Chinese Chemical Letters 35 (2024) 109909

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Unraveling temperature-dependent supramolecular polymorphism of ®)
naphthalimide-substituted benzene-1,3,5-tricarboxamide derivatives =

Yu Hong?P, Yugqian Jiang®*, Chenhuan Yuan®, Decai Wang?*, Yimeng SunP®, Jian Jiang?*

3 College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University, Nanjing 211816, China
b CAS Key laboratory of Nanosystem and Hierarchical Fabrication, National Center for Nanoscience and Technology, Beijing 100190, China

ARTICLE INFO

ABSTRACT

Article history:

Received 24 January 2024
Revised 17 April 2024
Accepted 18 April 2024
Available online 21 April 2024

Keywords:

Supramolecular polymorphism
Naphthalimide
Temperature-dependent
Distinct pathway
Benzene-1,3,5-tricarboxamide

Temperature plays a crucial role in regulating polymorphism in supramolecular polymers. Understanding
the mechanism behind temperature-dependent supramolecular polymorphism is crucial as it provides an
opportunity to tailor polymorphs for specific properties and applications. In this study, we present our
findings on a naphthalimide-substituted benzene-1,3,5-tricarboxamide derivative, R-Nap-1, which exhibits
two distinct polymerization pathways at varying temperatures. At 313 K, polymerization results in the for-
mation of an M-chiral polymorph, whereas at 253 K, a P-chiral polymorph is formed. Both polymorphs are
notably stable, remaining unchanged for over six months under ambient conditions. Theoretical calcula-
tions and experimental investigations allowed us to elucidate the mechanisms underlying these polymor-
phic transformations. The formation of the M-chiral polymorph at 313K is attributed to the nucleation
and growth of R-Nap-1 monomers once their concentration surpasses a critical threshold. Conversely,
at lower temperatures (e.g., 253 K), the monomers undergo facile transformation into dimers due to a
lower energy barrier and reduced Gibbs energy compared to the monomeric state. Subsequently, these
dimers undergo nucleation-elongation to form the P-chiral polymorph when their concentration exceeds
the critical polymerization concentration. The stability and lack of interconversion between the two poly-
morphs can be attributed to their close thermodynamic stabilities, as evidenced by variable-temperature
CD spectra and DFT calculations. These findings highlight the importance of accurate temperature control
in supramolecular polymerization processes, making a significant contribution to the understanding of

supramolecular polymorphism, thus advancing the field of supramolecular chemistry.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Polymorphism is a widely observed phenomenon in crystalline
materials, wherein a single substance can adopt different arrange-
ments within the unit cells, resulting in the formation of multi-
ple crystalline phases with distinct performances [1-3]. For ex-
ample, there are several species of calcium carbonate crystalline
polymorphs found in nature, including aragonite, calcite, vaterite,
monohydrocalcite, and ikaite, each showcasing specific physico-
chemical attributes [4,5]. In the pharmaceutical industry, polymor-
phism also carries significant implications for drug dissolution rate,
solubility, bioavailability, and efficacy [6-8]. Consequently, substan-
tial efforts have been dedicated to comprehending and controlling
the formation of crystal polymorphs [9-11].

On the other hand, supramolecular polymers have gained sig-
nificant attention within the scientific community due to their ver-
satile design [12-25], reversible properties [26-28], responsiveness
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to stimuli [29-33], and tunable characteristics [34-43]. The investi-
gation of supramolecular polymerization mechanism has unveiled
the existence of "pathway complexity” [44] and "on/off path-
way" [45-61] phenomena, occurring during the transition from
monomers to kinetically and thermodynamically stable aggregates.
Additionally, supramolecular polymorphism, characterized by the
formation of distinct stable polymers from identical monomers un-
der different conditions, has been observed [62-70]. By manipulat-
ing external factors such as temperature, solvent, and concentra-
tion, it becomes possible to achieve diverse supramolecular poly-
morphs with unique properties. Notably, the effect of temperature
on supramolecular polymorphism has been extensively studied. For
instance, Wan et al. reported the formation of right-handed rib-
bons when a D-glucoside-based low-molecular-mass gelator was
rapidly cooled, whereas left-handed ribbons were observed dur-
ing slow cooling, the ribbons were further employerd as templates
for constructing an opposite chiral arrangement of silver nanopar-
ticles [71,72]. Additionally, Wiirthner and colleagues discovered
three distinct polymorphs of a perylene bisimide (PBI)-based
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Fig. 1. (a) Chemical structures of R-Nap-1 and multiple molecular conformations based on the organization of intramolecular hydrogen bonding. (b) The diagram of
supramolecular polymorphism of R-Nap-1 under different temperatures, where M-helical polymorph Aggs;3 was obtained under 313K (pathway I), and P-helical polymorph

