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A perylene bisimide organogelator is shown to behave as a reversible stimuli responsive material: thermal
annealing and contact with organic non solvents allow to switch back and forth between a green J-type
(Form 1) and a red H-type (Form Il) aggregate in thin films and powders of a N,N’-substituted H-bonding
perylenebisimide (PBI-C10). Both, Form | and Il were characterized by transmission electron (low dose
high-resolution and electron diffraction) and atomic force microscopies, UV-vis and FTIR
spectroscopies. The Form | — Form Il transformation implies a redistribution of inter-molecular H-
bonds between PBI molecules that form columnar stacks in Form | and supramolecular helices with
enhanced long-range stacking in Form Il. The reverse transformation is triggered by a contact of Form Il
films with H-bonding organic non solvents e.g. linear alcohols. It is proposed that solvent molecules
diffusing in the Form Il films can disrupt long-range H-bonding within helical stacks of Form II.
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1. Introduction

Organic dyes whose properties e.g. fluorescence or light
absorption change as a response to external stimuli (pressure,
light, temperature, presence of organic molecules) are attract-
ing much attention as new smart materials used in optical,
electronic or opto-electronic sensors.' Such systems require the
possibility to switch between two states corresponding to
different optical and/or electronic properties. It is also impor-
tant that the conversion is reversible." In this perspective, both
absorption and fluorescence of perylene tetracarboxylic acid
bisimides (PBIs) systems have been exploited to design stimuli-
responsive materials.> PBI-based materials are particularly
attractive given their unique electronic properties e.g. n-type
charge transport, strong photoluminescence, photoconduc-
tivity and photovoltaic activity.®> Most importantly, the PBI
aromatic core can be substituted in various positions (imide,
ortho or bay), making it a unique building block for the design
of new electro-active materials such as alternated co-polymers,
donor-acceptor co-oligomers, organogelators or stimuli-
responsive materials.* For this latter class of materials,
Wiirthner and coworkers demonstrated that complexation of
melamine-substituted PBI dyes in solution with cyanurates
transforms H- into J-aggregates.® In thin films, Mizoshita and
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coworkers evidenced mechanochromic properties of a PBI dye
bearing siloxane-based flexible substituents:® the change in
fluorescence upon application of a mechanical stimulus was
related to a change from the amorphous to the crystalline
phase. This system is one of the rare examples where the reverse
transformation could be realized by a different stimulus as it
was induced by solvent vapor exposure. As a general rule,
switching of optical properties in the solid state in PBI-based
materials implies a structural transformation between different
crystalline, liquid-crystalline and/or amorphous states.” It is
indeed known that the stacking of PBI dyes leads to a charac-
teristic crystallochromism with either J- or H-type aggregates
whose optical absorption depends closely on the overlap
between PBIs in the crystal.® However, although various prepa-
ration routes can indeed lead to different polymorphs in PBIs,*?
the possibility to switch back and forth between them by two
different external stimuli has, to the best of our knowledge, only
marginally been addressed so far.

Herein we focus on N,N'-bis[2-3,4,5-tris(((S)-3,7-dimethyloctyl)
oxy)benzoylaminoethyl]perylene-3,4,9,10-tetracarboxylic diimide
(PBI-C10) which has been originally described by Wiirthner and
coworkers* as leading to J-type fibrillar aggregates upon casting
from p-xylene. Using UV-vis and FT-IR spectroscopies as well as
AFM and TEM, we uncover means to interconvert two polymorphs
of this molecule that correspond to J- and H-type aggregates,
highlight their structural characteristics and demonstrate the
redistribution of inter-molecular H-bonds upon structural trans-
formation triggered by thermal annealing or exposure to certain
organic solvents.
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2. Experimental section

