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Building on the concept of null-type supramolecular polymers, we present herein the synthesis of three
isomeric Z-shaped perylenediimides (Z-PDls 1-3), in which a central PDI core is linked to peripheral
trisdodecyloxybenzamide groups by an alanine-derived linker. Interestingly, we discovered that both the
starting amines used in the synthesis of symmetric Z-PDIs 1 and 3 can undergo intramolecular
transamidation, allowing the one-pot generation of all three isomers 1-3. The self-assembly behavior of
these compounds was systematically explored using various spectroscopic methods. In line with our
previous observations, the UV-Vis spectra of the aggregates closely resemble those of their monomeric
forms, confirming the formation of null-type supramolecular polymers. Moreover, we found that the
position of the stereogenic center strongly affects the aggregate stability: the assemblies become more
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Introduction

Jelley and Scheibe reported in 1936 and 1937, respectively and
independently, the remarkable bathochromic shift observed in
the absorption spectra and the increase in the emission inten-
sity experienced by an aqueous solution of 1,1'-diethyl-2,2'-
cyanine chloride in comparison to the absorption maxima
observed for this compound in some other solvents.>* They also
reported the reversibility of these spectroscopic changes upon
heating and cooling the dye solutions, which is diagnostic of an
efficient self-assembly. The term J-type aggregates was coined
based on these findings for those dye aggregates with an
absorption band that is shifted to a longer wavelength in
comparison to the monomeric species and an increase in the
emission intensity.> On the other hand, it is also possible to
observe the opposite effect when a dye self-assembles to form an
aggregate, that is, the aggregation provokes a clear hypochromic
effect accompanied by a depletion of the emission intensity in
comparison to the monomeric species.® This is the case of H-
type aggregates, following the Kasha's classification.* The
optical response of dyes upon aggregation is related to the
electronic communication between the chromophores, which,
in turn, is conditioned by the w-overlap, the intermolecular
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the supramolecular structure, resulting in the formation of chiral null-type supramolecular polymers.

distance, and the relative spatial orientation of the chromo-
phores. In the above-mentioned Kasha's model,* the intermo-
lecular interaction of the monomeric species is defined by the
coulombic coupling (Jcour) that stems from long-range electro-
static-like interactions. Exciton splitting and the corresponding
shifts or divisions in absorption bands occur due to the inter-
action between transition dipoles in aggregated species. In
addition to J-aggregates, which present a head-to-tail alignment
of the chromophores, and H-aggregates, featuring a cofacial
alignment of monomeric scaffolds, Kasha's exciton theory also
predicts null-type aggregates showing no coulombic coupling
due to specific dipole orientations.* Kasha's model of long-
range coulombic coupling has been expanded to include short-
range charge-transfer (CT) interactions, initially proposed by
Harcourt, Scholes, and Ghiggino,® and later refined by Hestand
and Spano,® who accounted for vibrational effects on the optical
behavior of aggregates. These CT-based (/1) interactions arise
from the overlap of the HOMO and LUMO orbitals in stacked
chromophores and are highly dependent on the slip angle
between monomer units. Consequently, categorizing aggre-
gates solely as H- or J-type is overly simplistic and a more
nuanced view that includes both CT and coulombic effects is
necessary. In this context, null aggregates could be formed due
to destructive interference between long-range and short-range
interactions, along with a suitable energy offset between key
low-lying excited states and should display spectral features
similar to those of the individual monomers.® The seminal
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Fig. 1

(a—c) Chemical structure of chiral Z-PDlIs 1-3 depicting the corresponding metastable monomeric species M* formed by intramolecular

H-bonding interactions. (d—f) UV-Vis spectra of Z-PDIs 1-3 in CHCls and MCH (ct = 40 uM).

