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|. Introduction

Supramolecular organization of a H-bonded
perylene bisimide organogelator determined
by transmission electron microscopy, grazing
incidence X-ray diffraction and polarized
infra-red spectroscopyf

Alexandru Sarbu,® Patrick Hermet,* David Maurin,® David Djurado,® Laure Biniek,®
Morgane Diebold,® Jean-Louis Bantignies,*® Philippe Mésini*® and
Martin Brinkmann (=) *2

An organogelator based on a N,N’-substituted H-bonding perylenebisimide (PBI-C10) self-assembles to
form either a green J-type (form 1) or a red H-type (form Il) aggregate structure. The molecular packing
of both polymorphs was determined from a combination of Transmission Electron Microscopy (TEM)
(low dose electron diffraction and high resolution), Grazing incidence X-ray diffraction and polarized
infrared spectroscopy. To that aim, highly oriented films have been prepared by mechanical rubbing at
controlled film temperature and DFT calculations were performed to identify representative vibrational
IR bands and their associated polarizations. H-Bonding between amides generates either a rectangular
columnar phase (form 1) in the dried gel or a hexagonal packing of supramolecular 21/1 helices with a
long period of 97 A (form Il) in annealed thin films. In aligned films of form |, polarized FTIR
spectroscopy helps determine the orientation of both intermolecular H-bonds and the PBI core with
respect to the substrate. In form I, PBI-C10 molecules assemble into pairs to form off-centered
21/1 helices whose helical axis is made of strongly H-bonded amides. TEM investigations show that
three 21/1 helices are packed in a frustrated trigonal structure formed by H-bonding. The Form | — Form Il
transformation implies a redistribution of a single population of strong intra-columnar H-bonds between
amides in form | to a mixture of strong and weak H-bonds in the supramolecular helices, the strong
H-bonds forming the spine of the helices.

while bearing interesting fluorescence properties and/or p- or
n-type semi-conductivity.® ' The gelation of these systems arises

Self-assembly of conjugated semi-conductors is a powerful
bottom-up approach for the design of new materials of interest
in electronic and optoelectronic applications.'™ n-Conjugated
organogelators are an original class of functional materials
because their self-assembly in certain organic solvents leads
usually to anisotropic 1D nanostructures such as nanofibrils
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from the buildup of a 3D network of intermingled nanofibrils in
given organic solvents. During the last decade, various organo-
gelators based on conjugated oligomers of phenylenevinylene,
thienylenevinylene or thiophene were synthesized and their charge
transport or fluorescence properties were investigated.®” Among
all conjugated systems, perylene-3,4:9,10-tetracarboxydiimides
(PBI) has attracted much attention because of its pronounced
1D n-stacking order and because it is one of the few n-type
conjugated semiconductors used in Organic Field Effect Tran-
sistors (OFETSs), organic solar cells or stimuli-responsive thin
films."®2° Moreover, PBI is a widely-used building block for the
design of alternated co-polymers, donor-acceptor co-oligomers
or organogelators because the aromatic core can be substituted
in various positions (imide, ortho or bay).**” Functionalization
of PBIs with H-bonding groups such as amides is a common
way to impart self-assembling properties that might result in
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Fig. 1 (a) Molecular structure of PBI-C10. (b, c, e and f) Polarized optical
microscopy using crossed polarizers and polarized UV-vis spectroscopy
(d and g) of highly oriented PBI-C10 films of J-type aggregate i.e. form |
(b—d) and H-type aggregates of form Il (e—g). The UV-vis spectra were
recorded for parallel (]|) and perpendicular (L) orientation of the incident
polarized light with respect to the rubbing direction.

organogelating properties while other substitutions can lead to
the buildup of helical columnar mesophases.>”*>%38

Besides the control of electronic properties of PBIs via chemical
engineering, mastering their structure and polymorphism is key
since molecular stacking determines the electronic properties in the
solid state. More specifically, PBI systems are characterized by a
typical crystallochromism: they form either J- or H-type aggregates
whose optical absorption or fluorescence depend on the overlap
between PBISs in the crystal.>>~** The generated structures depend on
the preparation conditions (solvent, temperature,...).**™*” The
strong structure-properties correlation in PBIs is particularly
interesting to design stimuli-responsive materials.*®*”*¢%7 As
an example, N,N'-siloxane substituted PBIs can form mechano-
responsive materials since a mechanical stress on a thin film
modifies substantially their fluorescence.*®