N,N'-bis[2-3,4,5-tris(((S)-3,7-dimethyloctyl)oxy)benzoylaminoethyl]-
perylene-3,4,9,10-tetracarboxylic diimide (PBI-C10) was synthe-
sized according to the synthetic method described in the ESI (see
Fig. S11). The purity of the final product was checked by HPLC
chromatography. It was dissolved in a solution of LiBr in NMP
(100 mM) and an aliquot was injected on a PL gel column. The
eluent was detected by refractometry and in the UV by using a
diode array. As an illustration, the trace of the UV detector at
488 nm is given in Fig. S2.7

TEM

The films were cast on glass slides by using the doctor blade
technique starting from a 50 pL solution in p-xylene (3 mg
mL ™). The thin films were detached from the glass slides using
10% HF solution and were recovered on copper TEM grids.
Polarized optical microscopy was performed on a Leica DMR-X
microscope equipped with a Nikon Coolpix 995 digital camera.
Transmission electron microscopy was performed with a Phi-
lips CM 12 (120 keV) microscope equipped with a CCD MVIII
digital camera. The image treatments were carried out using
AnalySYS (Soft Imaging Systems) and ITEM (FEI) software. To
probe the morphology of the fibrillar aggregates of Form I, 5 pL
of the solution in p-xylene were deposited on a carbon-coated
copper grid and subsequently blotted with a filter paper to
remove non adsorbed material. For Form II, grids of Form I
were subjected to an annealing in a Linkam hot stage (vide

infra).

AFM

For AFM imaging, PBI-C10 solutions were cast on silicon wafers.
The observations were made in peak force tapping mode on a
Bruker Multimode controlled by a Nanoscope V module with a
SizN, tip with a constant of 0.4 N m™ " and a terminal radius
below 5 nm oscillating at a frequency between 250 and 300 kHz.
The image treatment was carried out using Nanoscope Analysis
software.

UV-vis

The UV-visible spectroscopy measurements were performed
with an Agilent Cary 5000 spectrometer. The in situ temperature
annealing experiment were carried out at a rate of 5 °C min ™"
for both heating and cooling ramps using a Linkam LTS 420
heating plate fitted inside the sample chamber of the spec-
trometer. To study the kinetics for the Form II - Form I tran-
sition upon exposure to liquid solvents, the following procedure
was used. First, a thin film of Form I PBI-C10 was prepared by
drop-casting a solution in p-xylene on the inner surface of a
Hellma QS 100 cell. After thermal treatment at 190 °C and slow
cooling, a Form II film was obtained. This quartz cell supporting
the Form II film was placed in the UV-vis spectrometer and at ¢
= 0 s, it was filled with the solvent and the transformation
kinetics was recorded. The concentration of PBI-C10 Form I is
calculated by using the intensity of the characteristic 623 nm
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peak. This peak is seen as a weak shoulder in pure Form II films
corresponding to an intensity Isys nm(to). Furthermore, at the
end of the transformation kinetics i.e. when Ig,3 nm(t) reaches a
plateau, 100% of Form I is obtained (corresponding to an
intensity Is»3 nm(tf). Therefore the relative concentration of
Form I generated during solvent exposure at time ¢ is given by:
Crom 1(£) = I623 nm (£) — 623 nm (%o)

Is23 nm(tr) — I623 nm (to)

and

CForm I(t) =1- CForm II(t)-

FTIR

The FTIR spectra were measured with a Bruker Vertex 70 spec-
trophotometer in transmission mode. The films of Form I were
deposited on a NaCl plate by the doctor blade technique from a
solution in p-xylene (5 ¢ L™"). The Form II films were obtained
by annealing films of Form I on NaCl in a Linkam heating stage
under nitrogen at 190 °C and slowly cooled down to room
temperature (0.5 °C min ™).

DSC and TGA

The DSC measurements were performed with a PerkinElmer
DSC 8500. NMR spectra were measured with a Bruker Advance
400 apparatus operating at 400 MHz for 'H and 100 MHz for
13C. The TGA measurements were performed with a Mettler
TG50 microscale and a Mettler TC10A controller. For these
experiments, the powders were placed in alumina crucibles

under N, and temperature was increased at 10 °C min~".