works by Jelley and Scheibe on J-type aggregates together with
those reported by Aida's” and Lehn's® research groups paved the
way to investigate the formation of a large number of aggregated
species from different chromophores yielding supramolecular
polymers with outstanding properties and applications.® These
supramolecular polymers, in which chromophores like
porphyrins,*® oligomers,** 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY) dyes," rylenes," and, especially, perylene-
diimides (PDIs),"* are held together by non-covalent interac-
tions,* are reported to form H- or J-type aggregates. However,
the vast majority of the examples of null-type aggregates has
been observed as crystalline samples, with the exception of PDI-
based dimers and tetramers reported by Wiirthner and
coworkers'® and the oligogrids reported by Cao, Xie, and
Guldi."*® Nevertheless, very recently, we reported the formation
of null-type supramolecular polymers in which the monomeric
units are Z-shaped PDIs endowed with two lateral tri-
sdodecyloxybenzamide fragments. The supramolecular poly-
of this Z-shaped PDI in non-polar
methylcyclohexane (MCH) solution gives rise to an aggregated
species displaying an absorption pattern very similar, but
slightly bathochromically shifted, to the monomeric species.
Theoretical calculations have been crucial to further corrobo-
rate that, in these aggregates, both the coulombic Jg,, and the
charge-transfer Jor couplings are identical but of opposite sign
which, unambiguously, indicate the formation of such null-type
supramolecular polymers. Furthermore, these theoretical
calculations reveal that these null-type aggregates are consti-
tuted by an arrangement of slipped monomeric units in which
the lateral benzamide units interact by intermolecular H-bonds
reinforced by the m-stacking of the central PDI moieties.*

merization
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Based on the description of this first example of a null-type
supramolecular polymer, we report herein the synthesis of three
isomeric Z-shaped perylenediimides (Z-PDIs 1-3, Fig. 1), in
which the central PDI core is connected to peripheral tri-
s(alkoxy)benzamide units via an alanine-based linker. Notably,
we found that the starting amines used to synthesize the
symmetric Z-PDIs 1 and 3 can undergo a transamidation reac-
tion, enabling the formation of all three isomers (Z-PDIs 1-3) in
a one-pot process. However, it is also possible to tune the
conditions to bias the formation of only one isomer. The self-
assembly behavior of these Z-PDIs was thoroughly investigated
using various spectroscopic techniques. Consistent with our
previous findings,*® the UV-Vis spectra of the aggregated species
of compounds 1-3 resemble those of the corresponding
monomers, indicating the formation of null-type supramolec-
ular polymers (Fig. 1d-f).

Furthermore, the position of the stereogenic center signifi-
cantly influences the stability of the resulting aggregates: when
the stereocenter is farther to the PDI core, the supramolecular
assembly becomes more stable. The lateral benzamide units
promote kinetically controlled polymerization through the
formation of intramolecular hydrogen-bonded pseudocycles
(Fig. 1a—c), with the stereocenter location again playing a deci-
sive role in modulating the kinetics of self-assembly. Finally, we
demonstrate the efficient transfer of point chirality from the
alanine-derived linker to the supramolecular assemblies,
yielding chiral null-type supramolecular polymers. The findings
reported herein advance our understanding of null-type supra-
molecular polymer formation and open new avenues for
accessing their chiral counterparts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Synthesis of the Z-PDIs 1-3 and transamidation experiments

The synthesis of the Z-PDI 1 was carried out by following
a similar procedure to that previously reported for an N-annu-
lated PDI in which the commercially available (S)-(+)-2-amino-1-
propanol was the starting chiral reagent.* (S)-(+)-2-Amino-1-
propanol was converted into benzamide 9 endowed with a free
amine following a previously reported methodology (Scheme
S1a).* The final reaction between dianhydride 10 with an excess
of benzamide 9 (ref. 19) generated the corresponding imide
functional groups. The synthesis of target Z-PDI 1 from benza-
mide 9 and dianhydride 10 was first attempted by heating this
mixture in the presence of Zn(AcO), and imidazole under
microwave irradiation at 165 °C (Scheme 1, Method A, Scheme

Cy2H250 ¢
12H2s’

O OO 0 Zn(Ac0),
Ci2Has0 ® o) ‘ % Imidazole
Mw
o T I 1o
(o]