Aggys3 was obtained under 253 K (pathway II).

molecule by manipulating temperature and sonication time, with
these polymorphs exhibiting long-term stability at room tempera-
ture [69]. Recently, Liu et al. found a 3-(4-pyridyl)acrylic acid glu-
tamide derivative present distinct chiral nanotwist and nanotubes
depending on the cooling rate from hot monomer solutions [73].
Therefore, it is highly desirable to develop temperature-dependent
supramolecular polymorphs and unravel the underlying mecha-
nisms.

In this study, we investigated the supramolecular polymor-
phic behavior of R-Nap-1, a derivative of naphthalimide-substituted
benzene-1,3,5-tricarboxamide. The R-Nap-1 system demonstrates
temperature-dependent supramolecular polymorphism behavior,
which should be caused by the temperature-dependent molecu-
lar conformations, as depicted in Fig. 1. At room temperature, R-
Nap-1 monomers adopt a folded conformation with intramolecu-
lar hydrogen bonding. However, with increasing temperature, the
predominant conformation of R-Nap-1 transitions to an extended
form without hydrogen bonding. Conversely, decreasing the tem-
perature to 253K may encourage the preferential formation of
energy-favorable dimers. Remarkably, when the concentration of
R-Nap-1 in the solvent exceeds a critical threshold, two distinct
supramolecular polymerization pathways are observed at different
temperatures. Polymerization conducted at 313K results in the for-
mation of a thermally stable M-chiral polymorph. Conversely, con-
ducting polymerization at 253 K under the same solvent and con-
centration conditions generates a P-chiral polymorph, as depicted
in Fig. 1b. Notably, both of two polymorphs have demonstrated
long-term stability, lasting over six months under ambient condi-
tions. The combination of theoretical calculations and experimental
results provides compelling evidence that the M-chiral supramolec-
ular polymorph arises from the nucleation and growth of R-Nap-1
monomers at 313 K. Conversely, the P-chiral polymorph originates
from the cooperative polymerization of R-Nap-1 dimers at 253 K.
These findings provide valuable insights into the governance of
supramolecular polymorphism by distinct molecular units during
polymerization under different temperature conditions.

R-Nap-1 and S-Nap-1 were synthesized according to a multi-
step procedure, as depicted in Scheme S1 (Supporting informa-
tion). Firstly, trimesoyl chloride was reacted with either 2N of R-

2-aminooctane or S-2-aminooctane, resulting in the formation of a
benzene dicarboxamide intermediate. Subsequently, this interme-
diate was further reacted with (2-aminoethyl)naphthalimide to ob-
tain R-Nap-1 or S-Nap-1. The synthesis and characterization details
can be found in Supporting information.

R-Nap-1 displays high solubility in chloroform (CHCl3) but
low solubility in toluene (Tol). However, when R-Nap-1 was
heated and dissolved in a series of solvent mixtures consist-
ing of CHCl; and Tol, followed by cooling at 293K, the forma-
tion of a transparent gel was observed (Fig. S1 in Supporting
information, ¢y =1 x 10~3 mol/L), indicating supramolecular poly-
merization. Furthermore, the optimal medium for studying the
supramolecular polymerization of R-Nap-1 was determined to be a
solvent mixture with a volumetric ratio of CHCl3:Tol =5:95, based
on the highest intensity of the CD signal observed in this specific
solvent mixture at polymerization temperatures of 313K and 253 K
(Fig. S2 in Supporting information).

