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Biasing the Polymorphism of a Semicrystalline Covalent Polymer 
by Exploiting the Microstructure of Supramolecular Copolymers 
Alexi Riba-Bremerch,a Arnaud Y.-G. Delplanque,a Clément Guibert,b and Nathan J. Van Zee *,a 

Supramolecular copolymers constitute a promising class of modular and dynamic materials. While most efforts thus far have 
been focused on tailoring their synthesis, structure, and function, their ability to impose order on the surrounding matrix 
remains poorly understood and relatively unexploited. In this context, we were intrigued by the potential of supramolecular 
copolymers to guide the outcome of the liquid-solid phase transition of a matrix. We hypothesized that the microstructure 
of a supramolecular copolymer could influence the local ordering of matrix molecules in the liquid state as it is cooled and 
solidified, thereby dictating its solid-state structure. Herein, we exemplify this concept using a matrix of isotactic 
polypropylene (PP) and supramolecular copolymers based on benzene tricarboxamides (BTAs). Two BTA structures were 
chosen for this study, one that exclusively nucleates the α-form of PP and another that preferentially nucleates the β-form. 
We demonstrate that the stoichiometric imbalance of the BTA comonomers and their microstructure within the copolymer 
play crucial roles in biasing the crystallization of the matrix.

Introduction
One-dimensional supramolecular copolymerization is a 

powerful approach for creating dynamic functional materials.1-

3 Incredible progress has been made in the design of 
comonomers and the synthetic strategies for assembling them 
together.4 While most recent efforts have been focused on 
tailoring the synthesis, structure, and function of 
supramolecular copolymers,5-27 many intriguing questions 
persist, such as the interactions between the supramolecular 
copolymer and the molecules that make up the matrix. As an 
example, Stupp and co-workers28, 29 have reported a large 
family of peptide amphiphile-based (co)polymer networks to 
make functional hydrogels; they have demonstrated the 
retardation of the dynamics of water molecules in proximity to 
the peptide amphiphile structure.30 The Meijer group31 recently 
reported synthetic tactoids composed of supramolecular 
copolymers that induce liquid-liquid phase separation in water. 
Aida and co-workers32-35 have designed one-dimensional 
supramolecular polymers that coassemble with a nematic liquid 
crystalline matrix, which remarkably leads to the formation of a 
single columnar mesophase. 

The ability of supramolecular copolymers to orchestrate the 
organization of matrix molecules nevertheless remains poorly 
understood. This gap of understanding likely exists because 
most supramolecular copolymers are formulated in low 
molecular weight solvents in the liquid phase. Although the 
influence of the solvent properties on supramolecular polymer 
structure has been deeply investigated,36, 37 it is challenging to 
elucidate transient structuration of the solvent molecules owing 
to the relatively short lifetime of such interactions. These 
considerations sparked our interest in the potential impact of 
supramolecular copolymers on liquid-solid phase transitions. 
Assuming that the structure of a supramolecular copolymer 
influences the local ordering of the matrix molecules in the 
liquid state, we hypothesized that these interactions could have 
a profound impact on the structuration of the matrix as it is 
cooled and solidified. Aside from being comparatively easier to 
study the structure of materials in the solid state, we 
anticipated that this insight could be valuable for practical 
applications, ranging from organic semi-conductors38 to 
commodity plastics.39

We were inspired by one of the few current commercial 
applications of supramolecular polymers: nucleating agents for 
semicrystalline polymers. Supramolecular polymers are 
commonly applied to isotactic polypropylene (PP), which is 
today one of the most widely-produced semicrystalline 
polymers. PP exhibits relatively slow crystallization kinetics, 
necessitating the use of such additives in many commercial 
products.39 When PP is cooled from the melt, the polymer 
chains adopt a three-fold helical conformation that pack in 
different ways according to the processing conditions and the 
structure of the supramolecular polymer. PP exhibits rich 
polymorphism—its two most common crystal morphologies, 
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the monoclinic α-form and trigonal β-form, are schematically 
depicted in Fig. 1A.40.