3. Results and discussion

Herein, we demonstrate that thermal annealing and solvent
treatments induce switching back and forth from a J- to a H-type
aggregate for a PBI-based organogelator. The organogelator
molecule investigated is PBI-C10. It was first described by
Wiirthner and is composed of a PBI core N,N' substituted with a
flexible ethyl linker, a hydrogen bonding amide and a tri-
alkoxyphenyl dendron (see Fig. 1a). The latter unit bears chiral
2,6-dimethyl-octyl chains. The resulting organogelator mole-
cules form one-dimensional self-assembled fibrils in numerous
organic solvents such as p-xylene.* When PBI-C10 is cast from a
solution in p-xylene at 3 g L™, a green film is formed (Fig. 1b).
The absorption spectrum in Fig. 1c is characteristic of a J-type
aggregate with a strong peak at 625 nm and a structured band
centered around 450 nm, in agreement with previous reports
(see ref. 4c). Polarized optical Microscopy (POM) shows almost
no birefringence of the cast films. When annealed at 190 °C i.e.
slightly below the melting temperature (7,, = 203 °C, see
Fig. S3t) and slowly cooled to RT, the films display a strong
birefringence in POM, indicating a higher level of structuration,
not a quenched amorphous phase, and the films turn to red.
The UV-vis absorption has changed substantially, the 623 nm
peak has disappeared almost totally and the broad structured
band around 450 nm is replaced by a set of three dominant

This journal is © The Royal Society of Chemistry 2015
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Fig.1 (a) Molecular structure of the PBI-C10 molecule. (b) Form | — Form Il transition induced by thermal annealing at 190 °C and slow cooling

to RT. The reverse transition Form Il — Form | is induced by solvent vapor annealing using CHCls vapors (classical solvent vapor treatment, SVA)
or solvent treatments (ST) i.e. by dipping the thin film in liquid linear alcohols (ethanol-propanol). Top row: optical microscopy images; bottom
row: POM images with crossed polarizers. (c) UV-vis absorption spectra. (d) FTIR spectra.

bands centered at 480, 505 and 555 nm. Such a spectrum is
characteristic of H-type PBI aggregates,® indicating that thermal
annealing at 190 °C results in a thermally irreversible ] — H
aggregate transformation of PBI-C10. The J-type green and H-
type red forms are christened Form I and II, respectively (this
transformation is equally observed for powders and films
regardless of the substrate used for thin films).

The H to J transition observed originates from a change in
the packing of the aromatic cores. We surmise that this reor-
ganization also involves part of the compounds and different
intermolecular interactions. The hydrogen-bonds that involve
the amide groups between successive PBI-C10 molecules were
explored by FT-IR spectroscopy (see Fig. 1d). The amide A band
corresponding to the stretching of the N-H bond is particularly
sensitive to H-bonding interactions and their intensities.'® As
seen in Fig. 1d, the FT-IR spectra of both forms are indeed very
different. In Form I, the two bands at 3310 cm ™ * and 3250 cm ™ *
correspond to strongly H-bonded and moderately H-bonded
amides, respectively (other weaker bands can be observed at
2075, 3181 and 3392 cm™'. From the literature and by
comparison with model compounds, they have been assigned

This journal is © The Royal Society of Chemistry 2015

respectively as amide A’, harmonic of aromatic C=C str. and
harmonic of asymmetric imide CO str.). Form II is characterized
by two major bands centered at 3328 cm ™" and 3426 cm ™. The
first band corresponds to amides with moderate H-bonds. The
second band has a much lower width and is characteristic of
non-bonded amides. The CO stretching area confirms these
facts: Form I exhibits two amide I bands at 1636 and 1665 cm™?,
that correspond to strongly and moderately bonded amides,
respectively. In the Form II the peak at 1665 cm™ ' disappears
while a shoulder appears at 1680 cm ' characteristic of free
amides. In parallel, UV-vis and FT-IR spectroscopies indicate a
strong re-organization of the molecular packing within the PBI-
C10 films upon annealing, transforming initial J-type to H-type
aggregates. Surprisingly however, the Form II with the highest
order (both in POM and electron diffraction, vide infra), shows
non-bonded amides whereas the Form I grown from solution
shows the strongest H-bonds between amides. The presence of
non-bonded amides in Form II can tentatively be attributed to a
non-symmetric H-bonding between successive PBI-C10 mole-
cules in columnar stacks, preventing some amides to find a
neighboring molecule for H-bonding.