N
CioHzsO g H (S))—NH,

Zn(AcO),
'Zn24
C2H250 L
Co
Ci2H250 "
Cy2H50 H (S))—NH,
2+
Zn H q
Yoo w2
‘o) N+
T
Ar’ T'
| H S

o]
C12Hz50
/ 4

View Article Online

Chemical Science

S2 and Entry 1 in Table 1), experimental conditions utilized for
preparing the achiral Z-PDI previously reported by our group,*
and many other PDI-based derivatives.'***** Upon removing the
metallic salt residue and the imidazole, thin layer chromatog-
raphy (TLC) of the reaction mixture revealed the presence of
three greenish, highly emissive spots (Fig. Sla). To further
analyze the chemical nature of these compounds, we obtained
a HPLC chromatogram on a chiral stationary phase. This
chromatogram shows three well defined peaks with retention
times of 5.2, 6.5 and 7.9 min and with an absorption pattern
characteristic of monomeric PDIs, diagnostic of the formation
of three chiral Z-PDI isomers (Fig. Sib). Purification of the
mixture by column chromatography allowed the isolation of
these three chiral Z-PDIs whose mass spectra showed the same
m/z value (see SI for details). The "H NMR spectra of the three
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Scheme 1 Proposed Zn®*-catalyzed intramolecular transamidation mechanism yielding a mixture of the three isomeric Z-PDls 1-3.

Table 1 Experimental reaction conditions utilized to convert benzamide 9 and dianhydride 10 into the Z-PDIs 1-3
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o]

Z-PDI1 +Z-PDI2 +Z-PDI3

Entry Temperature (°C) Zn(AcO), Solvent Time (min) % Z-PDI 1¢ % Z-PDI 2 % Z-PDI 3¢ % Yield
1 165 Yes Imidazole 40 30 50 20 43

2 165 Yes 0-DCB 40 34 51 15 31

3 165 No Imidazole 40 77 18 5 21

4 110 Yes Imidazole 40 84 12 4 19

5 110 No Toluene 40 100 0 0 15

6 110 No Toluene 180 100 0 0 27

“ The ratio of the Z-PDIs has been derived from the peaks registered in the HPLC traces.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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Fig.2 Partial *H NMR spectra of Z-PDIs 1-3 showing the aromatic and part of the aliphatic protons. The left part of the panel depicts the zoomed
in region of the amide protons (experimental conditions: CDCls; 298 K; 300 MHz).

isolated Z-PDIs in CDCI; contributed to the elucidation of the
chemical structure of these isomeric compounds. The more
polar Z-PDI showed a single set of resonances at § ~7.8, 8.1, 8.3
and 9.15 (orange, light blue, green and purple circles in Fig. 2)
corresponding to the aromatic protons of the Z-PDI core and
a triplet at 6 ~6.9 ascribable to the amide protons (red circle in
Fig. 2). Furthermore, the multiplets observed at ¢ ~4.9, 4.4. and
4.2 are assigned to the alanine-derived linker and the multi-
plicity of the amide protons confirmed the formation of the
expected Z-PDI 1 in which the stereogenic centers are located
close to the imide functional groups.

In contrast, the "H NMR spectrum of the more apolar Z-PDI
shows also a single set for the aromatic resonances at ¢ ~7.8,
8.1, 8.2 and 9.05 (orange, light blue, green and purple circles in
Fig. 2) but the amide protons appear as a doublet at 6 ~6.9 (blue
circle in Fig. 2). This multiplicity implies that the sp® carbon
adjacent to the NH of the peripheral benzamide unit possesses
only one proton. These findings suggest the formation of Z-PDI
3 in which the stereogenic center is located at the outer carbon
of the central linker thus involving a rearrangement of the
starting benzamide 9. The "H NMR spectrum of the Z-PDI of
intermediate polarity presents a duplicate set of aromatic
resonances coincident with the both above-mentioned Z-PDIs 1
and 3 with both the triplet and the doublet at 6 ~6.9 and 6.8
ascribable to the NH of two different amide groups (red and
blue circles, respectively, in Fig. 2). Apparently, this fraction
could be assigned to an equimolecular mixture of both
symmetric Z-PDIs 1 and 3. However, the integral values are
coincident with the formation of the asymmetric Z-PDI 2 in
which the lateral linkers are different: in one of these side
chains, the stereogenic center is closer to the central Z-PDI core,
and, in the other one, this stereogenic center is farther to the
central aromatic moiety (Fig. 2).