Among the many kinds of additives used to nucleate the 
crystallization of PP, those based on supramolecular polymers 
of benzene tricarboxamides (BTAs) are intriguing because the 
structure of the side groups dictates their polymorph selectivity. 
Kristiansen, Smith, Schmidt, and co-workers41-44 reported that 
the isopentyl derivative a and the tert-octyl derivative b (Fig. 1B) 
assemble into bundles of fibers in molten PP and nucleate the 
α- and β-forms, respectively, with high selectivity (Fig. 1C). It is 
proposed that the BTA polymers influence the morphology of 

PP via epitaxial crystallization,45 which is possible when there is 
matching between the periodic structure of the BTA polymer 
and the dimensions of a PP crystal morphology. Indeed, the 
double of the interdisc distance between two BTA units is 
approximately 6.7 Å (Fig. 1C), which is close to the spacing 
between PP chains in both the crystalline α- and β-forms (Fig. 
1A). The reason for BTAs a and b to nucleate different 
morphisms of PP has not yet been unambiguously resolved,46 
but, based on studies of other systems,47, 48 the side chains likely 
impart subtle differences to the periodic surface texture of the 

Fig. 1. (A) Helical structure and crystal packing of isotactic polypropylene (PP).40 (B) Chemical structure of benzene tricarboxamides (BTAs) a and b. (C) Schematic representation of 
the supramolecular homopolymerization and the nucleation of the PP matrix.41 (D) Schematic representation of the supramolecular copolymerization of a and b and nucleation of 
PP.
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supramolecular structure that influence the organization of the 
PP chains. 

Herein, we exploit the contrasting nucleating properties of 
BTAs a and b to exemplify how supramolecular copolymers 
dictate the polymorphism of PP as it undergoes a liquid-solid 
phase transition (Fig. 1D). Previous reports of using mixtures of 
supramolecular polymers, among other kinds of additives, to 
nucleate covalent polymer crystallization have overlooked the 
profound implications of possible supramolecular 
copolymerization.42, 49-58 We find that the stoichiometric 
imbalance of the BTA comonomers and their microstructure 
within the copolymer play crucial roles in biasing the 
crystallization of the matrix.

Results and Discussion
Supramolecular Homopolymerization of Benzene Tricarboxamides 
(BTAs) in Polypropylene (PP)

BTAs a and b were synthesized according to literature 
protocols.41 Based on several comprehensive studies by 
Schmidt and co-workers, 46, 59, 60 a and b are crystalline solids at 
room temperature, and they assemble via three-fold hydrogen 
bonding into well-ordered one-dimensional columns that 
laterally aggregate into disordered bundles. Both a and b exhibit 
a plastic crystalline mesophase when heated to 211 and 281 °C, 
respectively, and then the optically isotropic state (i.e., short 
columns of stacked BTAs that do not exhibit birefringence) at 
272 and 317 °C, respectively. 

For the present study, varying amounts of a or b were mixed 
with molten PP using a twin-screw micro-compounder 
according to a solvent-free protocol that is detailed in the 
Supporting Information. The concentration of the BTAs was set 
to be sufficiently high to facilitate the study of the 
supramolecular (co)polymerization but low enough to avoid 
liquid-liquid phase separation at high temperatures. 
Kristiansen, Smith, Schmidt, and co-workers41, 44 previously 
reported temperature/composition diagrams for a in PP, and 
they found that a forms homogeneous mixtures with molten PP 
at high temperatures at loadings below approximately 2 wt%, 
which corresponds to 49 mmol of a per kg of PP (Fig. S7). Similar 
behavior was also reported for BTA b.41 Samples throughout 
this study are named according to the millimolality of each BTA 
component. For example, PP-a9.2 contains 9.2 mmol of a per kg 
of PP. 

When PP-a9.2 and PP-b9.2 were cooled from high 
temperature, imaging by polarized optical microscopy (POM) 
revealed that a homopolymerized to form long needle-like 
structures (Fig. 2A), while b formed a dendritic network of 
relatively thinner fibers (Fig. 2E). The fact that both structures 
were visible by optical microscopy indicates that both BTAs 
formed bundles of fibers. The assembly of the BTAs was 
corroborated by rheological measurements (Fig. S20), where an 
abrupt increase in complex viscosity while cooling from high 
temperature indicated the formation of a network of 
supramolecular polymers in the PP matrix.