To investigate the temperature-dependent supramolecular poly-
merization pathway, the following experiments were conducted.
Initially, R-Nap-1 was fully dissolved in a CHCl3/Tol solvent at
353K at the concentration of 1 x 10~3 mol/L (Fig. S3 in Support-
ing information, CD silence). The resulting hot solution was quickly
transferred to a pre-cooled chamber maintained at a specific tem-
perature for approximately 2h to facilitate sufficient supramolec-
ular polymerization. Subsequently, the sample was removed from
the chamber and allowed to equilibrate to room temperature for
further characterization (Fig. 2a). Remarkably, supramolecular poly-
merization occurred within the temperature range of 318K to
278K, leading to the formation of a transparent gel (Fig. 2a and Fig.
S4a in Supporting information). However, when the temperature
for supramolecular polymerization ranged from 273K to 248K,
only a suspension was observed (Fig. 2a and Fig. S4a). These find-
ings strongly indicate the presence of distinct self-assembly path-
ways depending on the temperature of supramolecular polymer-
ization.

Distinct microstructures were observed when analyzing the
morphology of supramolecular polymers obtained at different tem-
peratures. Polymerization carried out within the temperature range
of 318K to 298K yielded well-defined nanofibers with widths
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Fig. 2. (a) The supramolecular polymerization procedure of R-Nap-1 in a CHCl5/Tol
solvent (cr=1x 103 mol/L), R-Nap-1 is initially dissolved in the solvent mixture
at 353K and then quickly transferred to a pre-cooled chamber maintained at a
specific temperature for supramolecular polymerization. At 313K, a transparent gel
consisting of thin nanofibers is formed, while at 253K, a suspension consisting of
nanofiber bundles is observed. (b) UV-vis absorption (ABS) and (c) fluorescence (FL)
spectra of R-Nap-1 in a diluted CHCI3/Tol solvent (cr =1 x 10~ mol/L), as well as the
aggregated states Aggsjz and Aggyss (cr=1 x 10~ mol/L). (d) The circular dichroism
(CD) and (e) circularly polarized luminescence (CPL) spectra of R/S-Aggs;3 and R/S-
Aggys3 obtained from R-Nap-1 and S-Nap-1 respectively (cr =1 x 10-3 mol/L). In all
cases, the solvent mixture of CHCl3 and Tol was with a volumetric ratio of 5:95.

ranging from 50nm to 100nm and lengths reaching several hun-
dred micrometers. On the other hand, polymerizations conducted
at temperature ranging from 273K to 248K resulted in thicker
nanofiber bundles with widths of 200-500 nm and lengths of sev-
eral tens micrometers (Fig. 2a and Fig. S4b in Supporting infor-
mation). At temperature ranging from 293K to 278K, a combina-
tion of nanofibers and nanofiber bundles was observed (Fig. S4b).
These results suggest that the preferential formation of a gel-like
structure occurs through an entangled network composed of thin
nanofibers, while the presence of bundle-like nanostructures tends
to result in a suspension.

Distinct circular dichroism (CD) signals were observed for poly-
mers obtained at various temperatures, as illustrated in Fig. 2d and
Fig. S5 (Supporting information). Polymers obtained between 318 K
and 303K exhibited a bisignated Cotton effect with a crossover at
approximately 365 nm. Negative maxima were observed at 370 nm,
while positive maxima appeared at 334nm, indicating the pres-
ence of M-chiral naphthalimide-naphthalimide (Nap-Nap) pack-
ing in the polymers. The CD signal intensity gradually increased
with higher supramolecular polymerization temperatures, peaking
at 313K, as shown in Fig. S5. Subsequently, as the temperature
continued to rise, there was a reduction in the CD signal intensity.
Interestingly, supramolecular polymers formed between 298 K and
248K displayed an inverse bisignated Cotton effect, with negative
maxima around 334 nm and positive maxima at 365 nm, suggest-
ing a preference for P-chiral packing of the Nap chromophores in
these polymers (Fig. 2d and Fig. S5). Notably, as the supramolec-
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ular polymerization temperature decreased, the CD signal inten-
sity gradually increased, reaching its maximum at 253K (Fig. S5).
To further elucidate the underlying mechanism of supramolec-
ular polymorphism, we selected two model polymers with the
most prominent chiral signals: Aggs;3 and Aggps3, obtained at
313K and 253K, respectively. These model polymers will serve
as representatives for investigating the underlying phenomena in
detail.