The formation of the three isomeric Z-PDIs 1-3 under these
experimental conditions could be ascribed to a transamidation
reaction,” a synthetic protocol previously described for the
conversion of glutamine into pyrrolidinonecarboxylic acid,* or in
the synthesis of diazepinones from B-lactams® but, to the best of
our knowledge, never considered for the preparation of PDI-
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based scaffolds. To rationalize this transamidation reaction, we
postulate that the Zn>" cations play a crucial role. A large number
of PDI derivatives are synthesized by using the Langhals’ method,
consisting of reacting perylene-3,4,9,10-tetracarcoxylic di-
anhydride with primary amines in molten imidazole, at 140-180
°C, and using zinc acetate as the catalyst. In this process, the Zn>*
cations are coordinated to the carbonyls of the starting di-
anhydrides to enhance their electrophilicity, thus favoring the
nucleophilic attack of the amine group.* In our case, the coor-
dination of the Zn** cations can also take place with the carbonyl
of the benzamide group that can experience an intramolecular,
nucleophilic attack of the free amine to yield an asymmetric,
imidazolidinium intermediate (intermediate I in Scheme 1).
Further opening of intermediate I gives rise to the initial benza-
mide 9 (green arrow) or to the isomeric benzamide 13 (pink
arrow). The presence of both benzamides in the reaction mixture
yields the three isomeric Z-PDIs 1-3 in a one-pot process (Scheme
1). In order to validate this hypothesis, we have performed
different experiments. The first one involves the synthesis of
tris(dodecyloxy)benzamide 13 starting from (S)-(+)-2-amino-1-
propanol (Scheme S1b). The synthesis of amine 13 requires
a multistep protocol consisting of the initial protection of the
amino group of (S)-(+)-2-amino-1-propanol with tert-butylox-
ycarbonyl anhydride followed by a Mitsunobu Sx2 reaction of the
alcohol 4 with phthalimide, DIAD and PPh; to yield compound 5.
The protected amine present in 5 was released by acidic hydro-
lysis to yield amine 11 that was reacted with 3,4,5-tris(dodecyloxy)
benzoic acid 7 in the presence of EDC and DMAP to generate the
amide 12. The subsequent conversion of the imide present in 12
into the corresponding free amine was performed by treatment
with hydrazine hydrate to afford benzamide 13. The final reaction
of this benzamide 13 with dianhydride 10 under the same
conditions employed above (Method A, Scheme S2 and Entry 1 in
Table 1) yielded the same mixture of three Z-PDIs 1-3, as visu-
alized in the TLC of the reaction mixture (Scheme S2 and
Fig. S1c). Purification of these three compounds corroborates the
formation of the Z-PDIs 1-3.

To unravel the role of the imidazole, temperature and,
especially, the role of the Zn®>* cations in the intramolecular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transamidation, we have carried out a series of reactions
between benzamide 9 and dianhydride 10 modifying the
experimental conditions (Table 1 and Fig. S2). Thus, if ortho-
dichlorobenzene (0-DCB) is utilized as the solvent, adding
Zn(AcO), and heating the reaction mixture at 165 °C, a similar
mixture of the three Z-PDIs is obtained (Entry 2 in Table 1 and
Fig. S2). If imidazole is used as the solvent but without adding
Zn(AcO),, the ratio between the three Z-PIDs 1/2/3 changes
drastically being 77/18/5 (Entry 3 in Table 1 and Fig. S2).
Decreasing the reaction temperature to 110 °C, with imidazole
as the solvent and in the presence of Zn(AcO),, the 1/2/3 ratio is
84/12/4 (Entry 4 in Table 1 and Fig. S2). These data confirm that
the best conditions to prevent the transamidation reaction is
decreasing the reaction temperature and removing the Zn(AcO),
from the reaction. Thus, the use of toluene at 110 °C without
adding Zn(AcO), allows obtaining Z-PDI 1 as the only imide with
increasing of the yield upon increasing the reaction time (Entrys
5 and 6 in Table 1, Fig. S2 and Method B, Scheme S3). This
reaction takes place without the intramolecular transamidation
reaction and either Z-PDI 1 or Z-PDI 3 can be exclusively ob-
tained in higher yields using benzamide 9 or 13, respectively
(Method B, Scheme S3).

