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endent modulation by biaryl-
based monomers of the chain length and
morphology of biphenyl-based supramolecular
polymers†

Tomokazu Iseki, ‡ab Mathijs F. J. Mabesoone,‡ac Mark A. J. Koenis, d

Brigitte A. G. Lamers, a Elisabeth Weyandt, a Lafayette N. J. de Windt,a

Wybren Jan Buma, de Anja R. A. Palmans a and E. W. Meijer *a

Supramolecular copolymerizations offer attractive options to introduce structural and functional diversity in

supramolecular polymer materials. Yet, general principles and structure–property relationships for rational

comonomer design remain lacking. Here, we report on the supramolecular (co)aggregation of

a phenylpyridine and bipyridine derivative of a recently reported biphenyl tetracarboxamide-based

monomer. We show that both arylpyridines are poor monomers for supramolecular

homopolymerizations. However, the two arylpyridines efficiently influence supramolecular polymers of

a biphenyl-based polymer. The phenylpyridine derivatives primarily sequestrate biphenyl monomers,

while the bipyridine intercalates into the polymers at high temperatures. Thereby, these two poorly

homopolymerizing monomers allow for a fine control over the length of the biphenyl-based

supramolecular polymers. As such, our results highlight the potential to control the structure and

morphology of supramolecular polymers by tailoring the electronic properties of additives.
Introduction

Additives play a central role in tailoring material properties in
both synthetic and natural systems. In synthetic polymeric
materials chain transfer agents1–3 or plasticizers4–6 alter the
material at a microscopic and macroscopic level, respectively. A
related role is played by additives that in some cases do not
polymerize themselves but are great comonomers like in
polystyrene-maleimide. In addition, copolymers, such as
glycosaminoglycans,7–9 and repeating peptide sequences, as
observed in e.g. silks,10–12 are important for many biomaterials.

Supramolecular polymers occupy a central role in this
regard, as the dynamic nature of these materials holds great
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promise for integration into biological systems, while also
providing attractive properties for optoelectronic applications
and recycling of plastics. Seminal contributions are presented
by Aida13–15 and Stupp16–18 for electronic and biological appli-
cations, respectively, while our group focused on mechanical
properties.19 However, despite a few decades of research, the
development of design principles to control the structure of
supramolecular materials with small amounts of comonomers
and/or additives is still in its infancy.20–23

From all the supramolecular polymers introduced so far, the
cooperative polymerization of hydrogen-bonded disk-like
molecules into helical one-dimensional aggregates, has been
studied in most detail. The focus in supramolecular copoly-
merizations in this class was initially limited to fundamental
stereochemical studies in so-called sergeant-and-soldiers24–26

and majority-rules27–30 experiments. Recent years have shown
a strong interest in diversifying polymeric structure and the
introduction of function through copolymerizations. Supra-
molecular block copolymers,31–34 as well as alternating35 and
random copolymers36 have been reported for a wide range of
discotic monomers. Complementing the experimental work
with theoretical and computational methods, such as mass-
balance37 and statistical mechanical models35 or molecular
dynamics simulations,38,39 has shown to be crucial for a full
interpretation of the results. In most of the systems reported,
the employed comonomers are of comparable chemical nature,
Chem. Sci., 2021, 12, 13001–13012 | 13001
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which facilitates incorporation of one monomer into aggregates
of the other. Porphyrins form a notable exception to this
observation, since complexation of small ligands to metallated
porphyrins only occurs on free monomers or on chain ends of
the supramolecular polymer.40–44 As a result, only a handful of
chain cappers or sequestrators have been successfully
designed45–50 and the current lack of general principles to
rationally designed comonomers in supramolecular polymers
impedes further application of these functionally diverse
materials.

In our search for fundamental principles that determine the
role of comonomers and additives in supramolecular polymer-
izations, we were inspired by the potential for electronically
diverse monomer scaffolds offered by the biaryl tetracarbox-
amide platform we reported recently.51 This biphenyl-
tetracarboxamide-based monomer ((S)-BPTA, Fig. 1) forms
supramolecular polymers in apolar solvents such as methyl-
cyclohexane (MCH). Upon binding minute amounts of codis-
solved monomeric water,52 (S)-BPTA-based supramolecular
polymers show remarkable structural transformations. More-
over, we showed that small steric variations in the aliphatic side
chain of (S)-BPTA can lead to various unforeseen, ‘abnormal’
sergeants-and-soldiers effects, highlighting the delicate energy
balances that operate in supramolecular copolymerizations.53

We envision that further control over and diversity in the
supramolecular architecture of BPTA-based polymers can be
obtained, not by tuning peripheral steric interactions, but
rather by controlling electronic interactions at the core of the
polymer.23 To this end, we designed two new biaryl analogues,
i.e. the tetracarboxamides of 4-phenylpyridine and 4,40-bipyr-
idine (PhePyTA and BiPyTA, respectively, see Fig. 1).

