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Influence of hydrogen bonds and n—nt stacking on
the self-assembly of aryldipyrrolidones+t

Pedro Ximenis,? Llorenc Rubert,? Heike M. A. Enmann® and Bartolome Soberats (2 *2

We report on the self-assembly behaviour in solution and in the solid-state of two newly designed bis-
dendronized aryldipyrrolidone (BDP and NDP) dyes with two free N—H groups at the lactam positions.
Interestingly, while the naphthalene-based NDP self-assembles via n—=n-stacking to form conventional
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Introduction

Discotic liquid crystals have attracted significant attention due
to their optical properties and potential applications in
optoelectronics."™ These materials usually consist of
n-conjugated chromophores (or dyes) functionalized with long
alkyl chains at their periphery. Importantly, molecular engineer-
ing of these discotic liquid crystals has become a powerful tool
to fine-tune the spatial interactions between liquid crystal mole-
cules, thereby modulating their packing, exciton coupling, and
properties.® " In this context, discotic liquid crystal molecules
typically self-assemble via co-facial n—n interactions, forming
columnar structures in which the chromophores are oriented
perpendicular to the columnar axis."** This arrangement gener-
ally results in H-type aggregates,">'® which function well as
semiconductors and have been successfully applied in electronic
devices,"**® including solar cells,"” OLEDs,'® and OFETs."®
Recently, a novel class of dye-based columnar liquid crystals
was discovered, distinguished by the alignment of the chromo-
phores with their n-conjugated cores parallel to the columnar
axis.>>* Such unconventional organization was achieved
through multiple hydrogen (H)-bonding interactions along the
n-plane of the chromophores. For instance, a series of tetra-
dendronized perylene bisimides (PBIs) were reported to form
liquid-crystalline (LC) J-aggregates based on H-bonded PBI
subunits, which further assemble into columns composed of
multiple strands.?’ This unique columnar assembly mode has
so far been reported in specially designed PBIs,*’ >
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columnar liquid-crystalline (LC) assemblies, the smaller benzene-based BDP forms unconventional
columnar LC phases with the dyes parallel to the columnar axis, via hydrogen-bonding interactions. This
work presents new design principles to modulate hydrogen bonding in dye materials with potential appli-

diketopyrrolopyrroles,”*>* and naphthalene bisimides (NBI).>®
Notably, such assemblies can lead to the formation of
J-aggregates,”*2*?*28 which are typically challenging to
achieve in LC columnar phases. Therefore, exploring these
types of assemblies is of significant interest for the develop-
ment of advanced photonic materials.>*"*°

During our investigations, we became interested in aro-
matic dipyrrolidones, a class of diketopyrrolopyrrole deriva-
tives with great potential for the development of H-bonded dye
materials.®* For instance, aryldipyrrolidones are utilized to
prepare highly conjugated polymers,**° exhibiting excellent
optoelectronic properties.*”*® To enhance solubility, alkyl
groups are often attached to the nitrogen atoms of the lactam
units, while polymers with free N-H groups feature H-bonding
capabilities.>® To date, no supramolecular assemblies of low
molecular weight aryldipyrrolidones have been reported in
either the LC state or in solution.

Herein, we introduce two novel bisdendronized aryldipyrro-
lidones featuring benzene (BDP) and naphthalene (NDP) cores
and free N-H groups at the lactam units (Fig. 1a), which have
been designed to self-assemble via double self-complementary
H-bonds (Fig. 1b). Both compounds were found to form
columnar LC phases in bulk and supramolecular polymers in
organic solvents. Interestingly, the BDP derivative self-
organizes into a multistranded columnar LC phase via
H-bonding interactions, with the aromatic cores aligning par-
allel to the columnar axis (Fig. 1d). However, the larger NDP
derivative self-assembles through primary n—= interactions into
conventional LC columnar stacks (Fig. 1d) with no H-bond
contributions. The distinct self-assembly behaviour of these
molecules is attributed to the larger m-core of NDP, which
favours assembly via n-n stacking over H-bonding.***' This
study provides new insights into controlling the self-assembly
of dyes in both solution and the LC state.
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Fig. 1 (a) Molecular structures of the aryl dipyrrolidones BDP and NDP.
Black arrows indicate the H-bonding donor—acceptor behaviour of the
molecules. (b) Formation of complementary H-bonds between the BDP
units. Scheme of the self-assembly features in bulk and in methyl-
cyclohexane (MCH) of (c) BDP and (d) NDP. The dendron part in the
cartoon has been omitted for clarity. Col,: columnar rectangular LC
phase; Col: columnar LC phase.