Chiral, null-type supramolecular polymers

Once the three isomeric Z-PDIs 1-3 were prepared, isolated and
characterized, we investigated their self-assembly in solution. To
elucidate the non-covalent forces operating in the supramolec-
ular polymerization of Z-PDIs 1-3, we have firstly registered 'H
NMR spectra in CDCl; at different concentrations. As for the
previously reported achiral Z-PDI,* these concentration depen-
dent studies show that all the aromatic resonances slightly shift
upfield and the resonances corresponding to the amide protons
deshield upon increasing the concentration for three chiral Z-
PDIs 1-3 (Fig. 2). These shifts suggest the supramolecular inter-
action of these scaffolds by the formation of intermolecular H-
bonds between the amide functional groups reinforced by the 7t-
stacking of the central aromatic backbones. Noteworthily, these

View Article Online
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shifts are more pronounced for 1 than for 2 and 3 thus suggesting
that the self-assembly of the symmetric Z-PDI 1 is more favorable
than those of Z-PDIs 2 and 3. The formation of the intermolecular
H-bonding interactions has been corroborated by registering
FTIR spectra in non-polar solvent MCH. The NH stretching band
of 1-3 in MCH appears as a single band at 3268, 3289 and 3291
em ', respectively, wavenumber values ascribable to intermo-
lecular H-bonding interactions (Fig. 3a and S4).***' The forma-
tion of such intermolecular H-bonding interactions between the
amide functional groups of 1-3 is confirmed by the amide I band
that appears at 1635, 1639 and 1641 cm ™, respectively.®' These
wavenumber values observed for 1-3 in MCH contrast with those
registered in chloroform, a good solvent that favors the disas-
sembly of the aggregates.”®* In this good solvent, the NH and
amide I stretching bands are observed at 3448 and 1652 cm ™,
respectively, values that have been ascribed to free amides
(Fig. 3a and S4)."**' It is worth mentioning that, additionally, the
FTIR spectra of 1-3 in the good solvent CHCl; also present an
additional band at ~3415 cm™ " that is diagnostic of the presence
of intramolecular H-bonding interactions formed between the
NH of the peripheral benzamide and one of the carbonyls of the
imide functional groups (Fig. 3a and S4)."**' These intra-
molecular H-bonding interactions have been also detected by
registering the "H NMR spectra of Z-PDIs 1-3 in CDCl; at a total
concentration ¢r = 1 mM at different temperatures. In these
variable temperature (VT) 'H NMR spectra, increasing the
temperature provokes a shielding effect on the resonances
ascribable to the NH of the amide functional groups due to the
rupture of such intramolecular H-bonding interactions.
However, under these conditions, the m-stacking of the aromatic
moieties is not present since increasing the temperature is not
accompanied by the shift of any aromatic resonances, except the
protons at the bay positions due to the proximity of the tri-
s(alkoxy)benzamide fragment upon forming the
membered pseudocycles (orange circles in Fig. 3b and S5).

Our previous results on the supramolecular polymerization
of an achiral Z-PDI in MCH reveal the formation of null-type
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Fig.3 Partial FTIR (a) and VT-1H NMR spectra (b) of Z-shaped PDIs 1 showing the stretching NH and amide | bands (a) and the aromatic and part

of the aliphatic protons (b) (Experimental conditions: ¢t = 1 mM; CDCls;
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aggregates characterized by an absorption pattern coincident in
shape with that registered for the monomeric species but
slightly red-shifted. The formation of such null aggregates has
been unambiguously confirmed by extensive theoretical calcu-
lations.” In the case of the studied Z-PDIs 1-3, the UV-Vis
spectra in both the good solvent CHCl;, which favors a molec-
ularly dissolved state, and in the poor solvent MCH, which
strongly favors self-assembly, show an identical pattern to that
registered for the previously reported Z-PDI. Thus, the UV-Vis
spectra of 1-3 show maxima centered at A = 481 and 455 nm
and a shoulder at A = 426 nm, ascribable to the characteristic
vibronic Ay, Ag.q and A,_, transitions of the lowest energy
electronic transition of perylene-based scaffolds in their
monomeric state (Fig. 1d-f and 4d—f)."**” In MCH at 20 °C, these
UV-Vis spectra present an identical pattern with absorption
maxima at A = 500 and 466 nm and a shoulder at A = 434 nm
(Fig. 1d-f and 4d-f). This red-shift in the absorption maxima
has been ascribed to the formation of null-type aggregates in
which the adjacent monomeric species interact by intermolec-
ular H-bonds between the amide functional groups, and the
central aromatic moieties adopt a ladder-like arrangement
separated by 3.5 A."® Heating up these solutions of Z-PDIs 1-3 in
MCH to 90 °C provokes the disassembly of the corresponding
aggregates as demonstrated by the blue-shift of the absorption
maxima that appear centered at A = 479 and 450 nm and
a shoulder at A = 422 nm (Fig. 1d-f).

