
Angewandte
International Edition

A Journal of the Gesellschaft Deutscher Chemiker

www.angewandte.org
Chemie

Accepted Article

Title: Thermoreversible Polymorph Transitions in Supramolecular
Polymers of Hydrogen-Bonded Squaramides

Authors: Sergi Bujosa, Azahara Doncel-Giménez, Nils Bäumer,
Gustavo Fernández, Enrique Ortí, Antonio Costa, Carmen
Rotger, Juan Aragó, and Bartolome Soberats

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). The VoR will be published online
in Early View as soon as possible and may be different to this Accepted
Article as a result of editing. Readers should obtain the VoR from the
journal website shown below when it is published to ensure accuracy of
information. The authors are responsible for the content of this Accepted
Article.

To be cited as: Angew. Chem. Int. Ed. 2022, e202213345

Link to VoR: https://doi.org/10.1002/anie.202213345

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202213345&domain=pdf&date_stamp=2022-09-30


RESEARCH ARTICLE    

1 
 

Thermoreversible Polymorph Transitions in Supramolecular 
Polymers of Hydrogen-Bonded Squaramides  
Sergi Bujosa,[a]† Azahara Doncel-Giménez,[b]† Nils Bäumer,[c] Gustavo Fernández,[c] Enrique Ortí,[b] 
Antonio Costa,[a] Carmen Rotger,[a] Juan Aragó,*[b] and Bartolome Soberats*[a] 
[a] S. Bujosa, Prof. Dr. A. Costa, Dr. C. Rotger, Dr. B. Soberats 

Department of Chemistry 
Universitat de les Illes Balears 
Cra. Valldemossa, Km. 7.5, 07122, Palma de Mallorca, Spain 
E-mail: b.soberats@uib.es 

[b] A. Doncel-Giménez, Prof. Dr. E. Ortí, Dr. J. Aragó 
Instituto de Ciencia Molecular (ICMol) 
Universidad de Valencia  
C/Catedrático José Beltrán, 2, 46980 Paterna, Spain 
E-mail: juan.arago@uv.es 

[c] N. Bäumer, Prof. Dr. G. Fernández 
Westfälische Wilhelms-Universität Münster, Organisch-Chemisches Institut 
Corrensstraße 36, 48149 Münster, Germany 

[†] Co-first authors 

 Supporting information for this article is given via a link at the end of the document. 

 

Abstract: Hydrogen-bonded squaramide (SQ) supramolecular 
polymers exhibit uncommon thermoreversible polymorph transitions 
between particle- and fiber-like nanostructures. SQs 1-3, with different 
steric bulk, self-assemble in solution into particles (AggI) upon cooling 
to 298 K, and SQs 1 and 2, with only one dendronic group, show a 
reversible transformation into fibers (AggII) by further decreasing the 
temperature to 288 K. Nano-DSC and UV/Vis studies on SQ 1 reveal 
a concentration-dependent transition temperature and DH for the 
AggI-to-AggII conversion, while the kinetic studies on SQ 2 indicate 
the on-pathway nature of the polymorph transition. Spectroscopic and 
theoretical studies reveal that these transitions are triggered by the 
molecular reorganization of the SQs units changing from slipped to 
head-to-tail hydrogen bonding patterns. This work unveils the 
thermodynamic and kinetic aspects of reversible polymorph 
transitions that are of interest to develop stimuli-responsive systems. 

Introduction 

Understanding the complex self-assembly pathways of 
functional molecules is crucial to control the morphology and 
properties of supramolecular polymers.[1-8] In recent years, it has 
become evident that the occurrence of distinct kinetic and 
thermodynamic assemblies (pathway complexity) for specific 
building blocks strongly depends on the molecular structure , the 
chosen experimental conditions  and the sample processing 
techniques.[2-11] In typical examples of pathway complexity, the 
kinetically controlled species evolve over time into 
thermodynamically more stable states, via on-pathway[9,12-16] or 
off-pathway[10,11,17-21] mechanisms. Both processes have been 
observed for different molecular systems in organic solvents 
including oligo(p-phenylenevinylenes),[10] porphyrins,[11,13] 
perylene bisimides (PBIs),[17] merocyanines,[9] N-annulated 
perylenes,[15,19] and naphtalene bisimides[20] dyes, among other 
monomers. In most literature examples, the kinetic and 

thermodynamic states present a significant energy difference, 
which typically prevents the isolation of the kinetic products due 
to their short lifetimes.[2-8] 