Results and discussion
Molecular design

The chemical structures of BDP and NDP consist of benzene
and naphthalene cores symmetrically fused with two 2-pyrroli-
done units, which are connected to phenyl-3,4,5-tridodecyloxy-
phenyl wedge-shaped moieties (Fig. 1a). These wedge-shaped
components are expected to enhance solubility in organic sol-
vents and confer LC properties,”>** while the central cores are
known for their photoactive 32738 The
n-extended nature of the BDP and NDP structures suggests a
strong potential for n-n stacking interactions, while the unsub-
stituted N-H positions at the lactam units may enable the
establishment of complementary H-bonds (Fig. 1b).>°™>*

NDP and BDP were synthesized by modifying previously
reported methods,***® yielding coloured waxy solids in moder-
ate yields (see the ESIt). Both compounds demonstrated good
solubility in organic solvents such as CHCl;, tetrahydrofurane,
and methylcyclohexane (MCH). In CHCl; solutions, BDP
appeared orange and NDP blueish, with both exhibiting
luminescence properties (Figs S7-S97).

characteristics.
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Studies in solution

To initially assess the self-assembly behaviour of BDP and
NDP, we conducted aggregation studies in solution.**"** The
supramolecular polymerization was monitored in MCH using
UV/vis spectroscopy through temperature-dependent studies.
At 363 K, BDP exhibited a strong absorption band with a
maximum at 510 nm (Fig. 2a), corresponding to the mono-
meric species .>'** As the sample cooled down, this band
underwent a hypsochromic shift from 510 nm to 482 nm,
accompanied by a decrease in the absorption intensity
(Fig. 2a), which was attributed to an aggregation process. The
blueshift of the absorption maximum upon aggregation
suggests the formation of an H-type aggregate.">" Similarly,
NDP displayed the main absorption band peaking at 597 nm
at 363 K, indicative of the monomeric state. Upon cooling, this
absorption band also showed a blueshift, signalling the
polymerization process and the formation of an H-aggregate.
For both compounds, the fraction of aggregated species
(aage) was plotted against temperature at A = 482 nm for BDP
and at 4 = 569 nm for NDP across various concentrations
(Fig. 2a and b, S10 and S117). The resulting plots displayed
non-sigmoidal curves (Fig. 2c and d), suggesting that these

compounds self-assemble through cooperative
mechanisms.**™” Thermodynamic analysis of these plots
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Fig. 2 Temperature-dependent UV/vis absorption spectra of (a) BDP (1
x 107> M, MCH) and (b) NDP (1 x 10~ M, MCH) between 363 and 278 K
(cooling cycles, 1 K min~2). Plot of the experimental degree of aggrega-
tion (aagg) over T (symbols) at different concentrations (MCH) for (c) BDP
and (d) NDP and the corresponding fits according to the nucleation—
elongation model (solid lines). (e) AFM image of a spin-coated solution
of BDP in MCH (4 x 107> M) on a mica surface. (f) AFM image of a spin-
coated solution of NDP in MCH (4 x 10> M) on a HOPG surface.
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(Fig. 2c and d) further confirmed a nucleation-elongation
mechanism for both BDP and NDP, with AG° values of —34.8
and —43.1 k] mol ™", respectively (Tables S1 and S27).***°

The morphologies of the aggregated species of BDP and
NDP were investigated using atomic force microscopy (AFM)
(Fig. 2e and f, S14 and S15%). MCH solutions of the corres-
ponding aggregates were spin-coated onto mica or highly
oriented pyrolytic graphite (HOPG) substrates and measured
in tapping mode at room temperature (see the ESIf for
details). As shown in Fig. 2e and f, both BDP and NDP aggre-
gates exhibited fibrillar morphologies.**™*” Both compounds
tended to form fibrillar bundled species on HOPG surfaces
(Fig. 2f and S17at) while longer and thicker fibres are observed
on mica (Fig. 2e), where dewetting effects may also take place.
Nevertheless, AFM experiments clearly demonstrate the ten-
dency of BDP and NDP to form 1D-assembled nanostructures
in MCH solutions.