The absorption and emission spectra of R-Nap-1 monomer,
Aggs3 and Aggys3 were investigated. In a diluted CHCl3/Tol sol-
vent, the absorption spectrum of R-Nap-1 showed an absorption
band at 335.5nm, corresponding to the w—m* electronic tran-
sition of the Nap moiety (Fig. 2b, cr=1 x 10~> mol/L). However,
the absorption bands of both Aggs;3 and Agg,ss exhibited hyp-
sochromic shifts which were 333.1 nm and 332.6 nm, respectively,
indicating the formation of H-type aggregation in both polymorphs
(Fig. 2b). The fluorescence spectrum of R-Nap-1 in dilute solution
exhibited a broad emission with a maximum at around 402 nm.
However, Aggsi;3 and Aggyss exhibited red-shifted emission max-
ima at approximately 448 nm and 440nm respectively, suggest-
ing the presence of intermolecular -7 stacking among the Nap
chromophores (Fig. 2c). Moreover, the excited states of Aggsis
and Agg,s3 polymorphs exhibited distinct chiral emission behavior.
Aggs3 exhibited a negative circularly polarized luminescence (CPL)
signal at approximately 450 nm, while Agg,s3 exhibited a stronger
positive CPL signal at around 440nm (Fig. 2e). These results in-
dicated significant differences in the molecular packing structures
between Aggs;3 and Agg,s3 polymorphs. As expected, the poly-
morphs obtained from S-Nap-1 exhibited nearly mirrored CD and
CPL characteristics compared to R-Nap-1 polymorphs, respectively
(Figs. 2d and e). It is worth noting that both CD and CPL signals
of Aggsi3 and Aggyss are only slightly changed after aging for six
months under ambient condition. This finding indicated that the
polymorphs maintain long-term stability without undergoing inter-
conversion (Fig. S6 in Supporting information).

The concentration-dependent supramolecular polymerization
behavior of R-Nap-1 was investigated at temperatures of 313K and
253K using their CD and FL spectra. The critical concentrations for
polymerization were determined by analyzing the concentration-
dependent CD spectra (Figs. S7a and c in Supporting information).
At 313K, the critical concentration was found to be 3 x 10~% mol/L,
while at 253K, it was 2 x 10~*mol/L. The degree of polymeriza-
tion gradually increased and reached its maximum when the con-
centration of R-Nap-1 exceeded 7 x 10~*mol/L at both tempera-
tures (Figs. S7a, S7c and S8 in Supporting information). Analysis
of FL spectra revealed the similar trends. At 313K, as the concen-
tration of R-Nap-1 increased from 1 x 10~4 mol/L to 3 x 10~% mol/L,
there was a red shift in the emission maximum from 402 nm to
approximately 439nm. Further increasing the concentration be-
yond 7 x 10~4 mol/L caused an additional red shift, resulting in an
emission maximum around 448 nm (Fig. S7b in Supporting infor-
mation). A similar behavior was observed for polymerization at
253K, where the emission maximum red-shifted to 436 nm at a
concentration of 2 x 10~* mol/L and reached equilibrium beyond a
concentration of 7 x 10~4mol/L. These findings indicate that poly-
morphs can form once the concentration of R-Nap-1 surpasses a
critical value, with Agg,s3 being obtained at a relatively lower con-
centration compared to Aggsis.