Herein we focus on the compound PBI-C10 (Fig. 1a) which
Wiirthner and coworkers*”*® originally described as forming
J-type fibrillar aggregates in p-xylene. As recent studies have
demonstrated, this molecule forms two polymorphs with typical
J- and H-type aggregate properties that can be interconverted by
two different stimuli i.e. temperature or the presence of H-bonding
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non-solvents.”” The green J-type form I obtained in thin films cast
from a p-xylene solution transforms into the red H-type form II via
annealing at 190 °C. The reverse transformation is induced when
form II films are dipped in liquid H-bonding non-solvents such
as linear alcohols or acetone. The underlying structural trans-
formation rests on a redistribution of H-bonds as inferred by
the analysis of the amide A bands as well as structural studies by
AFM and TEM."” Moreover, PBI-C10 molecules generate helical
stacks in the red form IT with a long period of 97 A, contrary
to the simple columnar phase of form I. However, in the
absence of highly organized and oriented systems, no complete
structural model could be obtained by TEM or GIXD for
both polymorphs. This contribution describes a more detailed
structural analysis of the polymorphs of PBI-C10. To this aim,
means to prepare highly aligned films of both polymorphs
have been investigated. In particular, it is shown that high-
temperature rubbing yields highly aligned films of organogelating
systems. While this method has been recently introduced to
prepare highly oriented films of various p- and n-type semi-
conducting polymers, it was never used to align self-assembling
molecules such as H-bonding PBIs investigated herein.’®™?
A combination of GIXD, TEM and polarized FTIR spectroscopy
combined with proper modeling (DFT calculations) helps
uncover the packing of both forms. Whereas form I is poorly
ordered, form II reveals supra-molecular long range order and
an interesting trigonal structure that harbors three isochiral
21/1 helices. Despite low structural order in form I, linearly
polarized FTIR spectroscopy evidences a high level of molecular
orientation in the aligned thin films as inferred from the high
dichroism of FTIR bands related to intermolecular H-bonding and
to the PBI core. It is demonstrated that form II is an interesting
example of a frustrated structure formed by H-bonding in a self-
assembled conjugated system.

ll. Experimental section

(a) Sample preparation

The synthesis of PBI-C10 (chemical structure shown in Fig. 1a)
has been described in the literature.*””** Thin films of PBI-C10
were prepared with a home made doctor-blade apparatus on
clean glass slides for UV-vis and TEM studies (the cleaning of
the glass slides is described in ref. 54) and on Si(100) substrates
(Silchem) for FTIR measurements. For each sample, 50 pL of a
PBI-C10 solution in p-xylene (3 mg mL ") were doctor bladed on
the substrates maintained at 130 °C.

A home-made rubbing machine was used to align the films
following the procedure used in recent studies on conjugated
polymers.**>* The rubbing machine is composed of a rotating
cylinder (4 cm diameter) covered with a microfiber cloth.
Rubbing is performed by applying the rotating cylinder with a
1.5-2.0 bar pressure on the translating sample holder (5 cm s ).
The sample holder is heated between 100 °C and 175 °C and is
allowed to equilibrate for 1-2 min before rubbing. A rubbing
cycle is characterized by the so-called rubbing length i.e. the length
of the rubbing tissue applied on a given point of the sample.

Phys. Chem. Chem. Phys., 2017, 19, 32514-32525 | 32515
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In this study, it is approx. 50 cm. The rubbing machine is
placed in a golvebox (Plaslab) under nitrogen atmosphere.

The form I of PBI-C10 was obtained by solvent vapor
annealing in chloroform. The rubbed films were placed in a
closed glass container filled with 5 mL of chloroform at room
temperature for 30 min. The form II of PBI-C10 was obtained by
thermal annealing in a Linkam hot stage (LTS420) under N,
atmosphere at 190 °C for 5 h and slow cooling to room
temperature at a rate of 0.5 °C min ™.

For TEM investigations, the PBI-C10 films were coated with
a thin amorphous carbon film and removed from the glass
substrate by floating on a diluted aqueous HF solution (10 wt%)
and subsequently recovered on TEM copper grids.

(b) Structural characterization

Polarized optical microscopy was performed on a Leica DMR-X
microscope equipped with Nikon Coolpix 995 digital camera.
Transmission electron microscopy was performed on a Philips
CM 12 (120 keV) microscope equipped with a CCD MVIII digital
camera. The samples were observed in bright field, high
resolution and electron diffraction modes. The rotation-tilt
experiments were carried out using a Phillips PW6594 sample
holder. The image treatments were carried out using AnalySYS
(Soft Imaging Systems) and ITEM (FEI) softwares. Filtering of
the HR-TEM images was performed following the procedure
described in the literature in order to avoid generation of ghost
lattice images.> The structural modeling and the calculation of
electron diffraction patterns were performed using the proper
modules of the Cerius2 Software on a SiliconGraphics Octane
workstation.

Grazing incidence X-ray diffraction (GIXD) experiments were
performed at the ESRF on line BM02 using a monochromated
X-ray beam at 23.14 keV. The oriented samples were prepared on
Si(100) substrates by doctor blading, following the same alignment
procedure as used for the samples on glass substrates.

(c) Spectroscopic investigations (UV-vis and FTIR) and DFT
calculations

UV-visible spectroscopy was performed on an Agilent Cary 5000
spectrometer and a Shimadzu UV-2010PC spectrometer equipped
with a goniometer.

Linear dichroism infrared experiments are very sensitive to
preferential molecular orientation on surfaces. Therefore, oriented
PBI-C10 films of form I were prepared by following the previous
preparation protocols on Si(100) substrates and IR spectra were
recorded in transmission using a polarized infrared beam. Polarized
micro infrared experiments in the middle infrared range
(800-4000 cm ™) were carried out in transmittance on a Bruker
IFS 66 V spectrometer coupled with a Hyperion 2000 microscope
(Bruker Inc.). A mercury cadmium telluride detector, a KBr beam
splitter, and a blackbody source were used for our experiments.
The spectral resolution was 2 cm ™', and 256 scans were coadded
for each spectrum. The samples used for polarized FTIR spectro-
scopy are prepared on Si(100) substrates with their native oxide.

