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Abstract.

Small angle X-ray scattering (SAXS) experiments and molecular dynamic modeling of the
mesomorphic organization of hexa-n-pentoxy-2,3,6,7,10,11-triphenylene are reported. Simulated
SAXS patterns extracted from molecular dynamic simulations account for the fact that, despite a
perfect organization of the columns in a 2D hexagonal array, in most case, small SAXS patterns show
only the fundamental diffraction peak with a limited number of higher order reflections.
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Introduction.

Discotic liquid crystals (DLCs) formation is due to the self-organization of the disc-shaped
molecules with orientational order and potentially positional order.'”?**> The less ordered
mesophase having only orientational order is the nematic (Np) phase. More ordered columnar (Col)
mesophases can be obtained when columns formed by the stacking of the discs self-organize into 2D
lattices: hexagonal lattice (Coly), rectangular lattice (Col,), and oblique lattice (Col,). The columnar
phase of hexagonal symmetry is certainly the most frequently encountered phase with disc-like
molecules. DLCs engineered from disc-shaped molecules are particularly attractive owing to their
extraordinary unidirectional electrons and excitons migration property along the column main-axis.®
789 Combined to luminescence properties, this class of liquid crystals is particularly appealing for
applications in organic light emitting diodes, photovoltaic solar cells and organic field effect
transistors. » 1%

Among the family of discotic molecules, triphenylene derivatives are archetypical of DLCs
since they possess large m-conjugated system with high symmetry, they can be easily functionalized
and display excellent photoelectric properties.'” For example, hexa-alkoxytriphenylene compounds
with linear alkyl chains from C4 to C11 are the most studied triphenylene-based discotic liquid
crystals and usually form columnar mesophases of hexagonal symmetry (Coly)." This assignment was
based on polarized optical microscopy observations and on small angle X-ray scattering (SAXS)
experiments. Levelut reported the first diffraction pattern of a single domain of hexa-n-pentoxy-
2,3,6,7,10,11-triphenylene (HAT) compound with the incident beam parallel to columnar axis.” The
diffraction pattern clearly showed both the (10) and the (11) sharp diffraction peaks characteristic of
a phase with hexagonal symmetry. The intensity of the higher order peaks was weaker but still visible
on the original pattern. However, in many literature reports, the SAXS experiments performed on
HAT show one strong diffraction peak in the small angle region with a limited number of very weak
higher order reflections.'* ™ To be safely assign as a columnar phase of hexagonal symmetry, the



SAXS pattern should display at least the (11) reflection (d(11) = d(lo)/\/3) in addition to the fundamental
(10) reflection. For this compound as for many other purely organic liquid crystals, the higher order
reflection peaks are weak and may be difficult or impossible to observe in an informative powder
diffraction pattern. Thus, with diffraction patterns displaying only the fundamental diffraction peak,
one cannot establish with confidence the symmetry of the mesophase. Molecular dynamics is a
powerful tool which has often been used to compute the molecular organization of liquid crystalline
phases and in some cases, SAXS patterns have been simulated and compared to the experimental
one to further support the proposed molecular model.!”***°

In the present letter, we show that molecular dynamic calculations can assist the proper
assighment the phase symmetry, especially when the SAXS pattern display a limited number of
reflection peaks.

Results and discussion.

hexa-n-pentoxy-2,3,6,7,10,11-triphenylene was prepared by the direct alkylation of the
hexahydroxy-2,3,6,7,10,11-triphenylene with a large excess of bromopentane (10 eq.) in
dimethylformamide in presence of K,CO;3(12 eq.). After heating at 100 °C for 3 days, the compound
was purified by column chromatography on silica gel using a solvent gradient from pure petroleum
ether to pure dichloromethane. The purity of the compound was confirmed by ‘*H NMR spectroscopy
(Figure S1), microanalyses (see supporting information) and differential scanning calorimetry (DSC)
analyses. The DSC traces of the compound show two transitions on the heating curves centered at
67.4 °C and at 123.1 °C (Figure S2). DSC observation confirmed that the first transition is associated
to the melting of the crystalline phase into the liquid crystalline phase and the high temperature
transition to the melting of the compound into the isotropic liquid. These two transitions are fully
reversible but a strong super-cooling effect is observed on the low temperature transition associated
with the crystallization of the compound. The transition temperatures measured by DSC are in good
accordance with those reported previously." *°