In some cases, the stabilization energy of the different 
aggregated states differs only by a few kJ/mol, and they can be 
isolated under specific conditions in the same solvent, giving rise 
to supramolecular polymorphs.[22-27] For example, the formation of 
distinct 1D (fibrillar) supramolecular polymorphs with different 
molecular arrangements has been reported for Pt complexes[24] 
and PBIs[25] as a function of the sample processing (fast/slow 
heating-cooling process and sonication, respectively). Similarly, 
lamellar and fibrillar polymorphs have also been reported for 
squaraines,[28] PBIs,[29] and barbiturates.[30] However, the 
interconversion between supramolecular polymorphs is not 
straightforward, and commonly requires multistep sample 
processing methods which, in some cases, result in no direct 
conversion but via intermediate monomeric or kinetic states.[22-30] 

Importantly, since supramolecular polymorphs exhibit 
different molecular packing, morphology, and/or properties, 
controlled polymorph transformations are of great interest to 
develop stimuli-responsive systems. However, direct polymorph 
transitions are challenging to achieve, particularly in organic 
solvents where solvophobic effects are attenuated.[22,31-42] Among 
the scarce non-aqueous examples, a family of ester-bisurea 
monomers has been reported that reversibly self-assemble into 
three distinct hydrogen-bonded (H-bonded) fibrillar 
nanostructures depending on the temperature, which provide 
different viscosity to the solution.[38-41] These examples 
demonstrate that supramolecular polymers featuring polymorph 
transformations are potentially interesting stimuli-responsive 
systems, especially if the transitions between the polymorphs are 
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direct, reversible, and accompanied by significant 
structural/morphological changes. 

Figure 1. a) Molecular structures of SQ derivatives 1-3. b) Schematic 
representation of the self-assembly behavior of SQs 1-3 into AggI and the 
thermoreversible AggI-to-AggII transition for 1 and 2. 

Herein we report on new H-bonded squaramide (SQ) 
supramolecular polymers exhibiting direct thermoreversible 
polymorph transitions with remarkable morphology change 
between particle- and fiber-like nanostructures (Figure 1). Our 
study involves three new SQ monomers (1‒3, Figure 1a) with 
different steric bulk that self-assemble into AggI (nanoparticles) 
upon cooling from 365 to 298 K in methylcyclohexane (MCH). 
Remarkably, the SQ derivatives 1 and 2 with only one bulky 3,4,5-
tridodecyloxybenzyl substituent exhibit uncommon reversible 
aggregate transitions from AggI to a second polymorph AggII 
(fibers) upon decreasing the temperature below 288 K. 
Theoretical studies reveal that this transition is triggered by a 
molecular reorganization of the SQ groups that switch from 
slipped (AggI) to head-to-tail (AggII) H-bonded patterns (Figure 
1b). The temperature-driven AggI-to-AggII transformation is fast 
in SQ 1, but proceeds with slower kinetics for SQ 2. Nano-
differential scanning calorimetry (DSC) studies of SQ 1 reveal a 
concentration/morphology dependence of the thermodynamics of 
the polymorph transitions, whereas kinetic studies of SQ 2 point 
to an on-pathway conversion mechanism. 

Results and Discussion 

Self-Assembly UV/vis Studies   

The aggregation behavior of 1‒3 (Supporting Information) 
was initially assessed through variable-concentration and 
variable-temperature (VT) UV/vis measurements in MCH 
between 365 and 298 K (Figure 2 and S5-S14). SQs 1‒3 exhibit 
the characteristic SQ broad monomeric band peaking at 285 nm 
at high temperatures (365 K)[16,43,44] (Figure 2a, black line), 
ascribed to two bright electronic transitions mainly described by 
HOMO–1, HOMO → LUMO, LUMO+1 and HOMO–1, HOMO → 
LUMO+2, LUMO+3 monoexcitations of π–π* character.[16] The 