The experimental polarization at 0° refers to the electric
field (E) parallel to the substrate and parallel to the rubbing
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direction (R). The polarization at 90° refers to E parallel to the
substrate and perpendicular to the rubbing direction.

DFT calculations were performed on a cluster of two molecules
using the SIESTA package®® and the generalized gradient approxi-
mation to the exchange correlation functional as proposed by
Perdew, Burke and Ernzerhof.’” Core electrons were replaced by
nonlocal norm-conserving pseudopotentials. The valence electrons
were described by a double-{ singly polarized basis set. The
localization of the basis is controlled by an energy shift of
50 meV. Real space integration is performed on a regular grid
corresponding to a plane-wave cutoff around 350 Ry. Only the
G-point is taken into account for the one-dimensional Brillouin
zone integrations. Atomic positions were relaxed using a con-
jugate gradient until the maximum residual atomic force was
smaller than 0.02 eV A™". The vacuum size was fixed at 11 A.
Zone-center phonons were calculated within the harmonic
approximation by finite difference of the Hellmann-Feynman
forces with an atomic displacement of 0.03 A. Positive and
negative displacements are used to minimize anharmonic
effects. Born effective charge tensors were calculated using
the Berry phase method as formulated by King-Smith and
Vanderbilt.”® The polarized infrared absorption spectra were
calculated following the methodology described in ref. 59.

lll. Results and discussion
(1) Orientation of form I and II by high-temperature rubbing

Structural investigations by TEM on the two polymorphs of
PBI-C10 were conducted on highly oriented films. The gel phase
of PBI-C10 was tentatively oriented on friction-transferred
poly(tetrafluorethylene) or by shearing, but only high-T rubbing
after removal of the solvent afforded highly oriented films of
form I suitable for TEM and GIXD analysis.

As demonstrated by POM, high alignment of form I of
PBI-C10 films is indeed observed upon high-T rubbing (see
Fig. 1b and c). The optimum rubbing temperature was determined
(in the range 25-175 °C) by following the dichroic ratio at 623 nm
versus rubbing temperature (see Fig. S1, ESIT). The best observed
orientation corresponds to T = 175 °C yielding a dichroic ratio
of 6-7. However, at this temperature, a significant amount of
material is removed from the substrate during rubbing. Therefore,
a smoother rubbing, at lower 7, was combined with solvent-vapor
annealing to obtain highly oriented form I films (see Fig. S1 and
S2, ESIt). As seen in Fig. S1 (ESIT), a significant improvement of
orientation is obtained by exposure of the films rubbed at 125 °C
to a saturated vapor of CHCL;. A high dichroic ratio of 8 is obtained
for the films rubbed at 125 °C after 30 min exposure to CHCl;. This
film was subsequently used for the structural analysis of form I
by TEM.

In Fig. 1, it is worth noting that the broad structured
absorption band around 450-500 nm is polarized in the same
way as the dominant peak at 623 nm. As shown by Mizuguchi
et al. on single crystals of the J-aggregate polymorph of another
PBI derivative (N,N’-di-bis(2-phenylethyl)perylene-3,4:9,10-bis-
(dicarboximide)), the maximum peak at 622 nm is polarized
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along the n-stacking direction of the PBI molecules.*® Therefore,
in form I, PBI-C10 stacks into columns parallel to the rubbing
direction R, which is confirmed by TEM and polarized FTIR
(vide infra).

Oriented films of form II were prepared by thermal annealing
of form I films at 7= 190 °C (annealing maintains the orientation
of the initial films).*” As seen from Fig. 1, the resulting films are
highly birefringent and they display the characteristic H-type
absorption of the form II of PBI-C10. Despite their strong optical
birefringence, their UV-vis spectra display a modest dichroic ratio
of 2.2 (see Fig. 1e).

Having determined means to prepare highly oriented films
of almost pure form I and form II of PBI-C10, the structure of
both forms was determined by combining TEM and polarized
FTIR spectroscopy.

(2) Molecular packing in form I (J-aggregate, dried gel phase)

(a) TEM and GIXD investigations. Fig. 2 shows the experi-
mental ED pattern of form I and its schematic interpretation as
well as the GIXD 2D maps recorded for the incident X-ray beam
(g;) oriented parallel and perpendicular to the rubbing direction
R. Overall, the ED pattern is relatively poor despite the high
dichroic ratio in UV-vis absorption. The ED pattern is consistent
with the one reported for films cast from p-xylene solution.*>**
Close to the meridian, the ED patterns shows a strong 4.8 A
reflection. This periodicity is characteristic of H-bonded amides
in general and PBI’s substituted with amides in particular.’®°"
Its orientation indicates that the H-bonding direction between
PBI-C10 molecules is approximately along the rubbing direction R.
On the equator, two reflections are observed: a first peak
corresponding to the inter-columnar stacking period of 34 + 1 A
and a second peak at 8.6 A that is attributed to the reticular
distance corresponding to two side-by-side “standing” PBI-C10
molecules (see illustration in Fig. 2e). The coexistence of both
equatorial reflections suggests that the samples consist of domains
with different contact planes on the Si(100) substrate: a population
of so-called “standing* molecules (molecular long axis along the
normal to the substrate plane) and a population of “lying*
molecules (molecular long axis in the substrate plane). GIXD helps
determine which of the two domain orientations is dominant. The
2D GIXD pattern of Fig. 2c shows an arced reflection corresponding
to the inter-columnar stacking peak at 32.5 + 1 A. This reflection
has a marked intensity maximum along g, i.e. along the substrate
normal, suggesting that the population of domains with standing
molecules is dominant in our thin films (see Fig. 2e). This result is
consistent with the molecular orientation indicated by the polarized
FTIR spectra of the films (vide infia).

