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The synthesis of a series of N-annulated perylenediimides (NPDIs) 1-4 with an ester group and an alkyl
spacer of different length in the peripheral chains was carried out, and the influence of the side chain
architecture on the self-assembly, both in solution and in the solid state, was investigated. Solution
studies evidenced that the carbonyl group plays a key role in the supramolecular organization of these
derivatives, changing from an H-type isodesmic polymerization (4) to a J-type cooperative process as
the spacer length decreases (1-3). On the other hand, bulk assays revealed an odd-even effect that
correlates with the length of the alkyl spacer. Whereas the odd-spaced derivatives (2 and 4) organize in

Received 10th June 2024 a disordered columnar hexagonal fashion, the even-spaced ones (1 and 3) show the formation of
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multiple crystalline (and liquid crystalline) structures. The results presented herein highlight the
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Introduction

In nature, self-assembly allows the achievement of complex and
functional supramolecular structures in which the non-covalent
interactions between relatively simple building blocks are
crucial.® Prototypical examples of these natural self-assembled
systems that inspire supramolecular chemists are collagen
and the tertiary and quaternary structure of proteins.> To mimic
this level of organization, the field of supramolecular polymers
(i.e., polymers composed of non-covalently linked monomeric
units)*~ is experiencing a major development, finding applica-
bility as biomaterials,® adhesives,” materials with enhanced
mechanical properties,® or optoelectronic materials with
improved efficiency.” The supramolecular polymerization of
suitable monomeric species has been extensively investigated in
solution.* However, self-assembly in solution may differ from
that observed in the bulk material. In general, a high degree of
organization can be achieved in solution by virtue of directional
interactions such as H-bonding.' Contrarily, in bulk, the
system has to strive to reduce the free volume. In this situation,
weak non-covalent forces, such as van der Waals interactions
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between aliphatic chains play a relevant role in the formation of
organized materials."

In addition to external factors such as the nature of the
solvent,”> the supramolecular organization of monomeric
species is strongly affected by the chemical structure of the
molecular units. The impact of structural changes on the
properties of self-assembled systems is generally dependent on
the family of molecules under study, where small modifications
in the molecular structure can translate into large changes in
the self-assembly properties.”® Particularly, the influence of
monomer architecture on the supramolecular behaviour of N-
annulated perylenediimides (NPDIs) has been studied by some
of us."* The variation of the length of the linker tethering
a central NPDI core to peripheral side chains endowed with
amide functional groups has been shown to exert a remarkable
influence on both the supramolecular polymerization mecha-
nism and the morphology of the final aggregated species.
However, a comparative study of the influence of the alkyl
bridge length on the bulk properties is lacking. In addition to its
relevance for comparative purposes, the investigation of
supramolecular organization in bulk is relevant because the
solvent-free synthesis of supramolecular polymers provides
a more sustainable method to achieve highly organized, func-
tional supramolecular structures, as recently reported by Aida
and coworkers."®

Here, we present the synthesis and assembly of a series of
NPDI derivatives (1-4, Fig. 1a) in which the peripheral tri-
alkoxyphenyl moieties are linked to the aromatic core by an
ester group. Despite the absence of inter- or intramolecular H-
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(@) Chemical structures of NPDIs 1-4. (b) Schematic representation of the in-solution assembly properties of compounds 1-4 as

a function of the length of the spacer. (c/d) Schematic representation of the odd-even effect on the bulk packing of 1-4.

bonding interactions, we demonstrate the ability of the inves-
tigated NPDIs to efficiently form supramolecular polymers in
non-polar alkane solvents.”*'”*® The length of the alkyl bridge
ester-functionalized NPDIs is found to exert a sharp influence
on the self-assembly features of the investigated systems both in
solution and in bulk (Fig. 1b-d), extending the knowledge of the
structural rules that bias the supramolecular polymerization of
electroactive units.