monomeric absorption profile of SQ 1 undergoes a gradual 
blueshift concomitantly with a substantial broadening covering the 
region from ca. 255 up to 340 nm by cooling down to 290‒298 K 
(Figure 2a, red line). The broad profile of this absorption band 
suggests the formation of an ill-defined aggregate (hereafter 
AggI). SQs 2 and 3 showed similar VT-UV behavior (Figures S8 
and S9). The cooling curves of SQ 1 show a non-sigmoidal 
transition between the monomeric species and AggI, indicating a 
cooperative self-assembly process (Figure 2b).[45,46] The 
experimental data could be fitted to the cooperative nucleation-
elongation model,[47] revealing a cooperativity factor of σ = 0.04‒
0.05 (Table S1). The self-assembly of SQ 2 followed a far less 
cooperative mechanism (σ = 0.8, Table S2). In contrast, the self-
assembly of SQ 3 was fitted to the isodesmic mechanism, but the 
observed slight deviations at intermediate temperatures suggest 
that a weakly anti-cooperative mechanism might be operative 
(Table S3).[48-51]  

Figure 2. a) VT-UV absorption spectra of 1 (3 × 10–5 M, MCH). Cooling rate: 1 
K min−1. b) Aggregation degree (aagg) vs. temperature extracted from VT-UV/vis 
at l = 319 nm at different concentrations along with the corresponding fits to the 
nucleation-elongation model using the global fitting approach. c) e vs. 
temperature (325‒278 K) extracted from VT-UV/vis at l = 319 nm at different 
concentrations. d) Polymorph diagram for SQ 1 obtained from cooling cycles of 
the VT-UV (dots) and nano-DSC (squares) experiments. 

Unexpectedly, by further cooling down SQ 1 (3 × 10–5 M, 
MCH) to 281 K, the UV absorption pattern of AggI evolved into 
two defined bands at 273 and 319 nm (Figure 2a, blue line), which 
was not observed for SQs 2 and 3. These spectral changes are 
attributed to the conversion of AggI into a second aggregate, from 
now on termed AggII. This two-band UV pattern of AggII is 
characteristic for a hydrogen-bond-driven head-to-tail assembly 
of SQs (Figure 1b).[16,43] Additional VT-UV/vis experiments 
revealed that this AggI-to-AggII transition is reversible (Figures 
S10 and S11), slightly concentration-dependent (Figure 2c), and 
occurs at ca. 288 K (3 × 10–5 M). Figure 2d shows the polymorph 
phase diagram of SQ 1 as a function of concentration and 
temperature extracted from the UV/vis and nano-DSC (vide infra) 
results. This AggI-to-AggII conversion is not directly observed in 
the VT-UV/vis experiments for compounds 2 and 3. However, we 
found that by aging a solution of SQ 2 (4 × 10–5 M) for 2‒5 hours 
at 278 K, 2-AggI also evolved to 2-AggII (Figure S12), revealing 
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that the process is governed by kinetic effects for this compound. 
No evolution of 3-AggI to 3-AggII was observed by aging the 
samples at 278 K, even after 1 month. 

Morphology Studies 

The morphology of AggI and AggII was initially assessed 
by atomic force microscopy (AFM). Spin-coating small volumes of 
AggI (V = 10 µL, 5 × 10–5 M, T = 298 K, MCH) onto highly-oriented 
pyrolytic graphite (HOPG) revealed the formation of small 
nanoparticles (height = 14.7 ± 3.6 nm) (Figures 3a and S15-S17). 
Identical results were obtained for SQs 1‒3, which agrees with 
the similar spectroscopic properties of AggI observed for all 
compounds (Figure S13). In contrast, cooling the solutions of SQ 
1 and 2 at 278 K for 3 hours led to the transformation into fibrillar 
arrangements (~10 nm) (AggII) that exhibit close lateral contacts 
into closely packed lamellar arrangements on HOPG (Figures 3b, 
S15, and S16). Note that a partial fracturing of individual fibers 
could be observed upon close inspection, which can be attributed 
to coating and drying effects, commonly observed in AFM studies. 
[52,53] 

Figure 3. AFM images of a) 2-AggI and b) 2-AggII (5 × 10–5 M) drop-casted 
onto HOPG at 298 K and 278 K, respectively. c) SAXS curves of SQ 2 in MCH 
at 5 × 10–3 M at 286 (blue triangles) and 298 K (orange squares), and at 1 × 10–

3 M at 298 K (red circles). The samples at 5 × 10–3 M were best fitted to flexible 
cylinder model (orange and blue lines) and the sample at 1 × 10–3 M was fitted 
to a sphere customized model (red line). d) SLS counts of SQ 2 at 298 K (AggI) 
as function of the concentration in MCH. 