(b) Determination of the orientation of amides by polarized
FTIR spectroscopy. Further information on the molecular packing
and orientation of PBI-C10 on the substrate is obtained with
linearly polarized FTIR spectroscopy. The IR polarization spectra
for PBI form I are shown in the regions of the amide 1 and amide A
where the polarization dependences are the most important
(see Fig. 3a and b). Except for the CH stretching bands in the
3000-2800 cm™ " range, all other bands show a strong dichroism,
but some bands exhibit opposite dependences with the polarization
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Fig. 2 (a) Low dose electron diffraction pattern for an oriented PBI-C10
thin film. The central part of the pattern is shown with a different intensity
scale to visualize the low angle reflection at 34 + 1 A. (b) Schematic
illustration of the main reflections in the ED pattern. (c and d) GIXD 2D
maps of oriented films of PBI-C10 in form | recorded for the incident beam
oriented either parallel or perpendicular to the rubbing direction R as
illustrated in the top sketches, respectively. The asterisk indicates a
reflection from the Si(100) substrate. (e) Schematic illustration of the
stacking of PBI-C10 in form | as determined from the combination of
TEM, GIXD and polarized FTIR. The rubbing direction is indicated by the
arrow marked R. The schematic figure shows a projection parallel and
perpendicular to the rubbing direction R of the molecular arrangement in
form Il domains of PBIC10. The (O,x,y.z) frame associated to the PBIC10
molecule is used to index the orientations of the vibrational modes. The
PBI core is sketched as a violet rectangle, the amide linker in drawn in red
and the trialkoxyphenyl group in green.

of the electric field E. As an example, the mode at 1695 cm ™"

has a maximum intensity for E|R (0°) whereas the mode at
1660 cm ' has a maximum for ELR (90°). The absence of
dichroism for the CH stretching bands indicates that the alkyl
chains of PBI-C10 are disordered.

Amide vibrations (see Table S1, ESIt for assignment) are very
sensitive to H bonding.®” The amide A modes shown in the
Fig. 3b give rise to a broad band centered at 3250 cm™" and a
shoulder at 3317 cm™*. These two bands are typical of strongly
and weakly H-bonded amide groups, respectively. In principle,
PBI-C10 molecules should be involved in identical H-bonds on
both sides of the PBI core in ideal J-type aggregates of form I
and this should lead to a single population of amide H bonds.
However, TEM and GIXD indicate substantial structural

Phys. Chem. Chem. Phys., 2017, 19, 32514-32525 | 32517
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Fig. 3 Polarized infrared spectra of oriented PBI-C10 thin films of form |
in the regions of the amide 1 (a) and of the amide A (b). Polarization varies
by 15° steps (from 0° (black) to 90° (red)). 0° (90°) corresponds to the
electric field E parallel (perpendicular) to the rubbing direction R, respectively.
The inset shows the microscopy image of the investigated area whereas the
white arrow highlights the rubbing direction (R).

disorder in the stacks of form I, hence a mismatch between
some amides groups and a proportion of weaker
H-bonds. Despite this disorder, the amide A bands are strongly
polarized. The intensity is maximal for E||R (0°) and negligible
for ELR (90°). It indicates that the H-bonds are preferentially
parallel to the rubbing direction R, ie. in the direction of
columnar stacks, in agreement with the results obtained by
electron diffraction. The amide 1 modes appear in the 1700-
1600 cm ™' range. The bands within this range were assigned
from (i) comparisons of IR spectra of model compounds (see
Fig. S3, ESIt), (ii) from modeling studies (see Section 2c) and
(iii) from the study of analogues in the literature.®*** In the
studied range, 3 bands are visible at 1668, 1660 and 1635 cm ™.
The band at 1660 cm™ ' is assigned to the asymmetric CO
stretching of the imides, the other two bands to amide 1 modes
from the amides. The frequencies of H bonded amide vibrations
classically downshift when H bond strength increases.®® Therefore
both bands can be assigned as follows: strongly H-bonded amide
1 vibrations (SA1) appear at 1635 cm ' and weaker H bonded
amide 1 vibrations (WA1) appear at 1668 cm ' (see Table S1,
ESIt). They show opposite experimental polarization dependencies
(see Fig. 3a). The SA1 band is polarized essentially parallel to R
whereas the WA1 band is polarized perpendicular to R, in
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agreement with the amide A band behavior.®® Accordingly, the
strongly H-bonded amide groups are oriented mostly parallel to
the stacking direction, contrary to the weakly H-bonded amides
that are oriented rather perpendicular to the molecular stacks.