Results and discussion
Synthesis and self-assembly studies in solution

The synthesis of NPDIs 2-4 was carried out following a proce-
dure similar to that reported for 1."” This strategy consists of
a convergent multistep synthesis involving a microwave-
promoted reaction between the N-annulated perylene dianhy-
dride 14 and the corresponding amino-ester precursor (9.2-9.4)
in the presence of zinc acetate as catalyst and imidazole as base
and solvent (Scheme S17). All target NPDI derivatives were fully
characterized by NMR, FT-IR spectroscopy and MALDI-HRMS
(Experimental details are provided in the ESIT).

To investigate the ability of NPDIs 2-4 to form supramolec-
ular polymers in solution, variable concentration (VC) '"H NMR
studies were first carried out (Fig. 2, S1 and S2%). In these
experiments, an upfield shift of the resonances corresponding
to the aromatic protons is observed with increasing concen-
tration, suggesting 7-stacking interaction between PDI cores.
Further evidence for the stacking of the aromatic surfaces
comes from the sharp changes in the coupling constants of the

14038 | Chem. Sci, 2024, 15, 14037-14043

spin system attributable to the ortho and bay protons (namely,
from AA'XX' to AA'BB/, red and blue circles in Fig. 2) with
increasing concentration. On the other hand, the small shifts in
the resonances of the methylene units in the tether and those
attached to the central nitrogen atom of the aromatic core are
diagnostic of van der Waals interactions between these
aliphatic units upon assembly (Fig. 2, S1 and S2t).

After assessing the nature of the non-covalent interactions
driving the assembly of the investigated NPDIs in solution,
variable temperature (VT) UV-Vis absorption studies were per-
formed to elucidate the supramolecular polymerization mech-
anism of 2-4. In agreement with the previously reported diester

i 2
N oP A OR
o
OR CY I ° i oR

RO. [N N OR

P!
OIS )
G 2 G S YW
o o

2RIV

11 ~— b 30 mM

10

75 70 50 45 40 ppm

Fig. 2 Partial 'H NMR spectra of NPDI 2 at different concentrations
showing the changes in the aromatic and aliphatic resonances (CDCls,
300 MHz, 298 K).
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1, the absorption spectra of compounds 2-4 in CHCI; show the
typical absorption pattern of monomeric PDIs, with maxima at A
= 486 and 521 nm, attributed to the A,_;/A,, transitions
(Fig. 3a, ¢ and S37).* Similar spectra were obtained upon
heating diluted solutions of the target NPDIs in MCH, being
thus ascribed to molecularly dissolved species. Decreasing the
temperature induces noticeable changes in the absorption
pattern, which differ depending on the length of the linker
connecting the trialkoxybenzoate units to the central aromatic
core. A clear red shift of the absorption features is observed for
NPDIs 2 and 3, which show maxima at A = 602 nm, diagnostic of
the formation of aggregated J-type species (Fig. 3a, S3a and
bt)."” On the other hand, the emission spectra of assembled 2
and 3 in MCH show a clear increase in intensity compared to
that of the monomeric species in CHCl;, confirming the J-type
nature of the supramolecular polymers formed (Fig. S4a and
b.}.)'zo

To investigate whether the supramolecular polymerization of
the target NPDIs in the investigated conditions is under ther-
modynamic control, cooling and heating absorption curves
were measured with dilute solutions of 1-4 in MCH. A large
thermal hysteresis was observed for NPDI 2, along with
a marked difference between the elongation and denaturation
temperatures (Fig. S5at). These observations are diagnostic of
a kinetically controlled process.”* In contrast, the thermal
hysteresis in NPDIs 3 and 4 is negligible. Therefore, we assume
that the supramolecular polymerization of these NPDIs is
thermodynamically controlled (Fig. S5b and ct). The non-
sigmoidal shape of the cooling curves obtained with dilute
solutions of 3 in MCH is indicative of a cooperative supramo-
lecular polymerization mechanism. A degree of cooperativity &
= 6.7 x 10~° was derived from the model,? in agreement with
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Fig. 3 (a and c) VT UV-Vis spectra of NPDIs 3 (a) and 4 (c) in MCH. (b
and d) Plot of the variation of absorbance at specific wavelengths
versus temperature for 3 (b) and 4 (d) at cooling rates of 1 K min~*. The
red traces in (c) and (d) depict the fitting of the equilibrium (EQ) model
to the experimental curves.
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that previously reported for NPDI 1 (Fig. 3b and S6t).** Inter-
estingly, the K. value derived for 3 is two orders of magnitude
lower than that derived for 1, indicating a lower stability of the
supramolecular polymers formed.