Variable-temperature CD spectra were employed to investigate
the supramolecular polymerization mechanism of the Aggs3 and
Aggys3 polymorphs (Figs. 3a and b, Fig. S9 in Supporting informa-
tion). However, due to the considerable difficulties in monitoring
the polymerization process for Aggs;3 and Agg,s3, only the disso-
ciation process was considered for understanding the polymeriza-
tion mechanism. The degree of aggregation (oagg) was determined
by analyzing the maximum Cotton effect at 334nm and plotted
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Fig. 3. Variable-temperature CD spectra of (a) Aggs;3 and (b) Aggys3 obtained from
heating process (1K/min), respectively. (c) Plot of the o,gg versus temperature for
Aggsiz and Aggyss, cr=1x10"3mol/L. (d) Thermodynamic parameters of Aggss
and Agg,s3 were calculated using a nucleation-elongation model.

against temperature (Fig. 3¢ and Fig. S10 in Supporting informa-
tion). For Aggsi3, the aage versus temperature curve exhibited a
nonsigmoidal shape with a sharp transition at the critical tempera-
ture (Te), indicating a cooperative nucleation-elongation model. In-
creasing the concentration from 8 x 10~4 mol/L to 1.2 x 10-3 mol/L
resulted in an increase in Te from 336K to 346K (Table S1 in Sup-
porting information). Similarly, the temperature-dependent «gg
for Agg,s3 also followed a cooperative polymerization mechanism
(Fig. 3c and Fig. S10 in Supporting information). Increasing the
concentration led to elevated T. values, ranging from 331K to
341K. The corresponding thermodynamic parameters AH, AG, and
Ke of both Aggs3 and Agg,s3 were calculated using a nucleation-
elongation model (Fig. 3d, Tables S1 and S2 in Supporting informa-
tion). Notably, for each concentration, the AG value of both poly-
morphs approximated closely, while the Aggs;3 polymorph consis-
tently displayed slightly negative values compared to that of the
Agg,s3 polymorph. Thus, from the thermodynamic analysis, it can
be concluded that R-Nap-1 formed a more thermodynamically sta-
ble aggregate at 313K than at 253 K. In addition, a thermal hystere-
sis between cooling and heating curves of o,g; Was observed under
a cooling/heating rate of 1K/min, indicating a kinetically controlled
cooling process and the existence of kinetic metastable state (Fig.
S11 in Supporting information).

To comprehensively investigate the supramolecular polymor-
phism mechanism of R-Nap-1, several crucial steps were un-
dertaken. Initially, the molecular conformation of the R-Nap-1
monomer was thoroughly examined. Subsequently, the packing
arrangement of R-Nap-1 in both aggregates and dimeric forms
was meticulously analyzed. Finally, the supramolecular polymer-
ization pathway and energy landscape were elucidated to facil-
itate a deeper understanding of the mechanisms underlying the
supramolecular polymorphism observed in R-Nap-1.

To investigate the molecular conformation of monomeric R-
Nap-1, variable-temperature 'H NMR spectroscopy was conducted
in a soluble solvent, specifically 1,1,2,2-tetrachloroethane-d, (TCE-
d), at a concentration of 1 x 10~3 mol/L. The obtained results re-
vealed temperature-dependent changes in two distinct types of
protons. One type originated from the amide group directly linked
to the Nap moiety, exhibiting a triplet signal split. The other type
arose from the adjacent symmetrical amide on the benzene ring,
displaying a doublet signal split. Remarkably, as the temperature
increased from 298 K to 353K (Fig. 4b), both types of protons ex-
hibited up-field shifts. These observed shifts can be possibly at-
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Fig. 4. (a) The most stable molecular structures of R-Nap-1 monomer in toluene
obtained by conformational search calculations, the calculated Boltzmann polulation
at 298K of each conformation is listed in parentheses. (b) Variable-temperature 'H
NMR spectroscopy of R-Nap-1 dissolved in TCE-d; (cr =1 x 10-3 mol/L). (c) Variable-
temperature Fourier-transform infrared (FT-IR) spectrum of the R-Nap-1 dissolved in
TCE (cr =1 x 103 mol/L).