Small-angle X-ray scattering (SAXS) experiments for SQs 
1‒3 were recorded in MCH at different concentrations and 
temperatures (Figures 3c, S18, and S19, and Tables S4-S6). 
These studies revealed SAXS curves with practically no q−1 slope 
for the AggI of SQs 1 and 2 at 298 K and 1 × 10–3 M (Figures 3c, 
red circles, and S18), which are characteristic of discrete 
aggregates.[50,54-56] The fitting of the experimental curves indicated 
that SQs 1 and 2 at 298 K form small spherical aggregates 
(Tables S4 and S5), in line with the AFM observations. However, 
no suitable SAXS curves (low intensity) were obtained for SQ 3 
and for 1 and 2 at lower temperatures. To overcome these 
experimental issues, additional SAXS experiments were carried 
out at higher concentrations. Figure 3c shows the SAXS profiles 
for SQ 2 at 5 × 10–3 M at 298 (orange) and 288 K (blue). The 
experimental curves obtained at both temperatures fit best to the 
flexible cylinder customized model with a radius of r ≈ 8.2 Å for 
AggI (298 K) and 8.8 Å for AggII (288 K) (Table S5).[22,43,54] 
Similar results were obtained for SQs 1 and 3 (Tables S4 and S5). 
These results agree with the AFM results for AggII, but point to a 
change in the morphology of AggI (298 K) at higher 
concentrations, from particles to fibers. Nevertheless, the UV 
patterns of SQs 1‒3 at 298 K (AggI) at 1 × 10–3 and 5 × 10–3 M 
are very similar (Figures S13 and S14), suggesting that, despite 
the distinct morphologies, the molecular packing remains 
unaltered. 

The size/morphology effects of the AggI of 1‒3 (MCH, 298 
K) were further analyzed by concentration-dependent static light 
scattering (SLS) (Figures 3d and S20). At low concentrations (< 2 
× 10–3 M), the SLS experiment of SQ 2 (Figure 3d) shows a slight 
gradual increase in the counts (intensity/kcps) with the 
concentration, which was linked to slight increments in the size of 
AggI. In contrast, above a concentration threshold of 2 × 10–3 M, 
a more pronounced increase in the counts upon increasing 
concentration was observed. The same trend was observed for 
SQs 1 and 3 (Figure S20). In line with the SAXS and AFM, these 
two concentration-dependent size variation regimes of the AggI 
of SQs 1‒3 were correlated with the formation of two distinct 
morphologies, particles at lower, and fibers at higher 
concentrations. Considering that both species have similar UV/vis 
profiles and molecular packing, the morphological change of AggI 
can be attributed to hierarchical effects, where the nanoparticles 
arrange into fibrillar structures by increasing the concentration 
(Figure S21).[57]  

Self-Assembly Mode of AggI and AggII 

The FT-IR experiments of SQs 1-3 at 298 and 278 K in 
MCH-d14 (Figures 4 and S22) revealed the presence of H-bonds 
in AggI and AggII, but the two aggregates present differences in 
the H-bonding pattern. For example, the FT-IR spectrum of 2 (5 × 
10–3 M) at 298 K (AggI) (Figure 4) shows a broad N−H stretching 
band at 3300 cm–1, while the C=O band appears at 1654 cm–1 with 
a shoulder at 1670 cm–1. This shoulder of the C=O signal is 
probably caused by an unsymmetric or ill-defined interaction 
pattern between SQs.[16,43] By decreasing the temperature, the 
FT-IR spectrum of compound 3 (AggI) remained unaltered 
(Figure S22), but those registered for 1 and 2 (AggII) display a 
symmetrization and a sharpening of the N−H and C=O stretching 
bands together with a displacement towards lower wavenumbers 
(Figure 4). This behavior is consistent with the formation of 
symmetric head-to-tail H-bonding interactions in AggII, where the 
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SQs units would display a Z,Z conformation (Figure 1b and 
Scheme S2),[16,43,58] as also supported by NMR (Figure S23).  
 