FT-IR analysis revealed that both BDP and NDP exhibited an
N-H stretching vibration at 3448 cm™' in CHCI; (Fig. $12 and
S13t), indicating that the lactam N-H groups are not H-bonded
in this solvent and probably both compounds are monomeri-
cally dissolved. In contrast, the N-H stretching vibration for
BDP shifted to 3141 cm™" in MCH-d14 (Fig. S12bt), clearly indi-
cating H-bond formation.>*>**° However, no N-H stretching
signal was detected for NDP in MCH-d14 (Fig. S13bf¥). Instead,
the C=O0 stretching band of NDP was monitored and showed
no significant changes in CHCl; and MCH-d14 (Fig. S131). This
suggests that, unlike BDP, the NDP aggregate in MCH-d14 is
probably not formed by strong H-bonds.

To demonstrate the different assembly modes of BDP and
NDP, we conducted additional UV-vis and NMR experiments.
Denaturation UV-vis experiments using acetonitrile, a competi-
tive H-bonding solvent, showed that the BDP aggregate is more
susceptible to dissasemble by increasing amounts of aceto-
nitrile than the NDP aggregate (Fig. S14}), suggesting that
H-bonds play a more significant role in the assembly of BDP.
However, these experiments revealed that both aggregates are
relatively weak when exposed to polar solvents at 107> M con-
centrations. Temperature-dependent 'H NMR studies were
also conducted for both compounds at a concentration of 5 x
10" M in MCH (Fig. S15 and S167). The '"H NMR spectrum of
BDP exhibited very broad peaks at lower temperatures, indicat-
ing a high degree of aggregation. Upon heating, the signals
became sharper, and the NH peaks showed a shielding trend
(Fig. S157%), suggesting the disassembly of the aggregate via
rupture of H-bonds. In contrast, the "H NMR spectra of NDP
showed almost no variation over the studied temperature
range (Fig. S16 and S1let), indicating that no significant dis-
aggregation occurred. The superior stability of the NDP aggre-
gate was attributed to an assembly mode primarily based on
n-7 interactions rather than H-bonds, as supported by the
FT-IR and denaturation UV-vis studies (Fig. S12-514%).

Liquid-crystalline behaviour

The LC behaviour of NDP and BDP was studied using polariz-
ing optical microscopy (POM), differential scanning calorime-
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Table 1 Phase transition behaviour of BDP and NDP

BDP 1* cooling Iso 202 Coly, 153 Col, 45° Coly(sc) =3 Cr
2" heating Cr 4 Coly(sc) 50 Col, 172 Coly, 204 Iso
NDP 1% cooling 240° Col, 17 Cr
2" heating Cr 24 Col, 251 Iso (decomp.)

Transition temperatures are indicated in °C. “All transition tempera-
tures were obtained from DSC experiments, except those that were
obtained via POM observations. ” Indicates a glass transition. Iso: iso-
tropic; Coly: columnar hexagonal; Col,: columnar rectangular; Coly(sc):
soft-crystalline columnar rectangular; Cr: crystalline; Coly: unidentified
columnar.

try (DSC), and wide-angle X-ray scattering (WAXS). Pleasingly,
both compounds were found to show LC phases according to
the POM and DSC analyses (Fig. S19-S227), and the phase
transition behaviour is shown in Table 1. BDP exhibits two
enantiotropic LC phases (Fig. S21t) appearing between 202
and 153 °C, and between 153 and 45 °C, respectively, during
the cooling cycle. Curiously, the BDP shows a second-order
transition at around 45 °C, which was assigned to a glass tran-
sition process (Fig. $211).>! It is noteworthy that the sample
showed gradual decomposition when kept at temperatures
above 150 °C in open air.