tributed to the intramolecular hydrogen bonds in monomeric R-
Nap-1 at 298 K. However, elevating temperature disrupts these
hydrogen bonding interactions due to increased molecular vi-
brational energy. Furthermore, theoretical calculations were per-
formed to simulate the molecular conformation of monomeric R-
Nap-1. MD simulations based on the xTB method [74] and QM cal-
culations employing B3LYP-D3/6-31G(d) and wB97XD/aug-cc-pvtz
levels within the Gaussian16 program [75] were combined to con-
duct a conformational search. The optimized most stable molecular
structures in toluene, as shown in Fig. 4a, supported the formation
of a foldable structure through intramolecular hydrogen bonding
interactions involving the N-H group of the amide and the C=0
group of Nap. In addition, the stretching vibration of the C=0 band
of the Nap moiety shifted from 1702 cm~! to 1698 cm~! as the
temperature decreased from 353 K to 298 K (Fig. 4c), providing ad-
ditional evidence supporting the presence of intramolecular hydro-
gen bonding between the amide hydrogen and the carbonyl oxy-
gen within Nap at 298 K. Consequently, based on these findings, it
can be concluded that R-Nap-1 molecule tends to adopt a folded
conformation at room temperature, facilitated by the presence of
intramolecular hydrogen bonds. This conformational arrangement
hinders the formation of intermolecular hydrogen bonding among
R-Nap-1 molecules, thereby impeding polymerization at low con-
centrations (e.g., cr < 2 x 1074 mol/L at 253 K).

To study the self-assembling process and understand the pack-
ing structure of Aggs3 and Aggss, conformational search compu-
tation has also been done on R-Nap-1 decamers. The Molclus pro-
gram'’s "gentor" [76] feature was utilized to generate a series of
initial structures for R-Nap-1 decamers. The large systems were
optimized using the semiempirical GFN2-xTB method, known for
its similarity to DFTB3 [77,78]. Two most stable decamer struc-
tures were identified, as depicted in Fig. 5. Decamer 1 was found
to be the global energy minimum with a Boltzmann population
of 88.44% at 298K. In this structure, three hydrogen bonds ex-
isted between the amide protons and amide oxygen, and the R-
Nap-1 monomeric repeating units exhibited M-chiral packing. De-
camer 2 is the second lowest energy state, slightly higher than de-
camer 1 (AEw= 1.22 kcal/mol), possessed a Boltzmann population
of 11.23%. Detailed examination revealed that decamer 2 consisted
of dimers serving as basic units, featuring three hydrogen bonds
within each dimer and two additional hydrogen bonds connecting
the dimers. Consequently, a P-chirality packing arrangement was
observed. To further analyze the structures, we further calculated
the CD spectra of the selected tetramers of decamer 1 and decamer
2 by using (TD)B3LYP-D3/6-31G(d,p). Remarkably, the theoretical
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Fig. 5. The theoretical two most stable R-Nap-1 decamer configurations (a) de-
camer 1 and (b) decamer 2, where the selected tetramers were particularly shown
in sideview with hydrogen bonds and in topview with -7 stacking Naps. (c)
Experimental CD spectra of Aggs;3 and Aggps3 and theoretical CD spectra of the
selected tetramers of decamer 1 and decamer 2. (d) FT-IR spectrum of R-Nap-1
monomer, Aggs3 and Aggrss.

CD spectrum of decamer 1 closely matched the experimental data
of Aggs3, while the theoretical CD spectrum of decamer 2 resem-
bled the experimental data of Agg,s3 (Fig. 5¢). Therefore, combin-
ing these findings with the fitted thermodynamic parameter AG
of Aggsi3 and Aggyss, it can be inferred that Aggs3 adopts the
packing structure of decamer 1, while Agg,s3 corresponds to de-
camer 2. Notably, the stretching frequency of C=0 group in Nap for
both Aggs(3 and Agg,s3 was around 1706 cm~! (Fig. 5d), indicating
that the carbonyl groups within Nap do not participate in hydro-
gen bonding in polymorphs, which is consistent with the proposed
model.