On the other hand, the self-assembly of 4 in MCH presents
remarkable differences from that observed for NPDIs 1-3. In
this case, a higher concentration is required to induce complete
polymerization within the temperature range of study. In
contrast to NPDIs 1-3, the absorption pattern of the aggregated
species of 4 shows a hypsochromic and hypochromic effect
compared to the monomeric species, with a maximum at A =
493 nm (Fig. 3c and S3ct). These absorption changes are char-
acteristic of the formation of H-type aggregates, in which the
aromatic units are arranged in a co-facial manner.** The
sigmoidal shape of the cooling curves obtained at concentra-
tions ranging from 150 to 250 uM suggests an isodesmic poly-
merization mechanism (Fig. 3d). Fitting the experimental
cooling curves to the one-componet equilibrium model allowed
the calculation of the thermodynamic parameters associated
with the supramolecular polymerization of 4 (Table 1). The
derived binding constant (namely, K, = 3.2 x 10" M),
confirms the lower stability of the aggregated species formed by
4 compared to NPDIs 1 and 2. The similar emission intensity
registered for solutions of 4 in MCH (aggregated species) and
CHCl; (monomeric species) confirms the formation of H-type
aggregates (Fig. S4ct).>

At this point, the morphology of the supramolecular poly-
mers formed by assembly of NPDIs 2-4 was investigated by
atomic force microscopy (AFM). Samples for AFM assays were
prepared by spin-coating equilibrated solutions of the corre-
sponding NPDI in MCH onto highly oriented pyrolytic graphite
(HOPG) at 3000 rpm. The AFM images of 2 show a dense
network of intertwined fibres (Fig. 4a, b and S71). The formation
of elongated structures is also observed in the AFM images of 3.
In this case, isolated thick fibres with typical heights of about
10 nm are observed along with large globular particles and
a dense network of thinner and homogeneous fibres with
heights of about 3.5 nm (Fig. 4c, d and S8%). Finally, the iso-
desmic supramolecular polymerization of 4 leads to the
formation of nanoparticles with high polydispersity in height
and diameter (Fig. 4e, f and S9t).

Overall, these results show that the ability of the monomer to
self-assemble in solution increases as the distance between the
carbonyl group of the peripheral chains and the central

Table 1 Thermodynamic parameters derived for the supramolecular
polymerization of NPDIs 1, 3 and 4 in MCH

NPDI 1° NPDI 3 NPDI 4
AH, (k] mol ") -98.9+1 —133.0 £ 1 -73.9+1
AS (J K ' mol ™) —214 £+ 2 —370 + 2 —160 + 3
AH, (k] mol™) —22.8+1 —234+1 —
7 (293 K) 83 x 107° 6.7 x 107° 1
K. (M) 2.8 x 10° 3.5 x 10* 3.2 x 10"
K, (M) 2.4 x 10? 2.31 —

% From ref. 13a.
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Fig.4 Height (a, c and e) and phase (b, d and f) AFM images of NPDlIs 2 (a, b, MCH, 100 uM); 3 (c, d, MCH, 150 uM) and 4 (e, f, MCH, 250 uM) onto

HOPG as surface.

aromatic core decreases. Furthermore, the length of the linker
also influences the supramolecular polymerization mechanism
and the morphology of the polymeric species. These findings
may be rationalized by taking into account the effect of the
dipolar moment associated with the ester carbonyl group on the
supramolecular polymerization process and its dependence on
the length of the tether. It has been shown how the dipolar
moment of the ester groups could act as an additional supra-
molecular interaction®* to the stacking and charge transfer
interactions between NPDIs cores. This additional interaction
increases the cooperativity of the self-assembly process as well
as the strength of the assembly. We speculate that the flexibility
of the longer bridge in 4 results in a less organized and less
efficient self-assembly capability due to a lower contribution of
the ester dipolar moment to the assembly. These findings are in
good agreement with previous results observed for related
chromophores in which the self-assembly is conditioned by the
length of the linker connecting the central aromatic core and
the peripheral side chains.*