The above-mentioned FTIR and VT-'"H NMR spectra, and the
previous results on the achiral Z-PDI, indicate that the supra-
molecular polymerization of the Z-PDIs 1-3 could be a kineti-
cally controlled process due to the formation of the metastable
pseudocycles M1*-M3* (Fig. 1a-c). To confirm this statement,
we have registered the variation of the absorption pattern of
diluted solutions of Z-PDIs 1-3 in MCH with the temperature
both in cooling and heating process (Fig. S6). The resulting
cooling and heating curves, obtained upon plotting the varia-
tion of the absorption at A = 481 nm, reveal a clear hysteresis,
diagnostic of the formation of the pseudocycles M1*-M3*
(Fig. 4a-c).**?®

These cooling/heating cycles show two interesting features of
the aggregates formed by the supramolecular polymerization of
1-3. Thus, the temperature of elongation (7.), that is, the
temperature at which the small nuclei formed initially grow to
form the final supramolecular polymers,'* for the symmetric Z-
PDI 3 with the stereogenic centers farther to the aromatic
moiety, is much higher than that registered for the symmetric Z-
PDI 1, with the stereogenic centers closer to the aromatic moiety
(Tes = 88 °C vs. Te; ~ 10 °C in the cooling process; Fig. 4a-c).
Interestingly, the T, of asymmetric Z-PDI 2 presents an inter-
mediate value of 54 °C. These T, values clearly indicate that the
stability of the null type aggregates is directly related to the
position of the stereogenic centers at the central tethers.
Furthermore, the cooling/heating cycles also reveal that the
kinetics of the process is much slower in the case of Z-PDI 1
since the absorption maximum of the null type supramolecular
polymers formed from this Z-PDI in the cooling process is blue-
shifted in comparison to the absorption maximum observed for
3 in the heating process or the other two Z-PDIs 2 and 3 (Apax =

Chem. Sci.

View Article Online

Edge Article

479 nm vS. Amax = 505 nm, Fig. S6). The hysteresis observed in
the cooling/heating cycles prevents an accurate determination
of the stability of the supramolecular polymers formed by 1-3 by
applying the one-component equilibrium model to the VT-UV-
Vis experiments.”> However, the application of the solvent
denaturation (SD) model allows deriving the Gibbs free energy,
the degree of cooperativity ¢ and the parameter m that indicates
the influence of the good solvent on the stability of the supra-
molecular polymers (Fig. 4d-f).>® In the SD experiments, the UV-
Vis spectra of mixtures of solutions of Z-PDIs 1-3 at different
ratios of the good solvent CHCIl; and the poor solvent MCH,
while keeping constant the total concentration, are registered.
Plotting the degree of aggregation « (calculated from the
absorption at A = 481 nm for both the monomeric and aggre-
gated states)"** versus the molar fraction of CHCI; yields non-
sigmoidal curves for the three studied Z-PDIs diagnostic of
a cooperative process (Fig. 4g-i).'* The derived thermodynamic
parameters are collected in Table 2 and show the higher
stability of the aggregates formed by Z-PDI 3 in comparison to
those formed by 1 and 2. In addition, the degree of cooperativity
is also higher for 3 than 1 and 2, as revealed by the derived o
parameter (Table 2).

The morphology of the supramolecular polymers formed by
Z-PDIs 1-3 in MCH has been visualized by atomic force
microscopy (AFM) imaging onto highly oriented pyrolytic
graphite (HOPG) as the surface. In all cases, the null-type
aggregates formed by these Z-PDIs appear in the AFM images as
long, rope-like fibers (Fig. S7). The presence of the stereogenic
center in the central tether of the studied systems makes
compounds 1-3 chiral scaffolds in which the point chirality
embedded in the lateral linkers can be transferred in the self-
assembly process giving rise to chiral, null-type aggregates.* To
investigate this transfer of asymmetry from the monomeric to
the thermodynamically controlled aggregated species, we have
registered the corresponding circular dichroism (CD) spectra
under different experimental conditions.>® The CD spectra of
the monomeric species, obtained in chloroform or in MCH at 90
°C, show a residual dichroic signal at A ~300 nm (Fig. S8).
However, the aggregated species of the three Z-PDIs 1-3,
registered in MCH at 20 °C, display a negative, monosignated
CD spectra, with maxima at A ~425 and 465 nm and a shoulder
at A ~500 nm, characteristic of an off-resonance coupling
between the transition dipoles and resembling those reported
for chiral J-type aggregates formed by PDI-based self-assem-
bling units (Fig. 5a and S8).*"** This pattern contrasts with the
bisignated dichroic pattern reported for H-type aggregated
species formed by chiral PDIs.?*%%