In other words, H-bonding is strong within the columns of
PBI-C10 and much weaker between the columns, explaining the
1D columnar growth of form I.

(c) Molecular orientation of the perylene bisimide core in
form I thin films. Further analysis of the polarized FTIR spectra
to uncover the orientation of the perylene core on the substrate
requires a DFT calculation of the IR modes of PBI-C10 and their
polarization in the referential of the molecule. This calculation
was performed on a cluster of two molecules as illustrated in
Fig. 4a, whose geometry was optimized by DFT. The comparison
between the DFT calculations and the infrared polarized features
allowed the assignment of the main bands between 4000 and
1560 cm ™" (listed in Table S1, ESIY).

To determine the preferential orientation of the PBI cores
with respect to the substrate, the intense bands at 1697 and
1658 cm ™" are most useful because they display a strong dichroism.
The comparison between calculations and experimental features
shows (in agreement with the results reported in the literature for
other PBI derivatives.®>®”) that the intense bands at 1697 and
1658 cm ™~ ' are assigned to the symmetric stretching mode v,CO
and the asymmetric stretching mode v,,CO of the imide groups,
respectively (see Tables S1, S2 and Fig. S3, ESIT and IR model
compounds). The polarization of the imide v;CO band is mainly
parallel to its long axis (y axis), whereas the polarization of the
imide 1,,CO band is in the xz plane (see Fig. 4a and Table S1,
ESIt) defined by the short axis of the perylene and the axis
normal to the perylene. The polarization dependence of the
imide features (see Fig. 5a) reveals a maximum intensity of v5,CO
(asCO) for a polarization at 0° (90°) to the stacking direction
(rubbing direction). Accordingly, these results indicate that the
long axis of the PBI core (y axis) has a dominant projection along
the rubbing direction i.e. the tilting angle 0 between the y axis
and the stacking direction is below 45°. In other words, the PBI
cores are strongly tilted with respect to the stacking direction.
This inference is consistent with the fact that the molecular
stacks of PBI cores are of J-type in form I and is also in
agreement with recent findings on other amide-substituted
PBI's.®* This result, when combined with the preferential contact
plane suggested from GIXD, implies that the PBI cycles are
oriented mainly with their short axis in the substrate plane and
the long axis tilted to the substrate normal as illustrated in Fig. 2e
(dominant “standing‘‘ orientation of PBI-C10).

A tilt of the perylene core around its long axis cannot be
excluded. The two aromatic C—=C stretching vibrations at 1595
and 1581 cm ™" show the same polarization as imide 15CO ie. | R.
This is expected since, according the DFT model, the dipole
moment for the aromatic C—=C stretching have their major
component along the long axis of the PBI However, it must be
stressed that the latter band has also a contribution of the C—C
stretching mode of the benzenic unit of the trialkoxybenzene
dendron, (Benz. vgc in Table S1, ESIf). Since the benzenic
moieties are conjugated to the amides, part of them have their
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Fig. 4 (a) Relaxed geometry of a cluster made of two PBI-C10 molecules using DFT prior to IR spectra calculation. The z axis is normal to the PBI
macrocycle, the x axis is parallel to the short axis of the PBI and the y axis is along the long axis of the PBI macrocycle. (b) Schematic illustration of the
packing of PBI molecules in the stacks of form I. Comparison of calculated (c) and experimental (d) polarized middle infrared spectra. For DFT calculation
(c): (red) corresponds to electric field E perpendicular to the PBI cycle (z axis) and (black) in the plane of the aromatic core (x, y plane). For the
experimental spectra (d), 0° polarization (black) corresponds to E parallel to the stacking direction and 90° (red) to E perpendicular to the stacking.

plane parallel to the H bonding and have a dichroic effect with a
maximal intensity when E is parallel to R ie. to the stacking
direction.

(3) Form II, evidence of supramolecular helical assemblies

(a) FT-IR spectroscopy. The molecular orientation of PBI-C10
molecules in form II should be similar to that of form I because
similar dichroic behaviors are observed in the polarized spectra
(see Fig. 5). However some important differences are observed. The
dichroism of v5CO is lower in form II than in form I, suggesting a
more isotropic orientation of the perylene core relative to the
stacking direction. This is consistent with the formation of helices
i.e. supramolecular assemblies in which the perylene long axis
precesses around the helical axis, parallel to the rubbing direction
(0°). We assume that SA1 is clearly probed at 1648 cm ™" following
the same assignment as in Form I It is visible only for 0°
polarization. The H bonds are thus also oriented in average
along the helical axis. The frequencies of Amide A and SA1 are
higher for form II than for form I (3325 vs. 3300 and 3250 cm ™"
and 1648 vs. 1636 cm™ ') indicating weaker H bonds in form IL
Most importantly, the observed dichroism of these bands is
significantly lower in form II than in form I. This might be
explained by the fact that the H-bonds in the helical assemblies
of form II are not oriented strictly parallel to the rubbing
direction but precess around the helical axis (rubbing direction)
(vide infra).