J. Mater. Chem. C, 2015, 3, 1235-1242 | 1237
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Except for a prominent melting endotherm (T, = 203 °C),
DSC of Form I powders (Fig. S31) does not reveal a well defined
structural transition but only a small peak (AH = 1.6 k] mol ™)
whose position shifts to higher temperatures with increasing
heating rate between 185 °C and 189 °C when the rate changes
from 5 to 15 °C min~". This peak is not observed during the
second heating cycle, i.e. once Form I has been converted to
Form II, which suggests that it is related to the Form I — Form
II transformation and ultimately that the prominent melting
endotherm corresponds to the melting of Form II.

Further evidence for the structural reorganization were
obtained by both AFM and TEM (Fig. 2). As shown by AFM and
bright field TEM, PBI-C10 in both Form I and II generates
fibrillar aggregates several microns long and a few tens of
nanometers wide, with an average width of the fibrils slightly
larger in Form II. Section profiles of the AFM topographic
images show the existence of terraces atop the fibrillar struc-
tures. The measured heights of the terraces that are statistically
recurrent are, 27 A and 33 A for Form I and 52, 31 and 27 A for
Form II. The structures differ significantly as indicated by low
dose High Resolution TEM (HR-TEM) and electron diffraction
(ED) (see Fig. 2 and 3). HRTEM images in Fig. 2d and h reveal
columnar stacks of Form I and II with inter-columnar distances
of 33 A and 26 A, respectively (the contrast in the HR-TEM image
is related to the alternation of columns of PBI cores and layers
of disordered alkyl side chains of the trialkoxyphenyl den-
drons). The ED of Form I displays a reflection at dy; = 34 =1 A
corresponding to the inter-columnar period and a broad and
weak Scherrer ring corresponding to an inter-molecular
distance of 4.8 A within stacks (Fig. 3a). As seen in Fig. 3b, the
ED pattern of Form II shows a much larger set of reflections at
26.2 A, 17.5 A, 13.0 A, 10.6 A, 8.9 A, 7.6 A and 4.6 A. The 26 A
peak corresponds to the inter-column period and the 4.6 A peak
to the molecular stacking period within columns. These ED
patterns indicate that the structures of Form I and II are
significantly different: both involve some “columnar” stacks but
with different inter- and intra-column stacking periodicities.
The observed intra-molecular stacking period is close to those
observed in hydrogen-bonded PBIs." This distance is closer to
the amide-amide distance in H-bonded systems (typically 4.9 A
in nylon-6) than the 3.6 A m-stacking characteristic of PBIs.®
This suggests that the stacking of PBI-C10 in both polymorphs
is enforced by H bonding rather than m-stacking and that the
PBI cores are possibly tilted within stacks to allow for shorter 7t
7 stacking distances.™

The close analysis of the ED pattern of Form II indicates
further substantial differences with respect to Form I. The
Fourier transform of the HR-TEM image and the ED of Form II
show a set of strong reflections characterized by a long period,
P, of 97 A along the stacking direction (see Fig. 3). The coexis-
tence of both, a short inter-molecular stacking period, p = 4.6 A
and a long period, P =97 A is supportive of a helical stacking of
PBI-C10 molecules in Form IL.** The helical period corresponds
to 20-21 molecular units stacked at an intermolecular distance
of 4.6 A. The packing of PBI-based molecules in supramolecular
helices has been reported previously by Percec et al.* However,
in the latter study, the PBI systems did not involve a H-bonding
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amide but a flexible polymethylene linker between the PBI core
and the two trialkyloxy-benzene dendrons. The presence of
inter-molecular H-bonds in PBI-C10 may account for the large
helical period of 97 A observed in Form II as compared to the
14-15 A period observed in the systems investigated previously
by Percec et al.™®