The temperature-dependent SAXS patterns of the hexa-n-pentoxy-2,3,6,7,10,11-triphenylene
compound were recorded using a FR591 Bruker AXS rotating anode X-ray generator operated at 40
kV and 40 mA with monochromatic Cu Ka radiation (A = 1.541 A) and point collimation. The samples
were held in Lindemann glass capillaries (1 mm diameter) inserted in a Linkam hot-stage. The X-ray
diffraction patterns were collected with a Mar345 image plate detector (Marresearch, Norderstedt,
Germany). The SAXS patterns obtained on the liquid crystal phase between 70 and 110 °C on heating
display only a strong and sharp peak in the small angle region corresponding to an inter-reticular
distance of 17.5 A (5.1°) (Figure 1 and Figure S3) together with a weak reflections at 6.6 A (13.4 °).
These two reflections can be indexed as the (10) and (21) (d) = d(10)/\/7) reflections of a 2D array of
hexagonal symmetry, as expected. However, the higher order reflection peak is very weak and the
(11) and (20) reflections are completely absent. In the wide angle region, a broad halo centered at
4.5 A (20 ~ 19.5 °), associated to the mean distance between the alkyl chains in a molten state,
confirms the liquid crystalline nature of the phase. An additional marked peak centered at 3.6 A (20 ~
25.0°), is also observed and is attributed to the stacking distance between the triphenylene
fragments along the column axis. Upon temperature changes, the peak position in the small angle
region is little affected. In the isotropic phase, the diffraction patterns display only two broad halos at
16.5 and 4.0 A whereas in the crystalline phase several sharp peaks are observed in the small and
wide angle regions (Figure S3).
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Figure 1. SAXS pattern of hexa-n-pentoxy-2,3,6,7,10,11-triphenylene at 70 °C.

As stated, higher order reflection peaks can easily be absent on the diffraction pattern. With
only one peak in the small angle region, the exact nature of the mesophase can hardly be assigned.
Thus, in order to gain more insight on the molecular organization at the origin of such a diffraction
pattern, molecular dynamic simulations were carried out at 343 K (70 °C). The molecular mechanics
studies have been performed on the French supercomputer Occigen using the program suite
Materials Studio (Forcite). A starting periodic structure of 96 cells of hexagonal symmetry, each cell
containing one molecule, was built according to the cell parameters given by the X-ray
measurements (apex = 2d/\/3 = 20 A and a stacking distance of 3.5 A, density 1.02). The starting
molecular box was built by duplication of an hexagonal unit cell containing one molecule in the
three-dimensional space (ax4, bx4, cx6). The size of the box is 80x80x21 A with y = 120 ° (Figure 2a).
The SAXS pattern simulated directly from this starting hexagonal configuration using the Forcite
analysis module (K.,Cu, 26 range = 0.4-32 °, cutoff = 100 A, radius for the model size correction = 20
R) displays four strong and sharp peaks in the small angle region at 5.1, 8.85, 10.25, 13.5 ° which can
unambiguously be indexed as the (10), (11), (20) and (21) reflections of a 2D hexagonal lattice (Figure
2b). The peak positions are those expected for a columnar phase of hexagonal symmetry with a
lattice parameter of 20 A (inter-column distance). Several less intense sharp peaks are also observed
around 25-30 ° arising from the crystalline nature of the starting structure. SAXS pattern were
simulated using the Scattering properties on the Forcite analysis dialog. When calculating the
scattering intensity, all contributions from pair separations greater than the cutoff value are ignored
and the model size correction compensates for scattering resulting from the finite size of the
molecule and is especially useful for small nonperiodic structures.
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Figure 2. (a) Starting crystalline hexagonal configuration of 96 unit cells (a =20 A, b =204, ¢ =3.5
A, v = 120 °) containing one molecule each; (b) simulated SAXS pattern of the starting configuration;
(c) molecular configuration after energy relaxation and 1 ns simulation in NPT ensemble (fixed
Number of molecules, Pressure and Temperature); (d) Simulated SAXS pattern obtained after
simulation.