(b) Structural evidence for supramolecular helical assemblies.
Evidence for a high level of order in form II films is obvious from
both TEM ED and GIXD (see Fig. 6). Most representative of
the observed ED pattern is the occurrence of a 1st layer line of
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reflections close to the equator (corresponding to a long period
of 97 A) in conjunction with the 4.6 A stacking periodicity giving
rise to an arced and slightly off-meridional reflection. The
coexistence of both periods hints at the buildup of supramolecular
helices from PBI-C10 molecules.”” The 4.6 A spacing is again
characteristic of H-bonded amides, indicating that H-bonding is
along the helical axis (rubbing direction R), in agreement with the
FTIR investigations. The presence of long range supramolecular
order is demonstrated by low dose HR-TEM: large areas of oriented
columnar structures are observed over several pm” (see Fig. 6). On
a larger scale, the films show the same terraced morphology as in
non oriented films. The height of the terraces match closely
standing molecules.”’

Fig. 6 shows the most characteristic experimental ED pattern
(a) and its schematic interpretation (b). This pattern corresponds
to a single contact plane as it displays exclusively reflections
indexed as (% 0 /). All reflections belong to an orthogonal lattice
with a = 26.8 A and ¢ = 97 A. From this pattern, it is observed that
the intense 4.6 A reflection lies on the 21st layer line. The most
intense reflections are observed on the 1st, 2nd, 20th, 21st and
22nd layer lines. The systematic absences of certain reflections is
expected from the theory of Cochran, Crick and Vand on the
scattering amplitudes of helices.®®*””° In the present case, intense
reflections are observed for all layer lines with an index [ =21n + m
where n and m are two integers. Accordingly, and despite the
presence of a weak meridional 0 0 22 reflection, it is proposed
that PBI-C10 form a 21/1 supramolecular helix. Contrary to a
22/1 helix, the 21/1 conformation is in line with the hexagonal
symmetry of the unit cell as evidenced from rotation-tilt and
GIXD experiments (see Fig. 6d). Similar helical assemblies of
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Fig. 5 Polarized infrared spectra of oriented PBI-C10 thin films of form I.
Polarization varies by 15° steps (from 0° (black) to 90° (red)). 0° corre-
sponds to the electric field E parallel to the fiber direction (rubbing
direction).

PBI-based molecules have been previously observed by Percec
et al. for similar PBI derivatives.”"””> However, the long-range
helical order persists over 97 A, a value superior to that observed
in similar systems without H-bonding.”"”> This observation suggests
that H-bonding amplifies the range of inter-molecular order in
PBIC10. As observed with low dose HR-TEM, (Fig. 6¢) helical
assemblies are ordered over very large distances up to several
hundreds of nanometers.

The full unit cell parameters of form II were determined
both by GIXD and rotation-tilt experiments. In the rotation-tilt
experiment, a sample displaying the ED pattern shown in
Fig. 6a is rotated around the ¢ axis. As seen in Fig. 6d, a
characteristic projection is observed for a tilt angle of +32 + 2°
around c. The patterns show a strong reflection at 30.8 A + 1 A
with its second order on the equator. This result supports a
trigonal unit cell for form II, which is further demonstrated by
GIXD. Indeed, the GIXD pattern recorded when the incident
beam is parallel to the rubbing direction shows a characteristic
hexagonal pattern with the same 30.8 A period (see Fig. 6e and f).
When the incident X-ray beam is perpendicular to the rubbing
direction, the meridional reflection along g, is still observed
whereas the intensity of the reflections at £60° has strongly
decreased (although not totally disappeared). This pattern also
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shows the broad 4.6 A reflection corresponding to the molecular
stacking period within helices albeit less defined as in the ED
patterns.

Taken together, these observations indicate that PBI-C10
molecules self-assemble into 21/1 helices that organize in a
trigonal structure witha=5=62 £ 2 A,c=97+1Aandy=120°
This unit cell allows to index all the observed reflections in the
ED and GIXD patterns (see Table S2, ESIt).

(c) Structural modeling: evidence for a frustrated structure
of a self-assembled PBI. Recent studies on difunctional oligo-
peptide-substituted PBI molecules by Frauenrath et al. evidenced
the formation of supramolecular helices similar to those observed
for form II of PBI-C10.°> The latter authors demonstrated that their
molecules formed nanofibrils made of single stacks of n-stacked
and H-bonded molecules in a helical arrangement. In the present
case, the helices of PBI-C10 are also made of stacked PBI molecules
rotated around the ¢ axis successively by 17.14°, as expected for a
21/1 helix, with the H-bonding direction corresponding closely to
the helical axis. However, considering three single-stranded
helices in the trigonal unit cell results in an unrealistic crystal
density of ~0.5 g cm . For similar PBI molecules without the
amide group between the PBI core and the trialkoxyphenyl
dendron, Percec et al. showed that helices are made by the
stacking of “dimers” of PBI molecules arranged side-by-side.”"”>
Such “dimers* are further m-stacked to form either tetramers or
more extended helical assemblies.”””* Following a similar approach,
we consider that each layer in the 21/1 helices of PBI-C10 consists of
two PBI molecules arranged side-by-side as shown in Fig. 7a. Using
such ‘“double-stranded” helices results in a crystal density of
1.05 g cm ™ in agreement with that obtained for similar PBI
analogues.””