Bulk studies

At this point, the bulk properties of 1-4 were investigated
(Tables S1 and S2ft). Differential scanning calorimetry (DSC)
polarized optical microscopy (POM) and medium/wide-angle X-
ray scattering (MAXS/WAXS) measurements were recorded to
disclose the phase transitions of these materials and the
nanomorphologies at different temperatures. DSC analysis of 1
showed two transitions upon cooling from 200 °C (Fig. 5a). The
first one, at 175 °C, is identified as a disorder-order transition
(Tpor) based on the appearance of birefringent structures in the
POM image and a distinct diffraction pattern in the MAXS/

14040 | Chem. Sci, 2024, 15, 14037-14043

WAXS spectrum (Fig. 5b and S107%). Further cooling induced
another thermal transition, which is assigned to an order-order
phase transition (Toor) based on the low enthalpic contribu-
tion.>* MAXS/WAXS experiments were used to elucidate the
morphology of the phases corresponding to the different tran-
sition temperatures (Fig. 5b). In the scattering profile at 225 °C
(vellow trace, Fig. 5b) only a single broad peak around 2.14
nm~ " is present, indicating that the material is in the isotropic
state with a disordered feature of 2.93 nm. Upon cooling to 120 ©
C, multiple peaks are observed in the scattering pattern, cor-
responding to a columnar oblique (Col,,) phase with P2m
symmetry (Fig. 1c, see Table S27 for detailed calculations). The
lattice parameters were determined to be a = 3.4 nm and b =
3.9 nm with an oblique angle of ¥ = 86°. Further cooling to 25 °©
C induces an order-order transition from the previously
observed Col,p, to a columnar hexagonal (Coly,) phase with a =
3.2 nm (Fig. S10, Tables S1 and S27).

In the case of NPDI 2, which comprises three methylene
units in the linker, only one sharp transition is visible in the
DSC trace (Fig. 5¢). This corresponds to the isotropic melt-solid
transition, as indicated by MAXS/WAXS experiments (Fig. 5d).
Herein, the formation of a Col}, phase with a domain spacing of
3.3 nm is evident at room temperature, while an isotropic state
is reached at 200 °C. As visible in the POM images (Fig. S111),
almost no birefringence is observed at 200 °C, confirming that
the resulting solid structure does not exhibit a high degree of
order and in line with the broad peaks observed in the MAXS/
WAXS traces (Fig. S11 and Table S17).

Similar to NPDI 1, which also contains an even-numbered
methylene bridge, the DSC trace of 3 shows multiple phase
transitions upon cooling from 200 °C (Fig. 5e). The first one is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a, c, eand g) DSC traces of NPDIs 1 (a), 2 (c), 3 (e) and 4 (g) obtained with a rate of 5 K min™. Colored squares correspond to the different
phases observed. (b, d, f and h) 1D transmission scattering profiles at different temperatures of 1 (b), 2 (d), 3 (f) and 4 (h).

related to a disorder-order transition to a liquid crystalline
phase based on the observed scattering pattern in MAXS/WAXS
and the shearability of the sample in POM (Fig. 5f and S12af).
The unit parameters of this Col,p, phase were calculated as a =
3.5nm, b = 3.9 nm and y = 69°. These values are very similar to
those observed for 1, indicating a comparable bulk packing
between 1 and 3. The small difference in a can be rationalized
considering the two additional methylene units in 3. Further
cooling to 75 °C results in a slightly tighter packing of the same
Col,p phase (Tables S1 and S2t), which is supported by the
similarities in the MAXS/WAXS spectra and POM images (Fig. 5f
and S12ct). Finally, cooling to —10 °C reveals an order-order
transition to a C2/m symmetric Col,p, phase with unit parame-
ters of @ = 3.5 nm, b = 7.1 nm and y = 82° (Fig. 1c, S13 and
S147). A clear change in the birefringent textures is visible at
—10 °C, corroborating the aforementioned order-order transi-
tion (Fig. S127). The data obtained from the bulk studies for 1
and 3 correlates with the results obtained in solution, since the
packing of both these structures in MCH forms jJ-aggregates.
Furthermore, it is worthy to mention that the AFM images of
NPDI 3 display the formation of aggregates of multiple
morphologies. In fact, the formation of both disk-like micelles
and long fibers (Fig. 4c and d) could be directly related to the
above-mentioned multiple packing mechanisms observed in
bulk (Fig. 5e and f).