The formation of these polymers was quantitatively 
assessed by variable-temperature Fourier-transform infrared 
(VT-FTIR) spectroscopy. Achieving the molecularly isotropic 
state of a and b in PP at high temperature was confirmed by the 
shift of the N–H stretching band to 3447–3472 cm−1 (Fig. S11).59 
The amide I bands of molecularly-dissolved a and b in PP-a9.2 
and PP-b9.2 (Fig. 2B and F, respectively) were both identified at 
1684 cm−1. Upon cooling at −1 °C/min to each respective 
elongation temperature (Te’), the absorbance of the monomer 
band rapidly decreased while the absorbance of a new band at 
1637 cm−1, the amide I band of polymerized BTA, concomitantly 
increased. Samples were cooled to 155 °C (i.e., low enough to 
fully polymerize the BTA but high enough to prevent PP 
crystallization) and then heated at +1 °C/min to observe the 
depolymerization process.

For quantifying the polymerization as a function of 
temperature, the spectroscopic data were converted into 
cooling and heating curves based on the intensity of the 
polymer amide I band (Fig. 2C,G). To minimize the impact of 
experimental variations across different measurements (e.g., 
due to variability in the measurement of sample thickness), the 
change in intensity of the polymer band was defined as a ratio 
between it and the intensity of the monomer band at high 
temperature when the BTAs are fully disassembled. Thus, the 
polymerization and depolymerization of the BTAs are expressed 
as ΔA1637/ΔA1684,HT (Eq. S1), where ΔA1637 is the baseline-
subtracted intensity of the polymer band at 1637 cm−1 and 
ΔA1684,HT is the baseline-subtracted intensity of the monomer 
band at 1684 cm−1 measured at approximately 5 °C above the 
elongation temperature (Fig. S2). 

Based on the non-sigmoidal shape of the heating curves in 
Fig. 2C and G, a and b supramolecularly polymerized via a 
nucleation-elongation mechanism, which can be described 
using a well-established mass-balance model developed by ten 
Eikelder and Markvoort.61-63 This theoretical framework is 
advantageous because it is a direct, computationally efficient 
approach for gaining insight into the microstructure of such 
systems. It is important to note that this model is only valid for 
systems under thermodynamic control. For the 
homopolymerization of a and b, it was thus necessary to 
address two nuances to justify the implementation of this 
approach: the hysteresis between the heating and cooling 
curves as well as the apparent structural transition in the 
homopolymerization of a.

First, although the cooling and heating curves for PP-a9.2 and 
PP-b9.2 are close to overlapping at temperatures below 200 °C 
with a temperature ramp of 1 °C/min, there is a large hysteresis 
near the elongation temperatures. For a in PP-a9.2, an 
undercooling (i.e., ΔT = Te – Te’, where Te and Te’ are the 
elongation temperatures upon heating and cooling, 
respectively) of approximately 12 °C was observed. For b in PP-
b9.2, ΔT under the same conditions was 20 °C. The magnitude of 
the hysteresis was larger with faster temperature ramps (2.5 
and 5 °C/min, see Fig. S12 and S13). This behavior is indicative 
of a kinetic barrier for the formation of nuclei, which delays the 
formation of supramolecular polymers.64 To illustrate the 
timescale associated with this barrier, a kinetic isothermal 
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experiment was performed in which the polymerization of b 
was monitored by FTIR spectroscopy in PP-b9.2 after cooling the 
sample rapidly to 225 °C (i.e., between Te and Te’, see Fig. S14). 
After a 4.5 h inhibition period, b finally began to polymerize, 
with the intensity of the signal slowly increasing over the 
subsequent 6 h. We thus applied the mass-balance model to the 
heating curves of the homopolymerization of a and b acquired 
at +1 °C/min. We assumed that the homopolymerization 
processes were sufficiently close to thermodynamic equilibrium 
at this rate. The depolymerization on the heating cycle is a 
thermodynamically-controlled process because it does not 
entail a kinetically-controlled nucleation step as on the cooling 
cycle.65 

Second, the heating and cooling curves for the 
polymerization of a revealed a transition at approximately 220 

and 205 °C, respectively (see grey box in Fig. 2C). This transition 
was also apparent with faster temperature ramps (Fig. S12). 
However, it could not be observed in the cooling and heating 
curves depicting the evolution of the monomer concentration 
at 1684 cm−1 (Fig. S15), suggesting that this transition is due to 
a subtle conformational change of the homopolymer. This 
hypothesis was corroborated by a small shift in the peak 
maximum of the polymer band by VT-FTIR spectroscopy (Fig. 
S16), as well as a transition detected by variable temperature 
wide-angle X-ray scattering (VT-WAXS, reflections labelled a 
and b–d in Fig. S17). We noted that no comparable structural 
transitions were observed for the polymerization of b (Fig. S16, 
S18, and S19). Thus, for the homopolymerization of a, only the 
thermodynamics of the assembly process at high temperature 
was considered; a similar strategy was applied to model the 