In order to assess the potential formation of a dimer in the
supramolecular polymerization process of Agg,ss, theoretical cal-
culations were conducted. The aggregation behavior of two op-
timized R-Nap-1 molecules at different temperatures (253K and
313K) in toluene were studied by MD combined with GFN2-XTB
method respectively. A starting configuration consisting of two
folded monomers of R-Nap-1 in a face-to-face stacking structure
was employed for the MD simulations, where a total simulation
time 3ns with a time step of 2 fs was set. Fig. S12 (Supporting
information) presents selected MD snapshots of the two R-Nap-1
molecules at 253K and 313K. At 253K, the simulations demon-
strated a gradual unfolding of the folded molecules. Due to the -
7 stacking interaction between Naps and intermolecular hydrogen
bonding forces, a stable dimer structure with -7 stacked Naps
formed within 100 ps and remained stable thereafter. However, at
313K, despite the unfolding of the two folded molecules within
10 ps, the dimer exhibited significant changes throughout the sim-
ulation due to enhanced molecular vibrations resulting from the
higher temperature. The histograms of the distances between two
Naps of all MD snapshots helped us visualize the good stability
of m-m stacking dimer structure at 253 K, while the instability of
dimer at 313K (Fig. S13 in Supporting information). These observa-
tions suggest that dimer formation is favored at 253 K but hindered
at 313 K. Additionally, a conformational search calculation was con-
ducted to determine the R-Nap-1 dimer structure as applied to the
R-Nap-1 monomer. The resulting optimized structures, depicted in
Fig. S14 (Supporting information), revealed the presence of both
intramolecular and intermolecular hydrogen bonds in the R-Nap-
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1 dimer. Moreover, the binding energy of the dimer, calculated as
Epind = (Gdimer — 2Gmonomer)/2, was found to be —4.168 kcal/mol, in-
dicating R-Nap-1 molecules are energetically favorable for the for-
mation of dimer.

The formation of the dimer species at 253K can be verified
by the following experiments. Firstly, the variable temperature
TH NMR spectroscopy was conducted on R-Nap-1 in a deuter-
ated toluene and CDCl; mixture solution with a concentration of
1 x 10~4 mol/L, which is below the critical polymerization concen-
tration, allowing for the capture of dimer species. The results re-
vealed pronounced broadening and reduced intensity of proton
signals corresponding to Phenyl and Nap moieties as the temper-
ature decreased from 298K to 253K, indicating the occurrence of
- stacking between Naps and Phenyls. In contrast, no broaden-
ing was observed for the proton signals these moieties in the case
of monomeric R-Nap-1 dissolved in TCE-d, (Fig. S15 in Supporting
information). This significant contrast further supports the propo-
sition that the observed changes are specific to the formation of
dimeric structures at 253 K. Moreover, the proton signal spectrum
of R-Nap-1 in the deuterated toluene and CDCl; mixture solution
returned to its initial state upon returning to 298K, indicating the
reversible nature of the dimerization process, which is well consis-
tent with the theoretical calculation (Fig. S15). In addition, fluores-
cence spectra of R-Nap-1 in CHCl3/Tol solvent (c;=1 x 10~4 mol/L)
exhibited a red-shifted emission maximum from 402 nm to 406 nm
as the temperature decreased from 298 K to 253 K, which reverted
to 402nm upon recovery to 298 K. Conversely, no obvious red-
shift was observed for monomeric R-Nap-1 in TCE as the temper-
ature decreased (Fig. S16 in Supporting information). These results
further support the formation of dimeric structure of R-Nap-1 in
CHCl3/Tol solvent at 253 K. Moreover, matrix-assisted laser desorp-
tion/ionization (MALDI) mass spectrometry demonstrated distinct
signals for the dimeric and monomeric forms of R-Nap-1. Specifi-
cally, an observable signal at m/z=1331.7 corresponding to the Na*
adduct of dimer, along with a peak representing the Na* adduct
of the monomer at m/z=677, were detected for Agg,s3 (Fig. S17
in Supporting information). In contrast, only a monomeric signal
could be observed for Aggsq3. These results indicated the existence
of dimer species in the case of Agg,s3. Therefore, the spectral and
mass spectrometry data demonstrated the formation of the R-Nap-
1 dimer species at a temperature of 253 K.