Trigonal structures bearing supramolecular helices are found in
many systems e.g. thermotropic/lyotropic liquid crystals, polymers,
and DNA or proteins.”>® For instance, triplets of syndiotactic
polystyrene (sPS) chains and three-fold helices of isotactic
polypropylene chains are packed in a trigonal structure in the
alpha form of sPS and the beta form of iPP, respectively. It is
therefore tempting to assemble three 21/1 helices of PBI-C10
likewise in the trigonal unit cell with the cell parameters
determined by ED and GIXD.

The present modeling supports the idea that PBI-C10 molecules
organize to form supramolecular helices with a radius of 8 A
(see ESIt). Each strata of the helices consist of two PBI-C10
molecules. As a matter of fact, the distance from the PBI center
to the amide group is ~8 A i.e. coincides with the refined helix
radius. This implies that a supramolecular helix is built in such
a way that one part of the amide groups involved in H-bonds are
located close to the helical axis (see Fig. 7d and e) whereas the
second half is located towards the exterior of the helix. This is
consistent with FTIR results showing the coexistence of at least
two populations of amides involved in strong or weak H-bonds
in form II. Indeed, as demonstrated in ref. 40, the amide A band
in Form II is characterized by two components centered at
3328 cm™ " and 3426 cm™'. The first band corresponds to
amides with moderate H-bonds whereas the second band is
characteristic of poorly H-bonded amides. As shown in Fig. 7,
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Fig. 6 (a) ED pattern of a single contact-plane a PBI-C10 form Il oriented thin film; (b) schematic representation of the ED pattern with indexed layer
lines. (c) Fast Fourier filtered HR-TEM low dose image of a highly ordered PBI-C10 form Il domain. The inset shows the Fourier transform of the image
and the circles outline the applied filter in the FFT. (d) Evolution of the electron diffraction pattern of a PBI-C10 oriented film (form II) with the sample tilt
around the rubbing direction which is vertical (c axis of helices). (e and f) GIXD 2D intensity maps of the oriented form Il films recorded for the incident
X-ray beam (g;) oriented parallel and perpendicular to the rubbing direction (R, red arrow).

we propose that the inner (outer) amides are strongly (weakly)
H-bonded. In other words, the strongly H-bonded amides constitute
the spine of the helices (helical axis). This is in strong contrast to the
helical assemblies reported by Frauenrath and coworkers for which
the helical axis is centered on the conjugated PBI cores and
symmetric H-bonds form on both sides of the central n-conjugated
helical stack.®” Furthermore, we observe that the H-bonds along the
helix axis are between PBI-C10 molecules of successive layers. It is
proposed that the H-bonds in the outer shell of the helix involve the
two side-by-side PBI-C10 molecules of a dimer in a layer.

This journal is © the Owner Societies 2017

(d) Confirmation of a frustrated structure in form II using
HR-TEM. Further validation of the frustrated trigonal structure
was obtained by comparing the experimental low dose HR-TEM
images of form II films corresponding to the [0 1 0] and the
[1 2 0] zones with the corresponding projections of the refined
unit cell (see Fig. 8). In general, the observed contrast in the
HRTEM images is between the dense cores of the helices made
of PBIs and the outer corona of disordered dendrons bearing
alkyl side chains. It is observed that the contrast in the present
HRTEM images is strongest for the [1 2 0] zone (Fig. 8g). This is
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Fig. 7 (a) Frustrated structure of form Il and supramolecular organization of the PBI-C10 molecules in the helix. Projection of the PBI-C10 unit cell along
the helical axis ¢ (a) and along the b axis (b). The helices are modeled by a “bead and string” structure. The optimal radius of the helix is 8 A (see text and
ESIT). Disordered alkyl side chains of the trialkoxyphenyl dendrons are represented by a light blue corona. In this frustrated structure, one helix is
azimuthally offset by 0 = 180° and shifted by Ac = ¢/6 versus the two other helices in the unit cell. (c) Calculated ED pattern for the [0 1 0] zone. (d and e)
Supramolecular organization of PBI-C10 molecules in the 211 helix of form Il. The helix is off-centered so that strongly H-bonded amides are located
close to the helical axis whereas weaker H-bonds between amides in the dimers are located in the outer shell of the helix.

consistent with the strong overlap of the helices when the
structure is viewed along the [1 2 0] direction. Instead, for the
[0 1 0] zone (Fig. 8c), the HRTEM images reveal a marked
“wavyness*‘‘ related to the ¢/6 shift of one helix with respect to
the two other helices in the frustrated unit cell. All these results
are also supported by the FFT of the HRTEM images. The
undulations in the HRTEM images for the [0 1 0] zone are
reflected by the presence of the strong 2 0 1 reflection in the
FFT whereas for the [1 2 0] zone, only the strong equatorial 11 0
reflection is observed.