After energy relaxation, the simulation consisted of a 1 ns isotherm at 70 °C with the
universal force field (NPT ensemble, 1 fs time step) under periodic boundary conditions (Figure 2c).
Along the simulation, the cell parameters slightly evolved from 80 to 80.49 A and from 21 to 21.13 A
and the density converged from 1.02 to 1.00. As can be seen after simulation, the carbon chains
perfectly fill the space around stacks of triphenylene molecules (Figure 2c). The diffraction pattern
obtained after the molecular dynamic simulation strongly resembles that obtained by X-ray
diffraction at 70 °C (Figure 2d). In the small angle region, only one diffraction peak is observed at 20 =
5.05 ° (d = 17.5 A), representative of the mean distance between the column. The higher order
reflections characteristic of the hexagonal organization originally at 8.85, 10.25, 13.5 ° have
completely vanished. In the wide angle region, the broad halo associated to the mean distance
between the carbon in a molten state is clearly observed at 20 = 21.6 ° (d = 4.6 A) as well as the



diffraction peak at 25.65 ° (d= 3.5 A) associated with the stacking distance of the triphenylene core
along the columns.

The width of the simulated 100 reflection peak after molecular dynamic simulations remains
almost unchanged (Figs 2b and 2d). The coherence length determined using the Scherrer equation®
was found around 115 A on the simulated diffraction patterns which is smaller than the coherence
length found experimentally around 730 A. Sharp peaks imply long range order, while short range
order broadens diffraction peaks. Simulations have also been performed on a larger ensemble of
8x8x12 molecules but the peak width is not affected by the size of the box (Figure S4). After
simulation, the higher order reflections have completely vanished. This is due to the melted nature of
the tails, which make the electron density profile of a single molecule very smooth, in turn resulting
in few higher order Fourier components. On the contrary, the starting artificial hexagonal periodic
model, full of holes, presents a rugged electron density function, needing many Fourier terms and
hence many reflections. Once subjected to molecular dynamics annealing, the electron density has
smeared out, resembling that in a real liquid crystal. The fact that no higher order reflections are
observed in the Fourier transform of the simulated structure at the 5% level is consistent with the
low intensity of (21) peak in the SAXS pattern (about 1% of the (10) peak intensity). This indicates
that the molecular dynamic simulations results correctly simulate the local structure. The
concentration profiles along the [100], [010] and [110] directions, showing that the structure become
homogenous after simulation, are presented in supporting information (Figure S5-57).

Similar results have been obtained with NVT ensemble (fixed Number of molecules, Volume
and Temperature). The main difference is that the cell parameters and the density remain constant
all along the simulation. The simulation also confirmed the stability of the molecular stacking at 3.5 A
and that the molten chains are in the plane of the central disc as already proposed for diabolo like
molecules.”’ Indeed, the simulation clearly shows that the alkyl chains perfectly fill the space in
between the columnar stack of triphenylene cores (density = 1.00 after simulation) in the plane of
the central disc. Consequently, the hypothesis of a tubular arrangement of octopus molecules®™ in
which the alkyl chains are perpendicular to the central disc can be ruled out for the hexa-n-pentoxy-
2,3,6,7,10,11-triphenylene compound. It can also be noticed that the centroid of the triphenylene
cores is not perfectly aligned along the c direction and that the triphenylene fragments can rotate
and slightly shift from one another (~ 3-4 A) giving rise to undulated columns running along the c
axis.

Molecular mechanics studies have also been performed starting from periodic box of 96 cells
of square symmetry with a cell parameter of a = 17.5 A (ax4, ax4, cx6; a=p=y = 90 °) (Figure S8a).
After simulation in the NPT ensemble for 1 ns at 70 °C, a slight elongation of the unit cell parameter
was observed with an increase of the a and b parameters from 17.5 A to 18.4 A as the density
decrease from 1.15 to 0.99 (Figure S8b and S9). The simulated SAXS patterns now displays one
diffraction peak at 26 = 4.8 ° far away from the one observed experimentally (26 = 5.1°) and the one
simulated for the hexagonal lattice (20 = 5.05°) (Figure S10). Molecular dynamic simulations thus
allow to rule out the formation of a phase of square symmetry and further support the formation of
a phase of hexagonal symmetry.

Conclusion.

The molecular dynamic simulations explain the SAXS pattern of HAT, displaying mainly one
fundamental reflection peak with higher order reflections being hardly visible. These simulations also
support the long range organization of fluctuating columns of stacked HAT molecules in a 2D array of
hexagonal symmetry. Such molecular dynamic simulations can be useful for the study of other liquid



crystalline systems, especially when a limited number of reflections detected on the SAXS pattern
preclude the unambiguous assignment of the molecular arrangement symmetry in the mesophase.
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