Figure 4. Infrared spectra of 2 (5 × 10-3 M, MCH-d14) at 299 (AggI, red) and 278 
K (AggII, blue). Inset shows the magnification of the C=O signals. 

The self-assembly mode of AggI and AggII was further 
studied at atomistic scale by quantum-chemical calculations 
(GFN2-xTB)[59] for 20-mers of SQs 1-3. To build these oligomers, 
all the SQ units were disposed in Z,Z conformation according to 
the experimental results. For the supramolecular growth, we 
considered slipped and head-to-tail interacting H-bonding 
patterns between vicinal SQs according to the literature.[16,43,54,58] 
Figure 5 displays two optimized 20-mers for SQ 1 associated with 
AggI and AggII whereas Figures S30 and S31 show the 
optimized models for SQ 2 and 3, respectively. For SQ 1, the self-
assembly process giving rise to AggI can be seen as a 
supramolecular growth of a dimer in which the SQ units are 
slightly slipped and the 3,4,5-tridodecyloxybenzyl units are in 
alternating positions (Figure 5a). This agrees with the information 
inferred from 1H NMR-NOE experiments of AggI for SQs 1 and 2 
(Figures S24-S29). Considering the centroids of the SQ units, the 
next interacting dimer in the aggregate is rotated by ca. 27° (θ) 
and displaced by around 10.70 Å (dc). In the resulting aggregate, 
only a carbonyl group of each SQ forms H-bonds with the two 
N−H groups of the vicinal SQ with similar distances around 1.95 
Å (dHB). Importantly, this supramolecular arrangement implies no 

significant internal reorganization of the interacting SQ monomers 
and avoids hindrance effects between the bulky 
trisdodecyloxybenzyl groups. Additionally, it can easily give rise 
to oligomers of different size that may interact between them 
without any long-range hierarchical order, in line with the 
nanoparticle-like morphology observed for AggI (Figure 3a). 

In contrast to AggI, a well-organized head-to-tail H-bonding 
pattern is predicted for AggII of 1 (Figure 5b). In this aggregate, 
the two C=O groups of each SQ unit form H-bonds with the 
respective N−H groups of the vicinal SQ with distances of around 
1.82 Å in a very symmetric way. Similar to AggI, the interacting 
SQs are disposed in an alternating manner to mitigate the 
repulsion between the bulky chains. This linear head-to-tail 
arrangement generates a permanent dipole moment that is likely 
to be compensated by an antiparallel π-π stacking between SQs 
of a similar linear assembly.[16,43] Note that similar structural 
models were obtained for AggI and AggII of SQs 2 and 3 (Figures 
S30 and S31). For the latter, however, the head-to-tail 
arrangement implies an important hindrance effect between the 
side dendrons of the symmetric structure of SQ 3 (Figure S31b). 

To analyze the relative stability of AggI and AggII for SQs 
1-3, three SQ units were removed from each end of the optimized 
20-mer (i.e. 14-mer) to mitigate terminal effects due to the lack of 
periodic boundary conditions and environmental effects. Single-
point calculations were then performed at the GFN2-xTB level for 
14-mers of 1-3. For SQ 1, similar energies per monomer unit were 
obtained for both aggregates AggI and AggII with a difference of 
2.97 kJ mol–1, AggII being the most stable due to the slightly more 
favorable H-bonding network (4 linear H-bonds per SQ unit). This 
trend is also maintained for SQ 2 with an energy difference per 
monomeric unit between both aggregates of 5.58 kJ mol–1. In 
contrast, AggII for SQ 3 is less stable than AggI by 0.86 kJ mol–1 
per monomeric unit due to steric repulsion. These theoretical 
findings support the experimental detection of two different 
supramolecular polymorphs (AggI and AggII) for SQ 1 and 2 
under different temperature conditions, AggII being the most 
stable structure, whereas only one aggregate (AggI) is 
characterized for SQ 3. According to this, it is apparent that the 
AggI-AggII transformation in SQs 1 and 2 is strongly influenced 
by steric effects, while changes in solvation with temperature may 
also play a role.[57] 
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Figure 5. Minimum-energy structures calculated at the GFN2-xTB level, including solvent effects (n-hexane), for the AggI (a) and AggII (b) models of SQ 1. Relevant 
intermolecular distances (dc and dHB) are indicated in Å and the rotational angle between vicinal SQ dimers θ in degrees (°). Color coding: C in green, N in blue, O 
in red and H in white. 
 