Fig. 2. (A,E,I) Polarized optical microscopy (POM) images upon cooling each sample to 180 °C from 260 °C at −1 °C/min. (B,F,J) Variable temperature Fourier-transform infrared (VT-
FTIR) spectra. (C,G,K) Cooling and heating curves that follow the polymerization and depolymerization processes, respectively. In part (C), the conformational change observed in 
PP-a9.2 is indicated by a grey box. (D,H) Simulations and fitting of the heating curves acquired at +1 °C/min. Experimental data are represented as colored symbols, while fits are 
shown as solid black lines. (L) Experimental heating curve of PP-a5.5-b3.7 plotted with simulated curves corresponding to the supramolecular depolymerization of self-sorted a and b 
homopolymers.
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supramolecular copolymerization of triphenylamine 
tricarboxamides.62

The calculated curves for three different concentrations of 
a and b in PP are presented in Fig. 2D and H. For these samples, 
the experimental data was normalized as ΔA1637/L, where L is 
the sample thickness. The theoretical curves matched very well 
the experimental depolymerization data of each homopolymer. 
The resulting thermodynamic parameters are presented in Fig. 
3A. In short, the homopolymerization of b was more exothermic 
(enthalpy of elongation, ΔHe, of −104 versus −93 kJ/mol) and 
slightly more cooperative (nucleation penalty, NP, of −40 versus 
−36 kJ/mol) than the homopolymerization of a. 

The values of ΔHe calculated for a and b in PP are 
significantly more exothermic than typical values of similar BTAs 
in solvent. For comparison, a BTA derivative with three n-octyl 
groups in methylcyclohexane displayed an ΔHe of −60.1 kJ/mol 
using the mass-balance model.66 We attribute this discrepancy 
of exothermicity to the ability of BTAs a and b to form strong 
macrodipoles.60 The more compact bulky side groups of a and b 
enhance their ability to assemble into well-ordered columns67 
compared to typical BTAs studied in apolar solvents.68 
Moreover, Kulkarni et al.69, 70 has shown that the formation of 
macrodipoles can dramatically enhance the thermodynamic 
favorability of one-dimensional supramolecular polymerization. 

Supramolecular Copolymerization of BTAs in PP

Four compositions were prepared that contained a mixture 
of BTAs a and b in PP. The total BTA concentration was fixed at 
9.2 mmol per kg of PP, and the a:b molar ratios were set to 4:1, 
3:2, 2:3 and 1:4, giving the compositions PP-a7.4-b1.8, PP-a5.5-
b3.7, PP-a3.7-b5.5, and PP-a1.8-b7.4, respectively. As a 
representative example, the properties of PP-a5.5-b3.7 will be 
considered in detail (Fig. 2I–L and S21–S23), and the results for 
the other mixtures are provided in the Supporting Information 
(Fig. S24–S31). The copolymerization of a and b in PP resulted 
in the formation of long needle-like structures (Fig. 2I), similar 
in size and shape to those of the homopolymer of a (Fig. 2A). 
Rheological measurements revealed that the formation of 
these structures coincided with a sharp increase in the complex 
viscosity of the material, indicating the formation of a network 
structure (Fig. S20). Based on VT-FTIR measurements, the amide 
I band assigned to the formation of the copolymer appeared at 
the same wavenumber as the homopolymers, 1637 cm−1 (Fig. 
2J). 