The transformation Form I — Form II was followed by UV-
vis absorption (Fig. 4a). The spectrum of Form I shows a
progressive change with increasing temperature: the 623 nm
peak both decreases continuously in intensity and shifts to
lower wavelength in the range 25 °C = T = 150 °C. The absence
of isosbestic points suggests that the Form I — Form II trans-
formation could imply intermediate states between Form I and
II. This in turn could explain the absence of a sharp and well
defined transition in the DSC (see Fig. S37).

In order to consider PBI-C10 as a functional material
responsive to a thermal stimulus, it is necessary to find a mean

Fig.2 Morphology of PBI-C10 in Form | and II. (a) & (e) TEM bright field
images; (b) & (f) AFM images; (c) & (g) section profile of an AFM
topographic image showing the presence of characteristic terraces;
(d), (h) low dose HR-TEM images (inset: fast Fourier transform). In Form
Il, note the presence of some intense reflections in the first layer
line above the equator which is a fingerprint of a helical molecular
packing.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Experimental ED pattern of Form | (a) and Form Il (b) of PBI-C10. (c) Schematic interpretation of the composite ED pattern of Form Il. The
pattern is the overlap of two single crystal-like patterns depicted in red and blue. Both these patterns show a broad and diffuse slightly off-
meridional reflection corresponding to a stacking period p = 4.6 A as well as two intense and off-meridional reflections on a first strata cor-
responding to a large period P = 97 A. The ratio P/p suggests that 20-21 molecules are stacked in a helix with a period of 97 A.*? (d) Schematic
illustration of the structures of the green Form | and red Form Il of PBI-C10 and the reversible transformation methods. Form | and Il involve

columnar and helical stacks, respectively.

to recover the original Form I. Solvent vapor annealing is a
common method to induce structural changes in thin films of
conjugated dyes in general and molecular semiconductors in
particular.™ Exposure of Form II films of PBI-C10 to vapors of a
good solvent such as CHCI; (solvent vapor annealing) does
indeed induce a transformation back to the original green
Form I as illustrated in Fig. 1a. This transformation results
from a simple dissolution of Form II in CHCI; and re-crystal-
lization to Form I, underlining the important role of the
solvent used for the Form I preparation. More interestingly,
the Form II — Form I transformation is also induced by
bringing Form II films in contact with liquid non solvents such
as acetone or linear alcohols (from 1-methanol to 1-butanol).*
However, not all organic non-solvents induce such a trans-
formation. Form II films are unaltered by alkanes or aromatic
solvents (benzene, toluene). The solvents must bear a
hydrogen bonding group to induce the structural trans-
formation of PBI-C10.

This journal is © The Royal Society of Chemistry 2015

The Form II — Form I transformation by contact with linear
alcohols and its kinetics were followed by UV-vis absorption
spectroscopy (see Fig. 4b). As seen in Fig. 4b, two isosbestic
points are observed, underlining the direct transformation of
Form II to Form I without intermediate species. The kinetics is
of first order i.e. the concentration of Form II varies according to
Cu(t) = Che ¥ where k is the rate constant of the reaction and C%
is the initial concentration of Form II k increases with the
alcohol length, typically k = 0.185 min~" for butanol and 0.013
min~" for ethanol (see inset in Fig. 4c). ATG experiments (see
Fig. S47) do not evidence any retention of non-solvent by Form
II powders, indicating that a massive bulk diffusion of those
linear alcohol molecules in Form II is not at the origin of the
phase transformation (moreover, its kinetics would be diffu-
sion-limited and follow a Fickian time dependence).