Kinetic Effects in the AggI-to-AggII Conversion  

Kinetic effects of the polymorph transitions were studied by 
UV/vis time-dependent experiments utilizing SQ 2, which exhibits 
a slow AggI-to-AggII conversion upon cooling. We prepared 
different solutions of SQ 2 (3‒6 × 10−5 M) in MCH (Figure S32) 
and the samples were quickly cooled down from 298 K (AggI) to 
278 K (AggII), and subsequently monitored over time (Figure 6a 
top). Figure 6b depicts the evolution of the UV pattern from 0 to 
120 min, which shows the transformation of the broad AggI UV 
pattern into the two-band pattern characteristic of AggII. The time-
dependent curves (followed at 324 nm) display a lag time of 
several minutes before the conversion starts (Figure 6c). The 
polymorph transition was faster at higher concentrations 
characteristic of an on-pathway mechanism, that proceeds via a 
molecular rearrangement without previous disassembly.[9,12-16]  

The lag time observed in the kinetic AggI-to-AggII 
conversion allowed us to carry out seeding experiments, which 
are widely performed in off-pathway systems,[10,11,17-21] but little 
explored in on-pathway conversions.[9,12-16] Thus, a solution of SQ 
2 (4 × 10–5 M, MCH) was rapidly cooled down from 298 K to 278 
K, and after waiting for 10 min an aliquot of seeds was added. It 
is noteworthy that we used preformed 2-AggII for the seeding 
experiments, since the typical procedure to prepare small seeds 

by sonication was unsuccessful yielding 2-AggI (Figure S33). 
Figure 6d shows the time-dependent evolution of AggI into AggII 
(followed by UV/vis at 324 nm at 278 K) with and without the 
addition of seeds (Figure S34). Remarkably, the transformation 
started much faster (after 5 min) in the seeded solution (seed: 10 
µL of 2 (4 × 10–5 M) in MCH, kept for 2 h at 278 K), than in the 
reference sample where we added pure MCH (10 µL) (Figure 6d). 
This demonstrates that the addition of preformed-AggII 
influences the AggI-to-AggII on-pathway kinetic conversion, like 
previously described for off-pathway processes.[10,11,17-21] It is 
noteworthy, that the kinetic profile of the seeded supramolecular 
polymerization follows a sigmoidal transition,[61] rather than the 
exponential transition commonly observed for systems following 
a primary seeded nucleation mechanism.[11,13,17] Then, a surface-
catalyzed transformation of the aggregates induced by the 
addition of seeds is inferred.[62] This type of transformation has 
been previously observed in the seeded self-assembly of 
porphyrins,[13]  barbiturates,[25]  and naphthalene diimides,[63]  for 
instance. 
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Figure 6. a) Procedure to carry out the time-dependent AggI-to-AggII 
transformation without (top) and with (bottom) addition of seeds. b) Time-
dependent UV/Vis absorption spectra at 278 K of 2 (4 × 10–5 M, MCH) after 
rapid cooling of the solution from 298 K to 278 K. c) Normalized absorbance of 
SQ 2 vs. time plots extracted from the time dependent UV/Vis experiments at 
l = 324 nm at different concentrations (5 × 10−5 M (orange), 4 × 10−5 M (purple) 
and 3 × 10−5 M (grey)). d) Normalized absorbance vs. time plots (2, 4 × 10−5 M, 
MCH) extracted from the time-dependent UV/Vis experiments at l = 324 nm, 
without seeding (violet dots), adding 10 µL of MCH (green triangles) and 
seeding with a 10 µL solution of 2-AggII (4 × 10−5 M, kept for 2 h at 278 K) (blue 
squares). The aliquots were added at t = 10 min as indicated in the plot with a 
blue arrow. 