As can be seen in the heating and cooling curves (Fig. 2K and 
S21), an undercooling ΔT of 18 °C was observed with a 
temperature ramp of 1 °C/min. The hysteresis was small below 
180 °C and more prominent with faster temperature ramps (Fig. 
S22). Interestingly, the Te and Te’ values for PP-a5.5-b3.7 were 
both higher than those observed for the homopolymers in PP-
a9.2 and PP-b9.2, which is a first indication of supramolecular 
copolymerization. This hypothesis was further reinforced by 
comparing the experimental heating curve of PP-a5.5-b3.7 with a 
simulated self-sorted heating curve, which was constructed by 
summing the simulated homopolymerization heating curves of 
a and b at concentrations of 5.5 and 3.7 mmol/kg, respectively 

(Fig. 2L). The smooth shape of the experimental curve, along 
with the large discrepancy between the Te values for the 
experimental and simulated curves, are fully consistent with the 
formation of a supramolecular copolymer.1 

Measurements by VT-WAXS provided further evidence of 
supramolecular copolymerization. Homopolymers of a in PP-
a9.2 exhibited three reflections near a q of 0.5 Å−1 corresponding 
to d-spacings of 13.6, 13.2, and 12.6 Å (Fig. S17). The 
homopolymers of b in PP-b9.2 displayed three reflections near a 
q value of 0.4 Å−1, corresponding to larger d-spacings (15.3, 
14.9, and 14.4 Å; Fig. S19). Strikingly, the supramolecular 
copolymer formed in PP-a5.5-b3.7 exhibited a single reflection at 
this length scale with a d-spacing of 14.0 Å, which is in between 
those of the homopolymers. The precise molecular structures 
of the homo- and copolymers in PP remain unknown, thus 
precluding the formal assignment of these signals. 
Nevertheless, comparison with other BTAs reported in the 
literature suggest that this dimension is related to the lateral 
spacing of the BTA fibers.59, 71, 72 For comparison, based on 
molecular models calculated using semi-empirical quantum 
chemical methods, tetramers of a and b have diameters of 
approximately 17 and 18 Å, respectively (Fig. S32 and S33). 

The other copolymers prepared with different ratios of a 
and b all exhibited similar degrees of undercooling and elevated 
elongation temperatures compared to the supramolecular 
homopolymerization of a and b (Fig. S24–S27). All copolymers 
formed needle-like structures as visualized by POM (Fig. S27). 
Finally, the copolymers exhibited similar diagnostic reflections 
based on VT-WAXS measurements with progressively larger d-
spacing as the fraction of the bulkier comonomer b was 
increased (13.9, 14.2 and 14.7 Å for PP-a5.5-b3.7, PP-a3.7-b5.5, and 
PP-a1.8-b7.4, respectively, see Fig. S28–S31).

Simulation of Supramolecular Copolymerization Reveals the 
Microstructure

To elucidate the microstructure of the copolymers formed in 
PP-a7.4-b1.8, PP-a5.5-b3.7, PP-a3.7-b5.5, and PP-a1.8-b7.4, the 
experimental heating curves were simulated using the 
supramolecular copolymerization mass-balance model of ten 
Eikelder and Markvoort.62 The thermodynamic parameters for 
the homopolymerization of a and b (Fig. 3A) were used as inputs 
for these calculations. Concerning the thermodynamic 
parameters of the ab heterointeractions, the entropy of 
elongation (ΔSe,ab) was taken as the average of ΔSe,a and ΔSe,b 
(−0.152 kJ/mol). The enthalpy of elongation (ΔHe,ab) was 
iteratively screened (Fig. S34); a close match between the 
experimental and simulated curves was achieved with a ΔHe,ab 
value of −104 kJ/mol, which is equal to that of ΔHe,b and 
significantly lower than ΔHe,a. As can be seen in Fig. 3B, the 
simulations well-captured the trends of the Te values and the 
shape of the experimental curves.

These calculations provide valuable insight into the 
microstructure of the supramolecular copolymers. To facilitate 
the discussion, comparisons were made between the simulated 
compositions at 160 °C, at which over 98% of the monomers are 
incorporated into the supramolecular copolymers. As expressed 
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in the equivalent bond concentration plots, the copolymer 
formed in PP-a7.4-b1.8 were comprised of predominantly aa 
(60%) and ab (39%) units; less than 1% were bb units. For PP-
a5.5-b3.7, which has a molar ratio of a and b closer to unity, the 
copolymer was made up mostly ab units (68%), followed by aa 
(26%) and bb (6%) units. As the loading of b was increased in 
PP-a3.7-b5.5 and PP-a1.8-b7.4, the fraction of bb units continued 
to increase, going from 26 to 61%, respectively. 