Finally, we have complemented the study of the chiroptical
properties of Z-PDIs 1-3 by registering the emission and circu-
larly polarized (CPL) spectra (Fig. S9). In good analogy of the
null-type aggregates formed by the achiral congener previously
reported,* the photoluminescence (PL) spectra present a broad
band centered at A = 555 nm for 1 and A = 540 nm for 2 and 3
(Fig. S9). Regarding the CPL activity of the supramolecular
polymers formed by 1-3, while the monomeric species do not
exhibit CPL activity, the aggregated Z-PDIs present weak CPL
activity with a dissymmetry factor gj,,m ~0.001 and a negative

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07365k

Open Access Article. Published on 26 November 2025. Downloaded on 12/13/2025 4:43:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
a) 0.7 b) o8 c
Z-PDI 1, MCH, 40 uM Z-PDI 2, MCH, 40 uM Z-PDI 3, MCH, 40 pM
— heating :
i S 0.7 : 0.6{ » heating Cad
291 - toni S o PR B T,
g c o* c °
@ % 06 B < .
% 05 pod ) < 5
© w °
@2 2 05 .,‘ 2 0.4 o
<04 < o° < ﬂmﬂﬂvmﬂf
2 0.4 M L
0.3 0.3 0.2
0 20 40 60 80 20 40 60 80 20 40 60 80 100
T(C T(°C T(°C
d) (°C) e) (°C) f) °C)
2.0 2.0 1.0
— MCH Z-PDI 2 — MCH Z-PDI3
— CHCIs T 40 uM
1.5
8 8 8 1
(= = c
8 3 g | !
g 10 5 205
n 7] (7}
Q2 K] Q
< < <
0.5
0.0 0.0 0.0
350 400 450 500 550 600 350 400 450 500 550 600 350 400 450 500 550 600
A (nm) A (nm) A (nm)
)] h) i)
1.0 Z.PDIA 1.0 Z-PDI 2 1.0 Z-PDI 3
90 uM 80 uM 40 uM
£ E £
805 S05 S05
n n wn
® ® ®
o] o o
0.0 0.0 0.0
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
X CHCIs X CHCls X CHCI3

Fig.4 (a—c) Cooling and heating curves of 1-3 in MCH upon applying a cooling/heating rate of 1 °C min™™. (d—f) UV-Vis spectra of 1 (d), 2 (e) and
3 (f) in different MCH/CHCl; ratios. Arrows indicate the changes in the absorption pattern upon increasing the amount of CHCls. (g—i) Plot of the
variation of the degree of aggregation « versus the molar fraction of CHClz. The red line depicts the fitting to the SD model?® (ct = 90 uM for 1, 80
uM for 2 and 40 uM for 3).

Table 2 Thermodynamic parameters associated with the cooperative  spectra of Z-PDI 1 in MCH registered in the cooling experiment

supramolecular polymerization mechanism of compounds 1-3at 298  qemonstrate the complete disassembly of the aggregated

K species to afford the monomeric species upon heating up to 90 °©

Compound AG (IJ-mol ™) m (=) s () C. Cooling down this MCH solution to 0 °C results in an

absorption pattern different to that registered for Z-PDIs 1-3 at
Z-PDI 1 —295+1 51 13 x 10~ room temperature and ascribable to the null-type supramolec-
Z-PDI 2 —29.9 £1 47 1.3 x107°

ular polymers. In this case, the absorption pattern presents
maxima at A = 497 and 474 nm, the last being the most intense
band (green spectrum in Fig. 5b). Interestingly, the CD spec-
trum of this species displays a positive monosignated pattern
that is a mirror image of the CD registered for the thermody-
namically controlled supramolecular polymer (Fig. 5b).