Based on theoretical calculations and experimental results, the
energy landscape was illustrated in Fig. 6, revealing two distinct
pathways dependent on the polymerization temperature. R-Nap-1
monomer exists as folded conformation due to the intramolecu-
lar hydrogen bonding between amides and Nap moiety at room
temperature. At lower temperatures (e.g., 253K), the monomers
readily undergo transformation into dimers, facilitated by a low
energy barrier and lower Gibbs free energy compared to that
of the monomeric state. However, the dimer lacks stability at
higher temperatures (e.g., 313K) due to increased molecular vi-
brational energy. Supramolecular polymerization leads to the for-
mation of Agg,s3 when the concentration of R-Nap-1 surpasses a
critical threshold (2 x 10~4mol/L) at 253 K. The presence of suffi-
cient dimers in the system initiates nucleation, which subsequently
elongates into the P-chiral Agg,s; aggregates. Conversely, at 313K,
the dominant species are the monomeric R-Nap-1 molecules, and
nucleation proceeds towards the thermodynamically stable M-
chiral Aggs3 as the concentration reaches 3 x 10~4 mol/L. An addi-
tional experiment demonstrated that polymerization does not oc-
cur with R-Nap-1 at a concentration of 2 x 10~4mol/L at 313K,
while the Agg,s3 polymorph could be obtained upon cooling the
solution to 253K (Fig. S18 in Supporting information). Therefore,
the formation of stable dimers and their energetic preference for
aggregation towards Agg,s3 is crucial factors for achieving poly-
morphism. It is noteworthy that both Agg,s3 and Aggsy3 exhibit
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Fig. 6. The energy landscape of R-Nap-1 supramolecular polymerization pathways at 253 K and 313 K respectively.

similarly low energies, contributing to the exceptional stability ob-
served for these two distinct polymorphs.

Furthermore, the supramolecular polymerization behavior of a
similar derivative R-Nap-2 was investigated. In R-Nap-2, the alkyl
chain connecting the Nap and benzene ring was elongated from
two methylene units to three methylene units (Fig. S19 in Sup-
porting information). The results revealed that at 313K, R-Nap-2
exhibited a CD signal pattern comparable to that observed in R-
Nap-1 based Aggsi3, indicating the formation of M-chiral aggre-
gates. However, when the polymerization process was conducted
at a lower temperature of 253K, a similar CD signal pattern was
observed, albeit with diminished intensity (Fig. S19b). This obser-
vation suggests that M-chiral aggregates were also formed at 253 K,
which is different from that of R-Nap-1, and there is a lack of poly-
morphism in the R-Nap-2 system. The CPL spectra of R-Nap-2 pre-
sented similar behavior (Fig. S19c). Additionally, variable tempera-
ture 'H NMR analysis and Theoretical calculations further demon-
strated the formation of a folded structure for R-Nap-2 monomer
under ambient condition, similar to R-Nap-1 (Figs. S19a and S20
in Supporting information). However, MD snapshots revealed that
the formation of dimers is unfavorable for R-Nap-2 at both 313K
and 253 K (Fig. S21 in Supporting information). As a result, R-Nap-2
could only undergo monomeric nucleation polymerization to form
M-chiral aggregates at both temperatures. These findings provide
further confirmation that the formation of a stable dimer, as ob-
served in R-Nap-1 at low temperatures, plays a pivotal role in the
phenomenon of polymorphism.

In conclusion, the supramolecular polymorphism of a
naphthalimide-substituted benzene-1,3,5-tricarboxamide derivative
R-Nap-1 was carefully investigated. The study provides insights
into the formation of two distinct temperature-dependent poly-
morphs. At 253K, the P-chiral Agg,s3 polymorph was observed,
while at 313K, the M-chiral Aggs;3 polymorph was formed. Both
the Agg,s3 and Aggsis polymorphs exhibited exceptional stability,
demonstrated by minimal changes in their CD and CPL signals
over six months. Theoretical calculations and experimental find-
ings supported the hypothesis that the R-Nap-1 monomers actively
engaged in cooperative polymerization, leading to the formation
of the M-chiral Aggs;3 polymorph at 313 K. Conversely, at 253K, R-
Nap-1 monomers favored the formation of energetically favorable
dimers, thereby promoting the nucleation elongation of dimers
and resulting in the formation of the P-chiral Agg,s; polymorph.
These findings significantly contribute to our understanding of
the relationship between supramolecular polymorphism and
polymerization temperature, thereby highlighting the potential

to selectively obtain supramolecular polymorphs with unique
properties through meticulous temperature control.
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