Through simulation of the copolymerization processes, the 
model also permitted the calculation of the weight-average 
block lengths of a, b, and ab (i.e., alternating) segments, which 
offered further perspective on the microstructure of these 
copolymers (Fig. 3C). The minimum block size considered in this 
framework is two monomer units. The average block lengths 
were directly dependent on the molar ratio of the monomer 
feed. For instance, in going from the b-poor composition PP-
a7.4-b1.8 to the b-rich composition PP-a1.8-b7.4, the b weight 
average block size increased from 2.0 (i.e., the minimum value) 
to 5.1 units. Likewise, the weight average a-block size decreases 
from 5.0 to 2.0 units, representing the inverse trend. 

The copolymers of a and b exhibit an essentially random 
microstructure because of the similar thermodynamic 
properties of the homo- and heterointeractions. However, this 
analysis reveals that small blocks are nevertheless formed by 
adjusting the monomer feed. A stronger monomer imbalance 
leads to the formation of larger blocks of homopolymer 
segments throughout the copolymer. Similar considerations are 
well-established for random copolymers prepared by 
conventional covalent polymerization methods.73 Given that 
the nucleation of the PP matrix is driven by epitaxial 
crystallization, we posited that the nucleation properties of the 
copolymers would be dictated by these microstructural 
subtleties. Compositions rich in b would contain a significant 

fraction of bb segments with larger bb block sizes, rendering 
them more likely to promote the formation of β-PP (and 
reciprocally with compositions rich in a and formation of α-PP). 

However, this microstructural analysis was performed on 
the heating curves, while the liquid-solid phase transition of the 
PP matrix takes place on cooling. Although the Te’ values for 
each copolymer were significantly higher than those predicted 
for a self-sorted system (see Fig. S35 and S36 and the associated 
discussion in the SI), the copolymerization of a and b exhibits 
significant undercooling at all a:b ratios, which suggests that 
competitive kinetic effects could cause the microstructure to 
deviate from what was predicted under the assumption of 
thermodynamic control. 

This point was addressed by careful analysis of the FTIR 
spectra of the supramolecular copolymers and comparing their 
composition upon cooling then heating. Based on the baseline-
subtracted FTIR spectra of the homopolymers of a and b, we 
identified the bands at 1647 and 1626 cm−1 as being indicative 
of relatively aa- and bb-rich segments, respectively (Fig. 4A). It 
was not possible to satisfactorily decompose the contribution 
of these segments by peak fitting, but directly comparing the ΔA 
values at each frequency still provided valuable insights.

As representative examples, for PP-a5.5-b3.7 and PP-a1.8-b7.4, 
we plotted these two bands (Fig. 4B) as well as the ratio 
between them (i.e., ΔA1626/ΔA1647, Fig. 4C). In the case of PP-a5.5-
b3.7, the heating and cooling curves of ΔA1626/ΔA1647 essentially 
overlapped, suggesting that the fraction of enchained aa- and 
bb-units followed a similar trend during polymerization and 
depolymerization. In contrast, for PP-a1.8-b7.4, the cooling curve 
for ΔA1626/ΔA1647 deviated from the heating curve at 
temperatures above 180 °C. Since the cooling curve was below 
the heating curve, it suggests that the copolymers during 
polymerization were relatively depleted in bb-segments 

Fig. 3. (A) Thermodynamic parameters calculated by fitting experimental data to the mass-balance model of ten Eikelder and Markvoort.61-63 (B) Experimental heating curves acquired 
at +1 °C/min (colored symbols) and simulated curves (black solid and dashed lines) calculated using the mass-balance model. (C) Simulated weight-average block lengths as a function 
of temperature.
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compared to the copolymers during depolymerization. We 
hypothesize that this behavior is related to the relatively high 
kinetic barrier for BTA b to homopolymerize, which is likely due 
to the steric bulkiness of the tert-octyl side chains. The 
microstructure of b-rich copolymers was thus subject to a 
balance of the kinetics of elongation versus the dynamics of 
dissociation/reassociation of the enchained monomer units. 
We assume that the copolymers are sufficiently dynamic during 
slow cooling to allow for the microstructure to be well-
predicted by modelling the depolymerization behavior on 
heating. The VT-WAXS measurements are consistent with this 
proposal (Fig. S23 and S28–S31), as they show that the 
copolymers are not a linear combination of homopolymerized a 
and b segments. 