The structural features of the BDP LC phases were evaluated
using wide-angle X-ray scattering (WAXS) on extruded fibres of
the sample at 25, 80, and 190 °C.”°"*® The WAXS pattern at 80 °C
(Fig. 3a) revealed two strong and five weak signals along the
equator, which were identified as the 100, 010, 110, 200, 210,
020 and 310 reflections of a simple columnar rectangular (Col,)
phase with @ = 33.6 A and b = 26.2 A (Fig. 3a and S271)."'"*2
This Col, phase was found to persist at lower temperatures
(25 °C) with only slight changes in the lattice parameters (a =
33.2 A and b = 26.6 A) (Table 1, Fig. 524 and S25%). Based on the
high viscosity of this phase observed in POM studies, it was
assumed that it corresponds to a glassy or a soft-crystalline
columnar phase (Colysc).>* In contrast, at 190 °C, the WAXS
pattern of BDP fitted well with a more disordered columnar hex-
agonal (Coly,) phase, with a = 38.3 A (Fig. S28 and $297).

NDP, on the other hand, exhibits a single LC phase between
24 and 251 °C, after which the sample clears and decomposes
(Fig. S20 and S$227).** The WAXS pattern of an aligned fibre of
NDP at 80 °C revealed only an equatorial strong reflection at
46.3 A besides the diffuse halo at 4.4 A (Fig. 3b, $30 and S311).
Due to the low number of peaks, it was not possible to accu-
rately assign this phase. However, considering the WAXS
pattern (Fig. 3b), the POM texture consisting of small birefrin-
gent domains (Fig. S201), as well as the molecular structure
and the LC behaviour of the related molecules,"'"*°™2% it is
likely that NDP formed a columnar phase (Coly), although
more information cannot be obtained regarding the columnar
organization from the WAXS experiments.

Anisotropic features and assembly mode

To gain a deeper understanding of the molecular packing within
the columnar LC structures of BDP and NDP, we conducted

This journal is © the Partner Organisations 2025
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Fig. 3 WAXS patterns of extruded fibre of (a) BDP and (b) NDP at 80 °C.
The directions of the fibre axes are indicated with yellow arrows.

additional experiments on aligned samples to analyse the aniso-
tropic properties. In this line, we first analysed the anisotropic
features of the WAXS patterns (Fig. 3) that were recorded using
extruded fibres. The WAXS pattern of BDP at 80 °C displays a
reflection on the meridian at 8.7 A, which corresponds well with
the molecular distance of the BDP core H-bonded through the
2-pyrrolidone groups (Fig. 1b). An analogous meridional signal
was also found in the Col;, phase at 8.4 A measured at 190 °C
(Fig. S28). The observation of these meridional peaks is consist-
ent with previous studies on related compounds,”®? and
suggests that the BDP molecules are likely aligned with their
n-cores along the columnar axis. Furthermore, we calculated the
number of molecules per columnar stratum in the Col; phase at
80 °C and in the Col;, phase at 190 °C, and it was found that
these phases are composed of three and four molecules of BDP
per ~8.5 A slices (Tables S7 and S8%), respectively. This suggests
that the columnar LC structures of BDP consist of multi-stranded
assemblies of H-bonded dyes, similar to those reported for LC
PBIs and NBIs.>* >

To confirm the orientation of the BDP molecules in the
columnar LC phases, we conducted polarized experiments on
mechanically sheared samples on different substrates. It is

This journal is © the Partner Organisations 2025
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known that columnar liquid crystals can be macroscopically
aligned by mechanical shearing, resulting in the columns
being oriented along the shearing direction."*"*°>* The suc-
cessful alignment of BDP columnar phases on glass plates was
confirmed using POM, which showed that the image becomes
brighter when the polarizer and analyser are rotated 45° rela-
tive to the shearing direction (Fig. 4a), compared to when they
are aligned parallel or perpendicular to it (Fig. 4b).>°>® The
polarized FT-IR spectrum of the sheared sample of BDP on a
KBr plate showed that the N-H band appears at 3123 cm™,
indicating H-bond formation.?*>> More importantly, the N-H
band was more intense when the polarizer is parallel to the
shearing direction compared to when it is perpendicular
(Fig. 4c). These results confirm that the benzenedipyrrolidone
cores are aligned along the column axis, establishing H-bonds.
Thus, we propose that BDP self-assembles into H-bonded
strands, which then bundle together to form columnar struc-
tures composed of three (Col,, 80 °C) (Fig. 1c) or four (Col,
190 °C) strands.”**>* Importantly, the BDP molecules are posi-
tioned at the centre of the columns, parallel to the columnar
axis, and are surrounded by alkyl chains. No anisotropic fea-
tures were observed by polarized UV/vis experiments
(Fig. S32%). However, the appearance of the absorption
maximum at 500 nm confirms that the columnar LC BDP
forms H-type couplings and therefore the molecules may stack
in a co-facial manner, normal to the columnar axis, with no
slipping between them, as shown in Fig. 1c.