Finally, the bulk properties of 4 were investigated. In this
case, the results are comparable to those obtained for
compound 2. Controlled cooling from the isotropic state
(Fig. 5g and h, yellow trace) results in a Col;, packing (Fig. 5g and
h, red trace) with a lattice parameter of @ = 4.6 nm. It is worth
noting that the domain spacing increases significantly from
derivative 2 to 4 (namely, from 3.3 nm to 4.6 nm). Such increase

© 2024 The Author(s). Published by the Royal Society of Chemistry

is larger than solely the additional length of four carbon atoms.
This suggest that the packing of these two derivatives is slightly
different at room temperature, which is confirmed by the fact
that only 4 displays a weak scattering peak at 19.4 nm™". This
reflection corresponds to a distance of 3.2 A, which is typically
observed in m-stacked systems. Since the presence of aromatic
interactions has previously been assigned to unimolecular
stacks, we assume a similar assembly for these N-annulated
PDIs.”® We hypothesize that NPDI 2 shows more intercalation of
the wedges compared to 4, leading to a decrease in domain
spacing and less efficient NPDI-NPDI interactions, explaining
the absence of this reflection associated with m-stacking
(Fig. 1c). This fact is also consistent with the observed aggre-
gation in solution, as 2 assembles into J-type aggregates, where
m-stacking is less efficient due to the stair-like nature of the
assembly. In contrast, 4 self-assembles into H-type aggregates,
in which the monomers are arranged in a cofacial fashion,
resulting in more efficient aromatic stacking.

Overall, the bulk characterization of NPDIs 1-4 shows an
odd-even effect, where only NPDIs with an even number of
methylene units in their bridge (1 and 3, respectively) exhibit
multiple phase transitions with well-defined structures. We
hypothesize that the origin of the odd-even effect is related to
the asymmetry of the core, with different lengths of the spacer
causing the wedges to be present at different proximities to the
bay functionalization, thus affecting the stacking and crystalli-
zation of the PDI.

Conclusions

In this work, we present a systematic investigation of the
influence of alkyl side chain length on the assembly behaviour

Chem. Sci., 2024, 15, 14037-14043 | 14041
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of NPDIs functionalized with ester groups in solution and in
bulk. Spectroscopic studies in solution showed that the system
behaves more cooperatively and assembles with a higher equi-
librium constant as the spacer length decreases. We relate this
effect to the dipole-dipole interaction provided by the carbonyl
group, which adds up to the stacking of the aromatic PDI cores
in driving the assembly. Thus, while 4 assembles via an iso-
desmic mechanism to yield H-type aggregates, NPDIs 1-3 self-
assemble in a cooperative manner to afford highly emissive J-
type assemblies. On the other hand, bulk studies showed an
odd-even effect in the assembly properties of the investigated
derivatives. NPDIs 1 and 3 (endowed with an even number of
methylene units) exhibit liquid crystalline phase behaviour with
multiple thermal transitions, while forming columnar oblique
packings. In contrast, NPDIs 2 and 4 (featuring a linker with an
odd number of methylene groups) exhibit single thermal tran-
sitions, below which they arrange into columnar hexagonal
phases. The increase in domain spacing between 2 and 4 is
larger than the difference in length between the respective side
chains, indicating a more efficient aromatic interaction in the
latter and a higher wedge intercalation in the former.

This study sheds light on the importance of molecular
design in determining the architectures of NPDI-based supra-
molecular assemblies.

Data availability
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