Z-PDI 3 —382 %7 64 6.9 x 107>

signal for the three supramolecular polymers (Fig. S9), in

agreement with the dichroic signals obtained (Fig. S8). Furthermore, the morphology of the kinetically controlled

aggregated species Aggl is very different to that observed for the
null-type supramolecular polymers formed from 3 (AggIl). Thus,
Finally, we have investigated the kinetics of the supramolecular the AFM images of this Aggl species present a globular
polymerization of Z-PDI 1 since this Z-PDI presents the higher appearance (Fig. $10). To further investigate the kinetics of the
hysteresis in the heating/cooling curves (Fig. 4a). The UV-Vis

Pathway complexity for Z-PDI 1

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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(a) CD spectra of the thermodynamically controlled null-type aggregates formed by Z-PDls 1-3; (b) CD spectra of the kinetically (green

line) and thermodynamically controlled (blue line) aggregated species of Z-PDI 1in MCH; (c) UV spectra of Z-PDI 1 at different times; (d) kinetic
profile showing the evolution of the maximum at 2 = 506 nm in which the two regimes are shown in green and blue. Experimental conditions:

solvent: MCH; ¢t = 40 pM.

self-assembly process of 1, we have registered a kinetic profile
by monitoring the changes in the absorption at A = 506 nm,
wavelength characteristic of the thermodynamically controlled
aggregated formed by 1. To register this change, we have
prepared a solution of 3 in MCH at ¢r = 40 puM, heated this
solution up to 90 °C to complete the disassembly of the aggre-
gated species, and cooled it down rapidly to 20 °C. This solution
presents the absorption pattern of the monomeric species
(Fig. 5¢). We have detected that keeping this solution at 20 °C
results in a very slow conversion into the aggregated species.
Therefore, to accelerate the conversion, we have applied
mechanical stirring at 400 rpm. Under these conditions, the
monomeric species evolve in 240 min to Aggl, as demonstrated
by the corresponding absorption pattern (Fig. 5¢). Furthermore,
the kinetic profile follows a sigmoidal shape, diagnostic of an
autocatalytic transformation (Fig. 5d). Finally, upon applying
these experimental conditions, we have observed the gradual
conversion of the kinetically controlled aggregated species to
the thermodynamically controlled null type supramolecular
polymers Aggll and it is completed in 24 hours. This stepwise
monomer — Aggl — Aggll transformation suggests a consec-
utive conversion in which the Aggl species are not disassembled
to the monomers that, later on, are transformed into AgglI.**

Finally, we have also checked the CPL-activity of the kineti-
cally controlled Aggl species. In this case, despite the weak CPL
activity, the signal is of opposite sign to that registered for the
Aggll species (Fig. S9b), also in agreement with the dichroic
signal obtained (Fig. S8).

Conclusions

Expanding on the concept of null-type supramolecular poly-
mers, we report herein the synthesis of three isomeric Z-shaped
perylenediimides (Z-PDIs 1-3), featuring a central PDI core
connected to peripheral tris(dodecyl)oxybenzamide units via an
alanine-based linker. Notably, the symmetric Z-PDIs 1 and 3 are
derived from starting amines capable of undergoing intra-
molecular transamidation, enabling the efficient, one-pot
synthesis of all three isomers. The self-assembly behavior of

these Z-PDIs, which takes place by the operation of

Chem. Sci.

intermolecular H-bonding interactions between the amide
functional groups and the m-stacking of the central PDI cores,
was comprehensively characterized using a range of spectro-
scopic techniques. Consistent with our earlier findings on null-
type supramolecular polymers, the UV-Vis spectra of the
aggregated species closely mirror those of the corresponding
monomers, supporting the formation of null-type supramolec-
ular polymers. Importantly, the spatial placement of the
stereogenic center was found to significantly influence aggre-
gate stability: increased separation from the PDI core correlates
with enhanced structural stability. The peripheral benzamide
moieties promote kinetically controlled polymerization through
the formation of intramolecular hydrogen-bonded pseudo-
cycles, with the stereocenter's position again playing a critical
role in modulating the kinetics of self-assembly. Finally, we
demonstrate the effective transmission of point chirality from
the molecular linker to the supramolecular architecture,
yielding chiral, null-type supramolecular polymers. These
results deepen our understanding of null-type polymer systems
and open new avenues for the design of their chiral analogues.
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