On the other hand, the analysis of the WAXS pattern of the
aligned fibre of NDP (Fig. 3b) showed no intense meridional
peaks. However, a weak shoulder was observed at 3.9 A
(Fig. S31%), which was attributed to a repeating unit along the
columnar axis, consistent with the cofacial assembly of NDP
with a relatively long n-stacking distance.” To confirm the rela-

—0°
— 90°

Transmittance (a.u.)

2800 1800 1600

wavenumber (cm™')

3400 3200 3000

Fig. 4 POM images of a sheared sample of BDP on a glass plate with
the instrument polarizer (P) (a) parallel to the shearing direction and (b)
after 45° rotation of the sample holder. The direction of the shearing (S)
is indicated with pink arrows. (c) FT-IR spectra of a sheared sample of
BDP on a KBr plate with the polarizer parallel (black line) and perpen-
dicular (red line) to the shearing direction. N-H and C=O stretching
bands are shown in the inset.
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tive orientation of the molecules in the Col, LC phase, we
carried out polarized experiments on aligned samples of NDP
(Fig. S32, S33 and S351). Curiously, no anisotropic behaviour
was observed on the FT-IR experiment by the N-H or C=0
stretching bands upon rotation of the polarizer (Fig. S35%).
This observation suggested that the N-Hs are not oriented in
any specific direction of the aligned sample. More importantly,
the appearance of a very broad N-H stretching band centred at
3442 cm™' was observed, which indeed indicates that no
H-bonds are formed in the liquid crystal assembly. Based on
this, the molecular shape with two dendrons, and the obser-
vation of a meridional WAXS signal at 3.9 A, the most plausible
assembly mode of the Col, phase of NDP should be based on
n-7 interactions, as shown in Fig. 1d. This assumption aligns
with the solution studies suggesting that NDP assembles via
conventional stacking rather than H-bonds (Fig. S14b, Si4c
and S16%). However, no further details of the LC assembly
could be determined due to the poor scattering of the sample.

According to these results, it is apparent that the NDP
and BDP display a significantly different assembly modes in
their columnar LC phases. While the BDP assembles by H-bonds
into multistranded columnar phases,**>* NDP forms a
more conventional packing based on co-facial interactions
between the m-conjugated scaffold.”> We hypothesize that this
change in the assembly mode is driven by the increase on the
n-surface in NDP, which significantly increase the ability of the
molecules to interact by n-n-stacking.*® Furthermore, it is poss-
ible that other steric effects arising between the dendrons may
also play a role.>*

Conclusions

In this study, we explored the self-assembly behaviour of two
novel aryldipyrrolidones, BDP and NDP, as promising dyes
with potential to form functional materials. These com-
pounds are based on benzene (BDP) and naphthalene (NDP)
cores, and both feature free N-H groups on their lactam
units. Our investigations revealed that both compounds form
columnar LC phases in bulk and supramolecular polymers
in organic solvents. The BDP derivative displayed a unique
self-organization into multistranded columnar LC phases
driven by hydrogen bonding, with the aromatic cores aligned
parallel to the columnar axis. In contrast, the NDP derivative,
which possesses a larger m-core, self-assembles primarily
through n-n interactions into conventional LC columnar
stacks, with no significant contribution from hydrogen
bonding. The distinct self-assembly behaviours observed
between BDP and NDP highlight the influence of core size
on the assembly process, where the larger n-core of NDP
favours n-n stacking over hydrogen bonding. These findings
provide new insights into the design and control of dye self-
assembly in both solution and liquid-crystalline states,
offering potential pathways for the development of advanced
functional materials.
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