Non solvents such as alcohols (ethanol or n-butanol) as well
as acetone are known to induce polymorphic modifications in
m-conjugated semiconductors such as lithium phthalocyanine

J. Mater. Chem. C, 2015, 3, 1235-1242 | 1239
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Fig. 4

(a) Evolution of the UV-vis absorption spectrum of a PBI-C10 Form | thin film heated up to 210 °C and cooled to 25 °C. (b) Evolution of the

UV-vis absorption spectrum of a PBI-C10 Form Il thin film placed in contact with ethanol. (c) Evolution of the Form Il concentration in a PBI-C10
Form Il thin films placed in various "non-solvents”; inset: variation of the rate constant k on the number of carbon atoms in the alcohol chain. (d)
Time-evolution of the Form | and Il concentration in a PBI-C10 Form Il thin film placed in ethanol. The fit corresponds to a first order kinetics (see

text).

(LiPc) and zinc phthalocyanine (ZnPc).* In ZnPc, a weak charge
transfer occurs between the lone electronic pairs of the solvent
and the ZnPc molecules located at the surface of the initial a-
form crystals. The resulting variation in the electronic densities
of ZnPc triggers the change in molecular packing from the a to
the B phase." While a similar mechanism might occur for PBI-
C10, one must also take into account the presence of H-bonding
in PBI-C10. Contrary to phthalocyanines whose packing is
essentially governed by van der Waals interactions, the struc-
tural modifications in PBI-C10 involve additional H bonds that
are responsible for the generation of long-range H-bonded
helical stacks in Form II. As demonstrated by FTIR, a redistri-
bution of H-bonds is involved in the Form I — Form II trans-
formation with the presence of a characteristic population of
non bonded amides in Form II. A modification of H-bonding is
also involved in the reverse transformation when Form II
converts to Form I in the presence of H-bonding non solvents. A
possible mechanism for this structural transformation could
imply some H-bonding between the PBI-C10 and the solvent
molecules diffusing inside the Form II films. This situation
reminds the case of solvent induced crystallization of some
poly(amides) such as nylon 61.' Crystallization of nylon 61 is
induced by contacting the polymer with hydrogen bond-form-
ing non solvents such as linear alcohols. In the case of PBI-C10,

1240 | J Mater. Chem. C, 2015, 3, 1235-1242

H-bonding non solvent molecules could break the long-range
helical stacks of Form II into smaller multimolecular aggre-
gates. PBI tetramers that organize into columnar stacks were
indeed evidenced in the ordered phases of PBI systems studied
by Percec et al.™® This interpretation would further agree with
the observation of limited/poor stacking order in Form I (ED
and POM) as compared to Form II despite fairly similar
morphologies of the fibrillar objects.

4. Conclusion

Two polymorphs of a hydrogen bonding PBI organogelator with
typical J- and H-type aggregate properties can be interconverted
using two different stimuli i.e. temperature and presence of H-
bonding non solvents. Contrary to earlier reports showing that
peripheral substituents of PBI induce either H-type or J-type
aggregates, it is demonstrated that the same molecular system
can exhibit both type of aggregates in thin films provided the
right preparation protocol is followed. The green J-type Form I
transforms into the red H-type Form II via annealing at 190 °C
whereas the reverse transformation is induced when the Form II
films are soaked in liquid H-bonding non-solvents such as
linear alcohols or acetone (see Fig. 3). This structural trans-
formation rests on a redistribution of H-bonds as inferred by

This journal is © The Royal Society of Chemistry 2015
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the analysis of the amide A bands as well as structural studies by
AFM and TEM. Interestingly, Form II PBI-C10 molecules
generate helical stacks with a long period of 97 A. Contrary to
Form I, Form II contains a population of non-bonded amides,
possibly related to a non-symmetric H-bonding between
successive PBI molecules within helical stacks. Incidentally, the
peculiar polymorphism of the PBI-C10 organogelator illustrates
how long range supramolecular assemblies formed by PBI
derivatives can be used as stimuli-responsive materials that can
respond reversibly to temperature and exposure to H-bonding
non-solvents such as alcohols. It can be anticipated that a fine-
tuning of the stimulus response might be achieved by proper
choice of H-bonding dendrons and by controlling the length of
the amide linker between the PBI core and the trialkoxyphenyl
dendrons.
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