Biasing the Polymorphism of the PP Matrix

The impact of the BTA copolymers on the polymorphism of 
the PP matrix was studied while cooling molten samples below 
the crystallization temperature of PP, Tc,PP. To appreciate the 
behavior of the copolymers, it is useful to first consider that of 
the homopolymers. Compared to non-nucleated PP, PP-a9.2 
exhibited Tc,PP values that increased by 6.6 and 4.2 °C with 
cooling rates of −5 and −1 °C/min, respectively (Fig. 5A). 
According to k-ratios (i.e., a relative measure of β-PP content, 
see Eq. S6 and Table S1 along with the related description in the 
SI) determined by X-ray diffraction measurements (XRD, Fig. 
5B), the PP matrix exclusively crystallized in the α-form. The 
spherulites of α-PP in PP-a9.2 were significantly smaller than 

those observed in non-nucleated PP based on POM (Fig. 6, S37 
and S38). 

In the case of PP-b9.2, the Tc,PP was increased even more by 
the BTA b homopolymers, raising it approximately 13 °C with 
both cooling rates (Fig. 5A). PP-b9.2 exhibited a k-ratio of 
approximately 0.7 at −5 °C/min and 0.3 at −1 °C/min (Fig. 5B). 
We hypothesize that this discrepancy is primarily related to the 
increased fiber thickness obtained at slower cooling rates (Fig. 
S39), which results in a lower BTA fiber surface area available 
for the nucleation of PP. Numerous small crystallites of β-PP 
were nucleated along the thin fibers of BTA b (Fig. 6 and S40).

The crystal morphology of the PP matrix induced by the 
supramolecular copolymers was well in-line with our 
predictions from the microstructural analysis. For the 
compositions rich in BTA a, the copolymer formed in PP-a7.4-b1.8 
nucleated exclusively α-PP (Fig. 5B and 6), albeit with a lower 
efficiency than the BTA a homopolymer in PP-a9.2 based on DSC 
(Fig. 5A). Given the high concentration of ab units, low 
concentration of aa units, and near absence of bb units (Fig. 3B), 
we interpret this result as implying that the ab sequences have 
a relatively low efficiency for nucleating the PP matrix. The 
ability of BTA b to nucleate β-PP was suppressed by being 
primarily sequestered in the thermodynamically-favored ab 
segments.

In the case of a PP-a5.5-b3.7, the Tc,PP values were similar to 
that of PP-a9.2, but DSC and XRD measurements revealed a 
tendency of the BTA copolymer of this composition to also 
nucleate β-PP. POM corroborated the nucleation of both α- and 
β-PP (Fig. 6 and S41B). Compared to the other BTA b-rich 

Fig. 4. (A) Subtracted spectra for the supramolecular homopolymers at 160 °C, normalized by the thickness of the sample, L. The difference between these two spectra is indicated 
by a dashed line. (B) The intensity of the aa-rich and bb-rich bands as a function of temperature for PP-a5.5-b3.7 and PP-a1.8-b7.4. (C) The corresponding ratio of these bands plotted as 
a function of temperature.
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compositions (see below), the morphology of the β-PP was 
different, presenting itself as relatively large spherulites that 
were significantly more birefringent than the α-PP spherulites. 
This morphology has been reported in other PP samples where 
a β-nucleating agent is used in low concentration.74

We further investigated this point with VT-WAXS 
experiments. As shown in Fig. 5C, diffractograms were acquired 
as the sample was cooled at −5 °C/min. Upon reaching the Tc,PP, 
the characteristic diffraction peaks of α- and β-PP peaks 
emerged. The k-ratio, as well as the percent crystallinity of the 
PP matrix, were calculated for each diffractogram and plotted 
as a function of temperature in Fig. 5D. These experiments 
revealed that the copolymers in PP-a3.7-b5.5 and PP-a1.8-b7.4 had 
a high selectivity for the nucleation of β-PP from the onset of 
the crystallization of the matrix. In contrast, the copolymer of 
PP-a5.5-b3.7 displayed an initial selectivity for α-PP that was 
accompanied by the latent nucleation of β-PP (Fig. 5D, grey 
box), which is in line with the other measurements by DSC, XRD, 
and POM. We propose that the faster rate of cooling (i.e., −5 
versus −1 °C/min) promoted the formation of more and/or 
longer bb homopolymer segments than predicted assuming 
thermodynamic control (Fig. 3B). Moreover, given that the 
growth rate of PP crystals in the β-form is faster than that of the 
α-form,75 even a small amount of β-selective nucleation can 
result in a significant amount of β-PP in the solidified sample.