Thermodynamics of the AggI-to-AggII Conversion 

The thermodynamic aspects of the temperature-driven 
AggI-to-AggII conversion were studied using SQ 1, which 
showed relatively fast and reversible transitions and no hysteresis 
in the VT-UV/vis experiments (Figures S10 and S11). Additional 
nano-DSC studies between 2 × 10–4 M and 2.5 × 10–2 M (Figure 
S35 and Table S7) were carried out in MCH. The DSC heating 
and cooling traces (Figures 7a and S35) show no transitions 
between 363 K and 298 K during the assembly/disassembly of 
AggI. Interestingly, clear transition peaks were observed around 
290‒295 K in the heating and cooling processes, which were 
attributed to the AggI-to-AggII transformation. These peaks are 
consistent with first-order transitions and are analogous to those 
observed in liquid crystal phase transitions.[64,65] Integration of the 
DSC peaks revealed that the temperature-driven AggII-to-AggI 
transition (heating) is endothermic, while the reverse process is 
exothermic (cooling). DSC analysis also showed that AggII is 
around 4 kJ mol–1 more stable than AggI (5 × 10–4 M) (Figure 7a) 
which is in good agreement with the theoretical value discussed 
above and being a consistent energy difference between 
polymorphs.[38-41] 

 

Figure 7. a) Nano-DSC heating (red) and cooling (blue) traces for SQ 1 (5 x 10-

4 M, MCH). Heating/cooling rate 1 K min-1. MHC: Molar heat capacity. b) Stacked 
plots of TI-II (top), DH and DS (bottom) of the AggI-to-AggII conversion (obtained 
from nano-DSC cooling experiments in MCH) as function of the concentration 
of SQ 1. Green lines indicate the variation regimes of the parameters with 
concentration. 

The thermodynamic parameters obtained from the nano-
DSC experiments revealed that not only the TI-II (as well TII-I) 
varies with the concentration, but also the DH and the DS of the 
AggI-to-AggII conversion (Figure 7b). The DH decreased from –
3.6 to –7.6 kJ mol–1 between 2 × 10–4 and 5 × 10–3 M, but it 
remained relatively constant by further increasing the 
concentration. The DS followed a similar trend varying from –12.2 
to –25.7 J K–1 mol–1 in the same concentration range. Remarkably, 
the concentration-dependent behavior of the thermodynamic 
parameters of the AggI-to-AggII transition (nano-DSC) was found 
to match well with the morphology behavior of AggI observed by 
AFM, SAXS, and SLS experiments (Figure 3d, 7b and S36). 
According to this, at lower concentrations, small changes of the 
size of the AggI particles strongly affect the thermodynamics (TI-

II, DH, and DS) of the polymorph transition. However, at higher 
concentrations, AggI and AggII exist as fibers and the 
thermodynamic parameters are constant with the concentration. 
 
Conclusion 

In conclusion, we have reported three new squaramides (1‒3) 
presenting distinct supramolecular polymorphism. While the three 
SQ derivatives 1‒3 self-assemble into nanoparticle-like 
aggregates (AggI), compounds 1 and 2 can also evolve into a 
fiber-like polymorph (AggII) at lower temperatures. Squaramide 1 
presents fast and reversible temperature-induced transitions 
between AggI and AggII, which permits the elucidation of the 
thermodynamic parameters of these uncommon polymorph 
transitions and rationalize its dependence on the concentration 
and morphology/size of the aggregates. On the other hand, the 
AggI-AggII transition in squaramide 2 is governed by a slow 
kinetic regime, which permits unveiling the on-pathway 
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mechanism of the transition and the catalyzing effects of the 
seeded process. Theoretical calculations revealed that the 
different aggregates are formed via distinct hydrogen bonding 
patterns, which, together with steric effects, produce substantial 
changes in the morphology. This study sheds light into unusual 
thermoreversible supramolecular polymorph transitions and open 
new avenues towards the development of new stimuli-responsive 
supramolecular polymers. 
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Squaramide supramolecular polymers exhibit uncommon thermoreversible polymorph transitions between fiber- and particle-like 
nanostructures driven by the molecular rearrangement of the squaramide units from slipped to head-to-tail hydrogen bonds. 
Thermodynamic and kinetic studies reveal the concentration dependent nature and the on-pathway mechanism of the polymorph 
transitions which are of interest as stimuli-responsive systems. 
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