V. Discussion

Whereas various studies have reported the growth of helical
supramolecular assemblies in PBI-based systems,**°*”"”> there
has been only little attention paid to the crystalline lattices
formed by the supramolecular objects. This is partly due to the
fact that most previous studies have been dedicated to dilute
solutions wherein individual supramolecular helices form by
self-assembly.>”**°* In this study, further insight in the original
packing of a PBI-based organogelator is obtained for oriented
thin films. To the best of our knowledge, this is the first

32522 | Phys. Chem. Chem. Phys., 2017, 19, 32514-32525

evidence for a frustrated structure in the case of self-assembled
conjugated semiconductors. It is also worth to stress that such a
structural analysis would have been very difficult using classical
fiber X-ray diffraction analysis given the usually rather large
orientational distribution in drawn fibers (full width at half
maximum >10-15 deg.).®" In particular, the very faint low angle
and high angle details in the scattering patterns obtained by
electron diffraction were only accessible from highly oriented
areas (corresponding to unique contact planes) of the annealed
samples prepared by high-T rubbing.

This study has also demonstrated that a hydrogen bonded
PBI derivative can form two distinct polymorphs whose structures
imply very different H-bonding organizations. Form I is a classical
rectangular columnar phase. It is the dried gel phase and it forms
in solution by the buildup of strong and symmetric H-bonds
between PBI-C10 molecules in the columns. The high dichroism
of the amide A bands in form I indicates that the strong intra-
columnar H-bonds are highly directional in the stacks. In strong
contrast, in form II, the supramolecular helices are hinged on a
spine made of strongly H-bonded amides and the conjugated
backbones of PBI rotate around the helical axis. The outer shell of
the helix involves most likely the weaker H-bonds between amides
of the two PBI-C10 molecules forming the dimers. The comparison
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Fig. 8 Low-angle electron diffraction patterns (a and e), fast Fourier
transform (b and f) and corresponding low-dose HR-TEM images (c and
g) and projections of the trigonal cell of the frustrated structure (d and h)
for the [0 1 O] and the [1 2 0] zones, respectively.

of the structures of form I and II suggests that the transformation
from I to II rests on a redistribution of H bonds between nearby
columns in form I. Indeed, in form I, the strong H bonds are
purely intra-columnar but the columns are relatively close lying at
8.6 A in the direction of the short axis of PBI (see Fig. 9). This close
proximity implies that inter-columnar H-bonds can form quite
readily upon annealing to 190 °C. These inter-columnar H bonds
are at the origin of the dimers that form the layers in the helices of
form II. Instead, the H-bonds close to the helical spine are a
reminiscence of the original intra-columnar H-bonds in form I.

The comparison of the structures formed by the PBI-derivatives
without amides by Percec et al.”"”> with PBI-C10 is interesting
to evaluate the impact of H-bonding on the supramolecular
organization. First, in PBI-C10, the stacking periodicity (4.6 A)
is closer to the amide- - -amide H-bonding distance in polyamides
(4.8-4.9 A) than the n-stacking distance in non hydrogen-bonded
PBI systems (3.5-3.8 A).%” This suggests that H-bonding prevails
over m-stacking. As a matter of facts, none of the polymorphs
shows a strong m-stacking reflection in the 3.5-3.9 A range.
Second, each PBI “ dimer* in a given strata of the helix is rotated
by 17.12° with respect to the previous strata whereas in the
absence of the H-bonding amide, the rotation is by a larger angle
of 36°.”" This reduced angular rotation between PBI cores might
be the consequence of strong H-bonds between the amides
located close to the helical axis that compete with the n-stacking
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Fig. 9 Schematic illustration of the structural reorganization between
form | and form Il of PBI-C10 induced by thermal annealing at 190 °C.
This transformation results from a redistribution of H-bonds from purely
intra-columnar in form | to a mixed mode of H-bonding in form Il i.e.
strong H-bonds along the spine of the helices and weak H-bonds linking
the PBI-C10 molecules in the dimers.

tendency of the conjugated PBI cores. This result suggests that the
introduction of H-bonds in molecular semiconductors is a handle
to modify the extent of n-stacking between the conjugated cores.

V. Conclusion

This study has uncovered the structural features of two polymorphs
of a perylene bisimide organogelator. TEM investigations show that
long-range order is present in form II (H-aggregate) with the buildup
of H-bonded supramolecular helices with very large helical periods
of 97 A. In strong contrast, in form I, PBI-C10 molecules arrange in
columnar-like assemblies with relatively poor structural order.
In form I, polarized FTIR spectroscopy revealed a high level of
directionality of H-bonds, resulting in a very high corresponding
dichroism of the main amide bands that are strongly polarized
along the stacking direction (rubbing direction R). In form II,
the lower dichroism of the amide bands is related to the helical
arrangement of PBI-C10 molecules. The off-centered character
of the helices of PBI-C10 relates to the asymmetry of H bonds:
strong H-bonds along the helical axis and weak H-bonds in the
outer shell of the helix. A detailed ED study demonstrates that
the packing of 21/1 helices is according to a frustrated structure
as encountered in some polyolefins. This result might be an
incentive to the community to analyze the structure of other
self-assembled systems that form supramolecular helices using
similar frustrated structures. Preliminary results on naphthalene
bisimide analogues of PBI-C10 indicate that supramolecular helices
are relatively common in molecular systems where H-bonding
of lateral dendrons and n-stacking of conjugated cores such as
perylene bisimide compete.
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