Finally, the compositions with copolymers rich in BTA b, PP-
a3.7-b5.5 and PP-a1.8-b7.4, displayed essentially the same value of 
Tc,PP as PP-b9.2 (Fig. 5A). Both of these samples exhibited k-ratios 
of 0.55–0.65 at cooling rates of −1 and −5 °C/min (Fig. 5B), which 
are comparable to that of PP-b9.2. Based on POM, despite the 
strikingly different morphology of the two b-rich copolymers 
(needle-like structures) compared to the b homopolymer (thin 
dendritic fibers), β-PP formed on the surface of all three of these 
structures via epitaxial crystallization (Fig. 6 and S41C,D). 

It is remarkable that β-PP was nucleated by BTA copolymers 
constituted of relatively short bb-homopolymer segments that 
are interrupted by aa and ab segments (Fig. 3B,C). We draw 
several conclusions from this key result. Long BTA b 

homopolymer segments are not strictly required to impact the 
liquid-solid phase transition of the PP matrix. Moreover, 
assuming that the surface of bb-segments offers a unique 
periodic structure that promotes the formation of β-PP, this 
surface is conserved even when the bb-segments are dispersed 
through a copolymer structure. It remains notoriously difficult 
to predict the selectivity for how supramolecular polymers 
nucleate semicrystalline polymers,45 but these results point 
toward the value of a modular approach grounded in the 
principles of supramolecular copolymerization.

Conclusions
In this work, we showcased how subtle changes in 

supramolecular copolymers can be translated and amplified to 
direct the structuration of the surrounding matrix. This concept 
was exemplified by exploiting supramolecular copolymers to 
dictate the polymorphism of PP, a semicrystalline covalent 
polymer. The comonomers used in this study, BTAs a and b, 
featured contrasting polymorph selectivity and were found to 
copolymerize with an essentially random microstructure. 
Relatively slow heating and cooling ramps permitted the use of 
a computationally efficient thermodynamic mass balance 
model to rationalize this microstructure. By employing a 
stoichiometric imbalance of comonomers, the formation of 
homopolymer sequences within the copolymer was 
thermodynamically favorable. These sequences engage in 
transient, multivalent interactions with PP chains in the liquid 
state, influencing their conformation and ultimately biasing the 
structure of the nuclei that then dictate the polymorphism of 
the solidified PP. This insight opens the door to rationally tuning 
the crystallization of polymers, offering a means to access 
specific morphologies for intermediate compositions.  

This work bears a striking conceptual resemblance to the 
majority-rules and sergeants-and-soldiers principles.76 These 
effects entail an imbalance in the concentration of a chiral 
monomer that gives rise to a structural consequence, which is 
the biased screw-sense of the resulting helical polymer. The 

Fig. 5. (A) Crystallization temperature (Tc,PP) of the PP matrix as a function of composition. The full data set is presented in Fig. S42 and S43, Table S5 and S6. (B) The proportion of α- 
and β-PP expressed as the k-ratio based on X-ray diffraction measurements. (C) Variable temperature wide angle X-ray scattering (VT-WAXS) diffractograms. (D) The k-ratio and 
crystallinity of PP as a function of temperature as determined by VT-WAXS measurements. The full data set is presented in Fig. S44–S47. The grey box highlights the k-ratio at the 
onset of crystallization for PP-a5.5-b3.7 (orange curves).
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strength of these effects is generally dictated by competitive 
thermodynamic parameters. In the present work, the 
relationship between the imbalance of monomer units and the 
structural consequences are spread across two components, 
the supramolecular copolymer and the organization of the 
surrounding matrix. In our exemplification, the structure of the 
supramolecular copolymer was well described assuming 
thermodynamic control with slow cooling, while the epitaxial 
crystallization and subsequent crystal growth of the PP matrix 
were intrinsically under kinetic control. We hope to further 
explore the consequences of kinetic effects on such systems in 
the future. We believe that this work highlights an important 
strategy for exploiting the microstructure of supramolecular 
copolymers not only to nucleate semicrystalline polymers but 
to generally access hierarchically structured materials. 
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