecular
rotational angle, see Fig. 3b. At the 0° angle, i.e.
only translations without twist, appropriate branches
of dimer tails were closely connected with each
other. Thus, a rotation of tails and a tilting of
molecules were expected in order to minimize a
total energy within the columns as shown in Fig. 3c.
The total energetic profiles for different dimers with

D, and D, symmetries revealed that the global
energy minimum was rather unpredictable [15].
Fig. 4 shows the dependence of the total energies
for PDI (1) and hydrogen substituted PDI (2) dimers
calculated with BH&H/6-31g(d) method without
optimisation at the fixed intermolecular distance of
0.35 nm. This method was successfully tested for
calculation of vdW interactions on benzenes and
pyridines [ 19]. The results indicated that the global
energy minima for PDI (2) dimer were disposed in
the ~30° and ~150° rotational angle position. At the
90° there was also a local minimum (see Fig. 4) for
both types of dimers.

For PDI (1) dimer the evolution of the total
energy was more complicated with non-symmetric
dependence on the rotational angle. The absolute
minimum of function equals to ~24°. The local
minimum equaled to ~139° (see Fig. 4), corres-
ponding to ~41° twist, in full agreement with
experimental value. It was expected the helical
arrangement of molecules on the values of both
minima, i.e., the absolute minimum at ~24° also
might be achieved during slow crystallization
process. The helical stack of the single column is
reproduced in Fig. 3a and Fig. 3b. Comparisons of
the WAXS experimental data with the simulations
are shown in the table 1. The comparison shows

Energy (kcal/mol)
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Fig. 4. Evolution of a difference of the total energies of a
dimer made of D, symmetry PDI-C, , (1) (circles) and D,,
symmetry PDI-H (2) (squares) when rotating one core
along the stacking axis, as calculated at DFT (BH&H)
level of theory
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Fig. 5. Evolution of the HOMO (squares) and LUMO
(circles) splittings of PDI (1) (filled types) and PDI (2)
(open types) dimers when rotating around the stacking
axis

that simulations fully agreed with experimental data
and the structure of PDI is determined.

Fig. 5 shows the results of the HOMO and
LUMO splittings calculations, which are the double
from the intermolecular transfer integral (7). As
clearly seen, the electronic structures of PDI
derivatives strongly depends on the substitutions:
the alkyl chain causes a change of geometry that
leads to distortion of the electronic structure. In
particular, the dependence of HOMO splitting of
PDI (1) and LUMO splitting of PDI (2) are
practically identical. The dependence of splittings
on the angle is non-symmetric, according to slight
twisting of molecular skeletons in order to balance
the massive branches of opposite alkyl chains. The
rate of electron hopping (k) depends on LUMO
splitting as k~#* [15]. Thus, PDI electron mobility
equals to zero for the PDI (2) at the 45° expe-
rimental twist angle, while the perylene derivative
carrying the branched side chains reveals the
relatively high ¢ values of ~0.01 eV (Fig. 5). Thereby,
substitution of branched tails has a strong influence
on the charge carrier mobility as major factor,
besides angle of twist, temperature and defects.
The calculated value of ¢z at ~25° angle
is ~0.1 eV. Reorganisation energies for PDI equals
to 0.18 eV and 0.20 eV for positive and negative
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polarons, respectively, which are very close to the
HATNA energies of 0.1 1-0.2 eV. According to
the Marcus formalism [15] the charge transfer rate
and charge mobility for PDI at the absolute minimum
position are expected to be comparable with that of
HATNA derivatives, promising electron trans-
porters.

In summary, the molecular and supramolecular
arrangement has been determined for columnar
phase of a perylene derivative bearing branched alkyl
substituents. Analysis of 2D-WAXS patterns clearly
indicated a hexagonal arrangement of columns and
ahelical packing of the molecules within the columns,
like other rylene mesophases. Molecular dynamics
simulation confirmed the stability of the hexagonal
intercolumnar structure with a packing parameter
of ~2 nm and m-stacking distance of ~0.35 nm. The
helical intracolumnar arrangement of molecules was
also verified by the DFT calculations. The calculated
optimal rotational angles were proved to be 24° and
41° with the last value been very close to the
experimental value of 45°. The electronic spectra
revealed an essential dependence from the nature
of the tails: the substitutes (tails, rings etc.) must be
taken into account during transfer integral and charge
mobility calculations.

Mesx- 1 BHYTPUKOJIOHOYHBIE YIIOPSIIOUCHUS MepriieHa ObUTH
HCCIIEI0BAHBI SKCIEPHMEHTAIBHO 1 TEOPETUUECKH ITPH NCTIONb-
30BaHUM PEHTI'CHOBCKOH AM(PaKIK ¢ KOMOMHUPOBAHHBIMU
BBIYHCIICHISIMH METOJaMH (DYHKIMOHANA INIOTHOCTH M MOJIe-
Ky/IapHOU nuHaMuky. CTpyKTypa KpUcTalia OonpesiesieHa Kak
TeKCcaroHaJIbHasl C yIIaKOBOYHBIM ITAPaMETPOM CaMOi OIH3KOH
KOJIOHKU @ = 2,025 HM ¢ XapaKTE€PHBIM TBUCTOM ~ 45° MOJIEKYI
B IIpe/ieNiax KOJIOHOK.

Knrouesvie cnosa: srcuokue Kpucmanivl, peHmeeHo8CKas Ou-
@paxyus, HekosareHMHblEe 83AUMOOCUCMBUS, INEKMPOHHbLE
C80lICMBa, MONEKYIAPHAA OUHAMUKA, K8AHMOBO-XUMUYECKUE
BbIUUCTIEHUS

Mix- i BHY TPIIIHPOKOJIOHYACT] BIIOPAAKYBaHHS ITEpHIICHY OyJI0
JOCII/PKEHO eKCTIEPHMEHTAJIBHO M TEOPETHYHO IPH BHKOPHC-
TaHHI PEeHTTEeHIBCHKOT qu(paxii 3 KOMOIHOBAHUMH OOYHCIICH-
HSIMH MeToiaMH (DYHKITIOHAJTY I'yCTHHH Ta MOJIEKYJISIPHOT JTHHA-
Miku. CTpyKTypy KpUCTana BU3HAYEHO SK TeKCaroHAJIbHY 3
MaKyBaJIbHIM MapaMeTpOM HaHOIIKYOT KOJIOHKH a = 2,025 HM
13 XapaKTepHUM TBICTOM ~ 45° MOJIEKYI Y Me»XaX KOJIOHOK.

Knrwouoei cnosa: pioxi kpucmanu, peHmeeHiscoka Oupparyis,
HeK0BANeHMHI 63AEMOOT, eIeKMPOHHI 61ACIMUBOCINT, MOTEK)-
JISIPHA OUHAMIKA, K8AHMOBO-XIMIUHI 0OUUCTEHHS
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