Here, we rst disclose the scope and limitations of the
homopolymerization of both PhePyTA and BiPyTA. We show
that PhePyTA can assemble into two different types of supra-
molecular polymers at high concentrations, one of which is
dependent on the presence of water. The less-soluble BiPyTA
assembles into a single type of supramolecular polymer already
at low concentration. Next, we investigate the effect of these
electron-decient analogues in the copolymerization of (S)-
BPTA with (S)-PhePyTA and (S)-BiPyTA. We nd that both Phe-
PyTA and BiPyTA can act as temperature-dependent chain-
Fig. 1 Chemical structures of the (S)-BPTA, (S) and (R)-PhePyTA and (S

13002 | Chem. Sci., 2021, 12, 13001–13012
length modulators of the BPTA-based supramolecular copoly-
mers. As such, tailoring electronic properties of additives may
pave the way towards supramolecular polymer architectures as
diverse as seen in covalent polymer science.

Results and discussion

Complete synthetic procedures and the full molecular charac-
terization of the new monomers are given in the ESI.†

Water modulates the length of PhePyTA-based aggregates

Bulk samples of monomer (S)-PhePyTA show no birefringence
in polarized optical microscopy (POM) images and no phase
transitions in differential scanning calorimetry (DSC). Only
minor shis in the variable temperature infrared (IR) spectrum
and the absence of ordered structures, as indicated by small
angle X-ray scattering (SAXS) (Fig. S1–S4†), are observed. In
contrast to the lack of supramolecular ordered structures in the
bulk phase, solution-state SAXS experiments in ambient MCH
solutions of (S)-PhePyTA show the formation of short cylindrical
supramolecular polymers with a length of 54 nm and a radius of
6.6 nm. Upon increasing the concentration from 2 to 8 mM, the
length of the polymers increases only slightly from 54 to 87 nm,
indicating that the elongation constant of the polymerization
might decrease with polymer length (Fig. S5†).54 The absence of
long, one-dimensional polymers is further corroborated by AFM
experiments (Fig. S6†). The weak increase in polymer length
upon quadrupling the concentration suggests additional inter-
actions that may truncate the supramolecular polymer. IR
spectra show that, despite the absence of long, brillar struc-
tures, the structures formed by (S)-PhePyTA are stabilized by
hydrogen bonding. Upon changing the solvent from CDCl3 to
d14-MCH, a new band in the carbonyl stretch region emerges at
1641 cm�1 and the amide stretch vibrations move from 3491 to
3312 cm�1, respectively. The latter strongly indicates the
formation of intermolecular hydrogen bonds (Fig. 2a). Inter-
estingly, these IR bands show a dependency on the humidity of
the MCH solvent, as was also observed in the strongly water-
dependent polymerization of (S)-BPTA. However, the charac-
teristic peak at 3558 cm�1, which is indicative of the incorpo-
ration of strongly hydrogen-bonded water in the
)-BiPyTA compounds used in this study.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FT-IR spectra of 2 mM solutions of (S)-PhePyTA in various solvents. (b) Experimental vibrational absorption (VA) (lower panel) and
vibrational circular dichroism (VCD) (upper panel) spectra of 10 mM solutions of (R)- and (S)-PhePyTA in ambient MCH. (c) Comparison of
experimental VA (lower panel) and VCD (upper panel) spectra of (S)-PhePyTA in ambient MCHwith spectra calculated for ‘zig-zag’ aggregates. (d
and e) Cartoons of the dominant ‘zig-zag’ (d) and minor helical (e) hydrogen bond pattern in (S)-PhePyTA aggregates.
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supramolecular structure is absent. The broad feature between
3200 and 3600 cm�1 does suggest, however, that some
hydrogen-bonded water may be present in the solution and
around the substrate, but the water is not tightly bound to the
supramolecular aggregates.

Further insights into the structure of the aggregates formed
by (S)-PhePyTA and its enantiomer under ambient conditions at
room temperature, are obtained with VCD spectroscopy in
combination with DFT calculations (Fig. 2b). Under these
conditions, the system is above the water-dependent transition
temperature (Fig. S7†). The VCD spectra show strong features
arising from coupled oscillators, thereby indicating that (S)-
PhePyTA aggregates in an oligomeric or polymeric form of at
least 2–4 molecules. A reasonable mirror symmetry between the
spectra of (S)- and (R)-PhePyTA is obtained. The smaller signal
intensity of (R)-PhePyTA can be explained by subtly different
degrees of aggregation and/or enantiomeric excess. In contrast
to other VCD experiments on supramolecular polymers,55–58 in
which the bisignate VCD bands pointed to helical polymers,
DFT calculations of VCD spectra of helically hydrogen-bonded
(S)-PhePyTA did not give a good agreement with the spectra
experimentally observed (Fig. 2c, e and S8†). Remarkably, VCD
spectra calculated for optimized geometries in which the
amides are oriented in a ‘zig-zag’ fashion with stacks in a slight
helical twist (Fig. 2d) showed considerably better overlap with
the observed spectra (Fig. 2c). Our calculations under vacuum
conditions show that this ‘zig-zag’ pattern is considerably lower
in energy (17.6 kJ mol�1 for the trimer structures) than the
helical hydrogen bonding pattern (Fig. 2d). Combined with the
© 2021 The Author(s). Published by the Royal Society of Chemistry
experimental results, the calculations indicate that in the water-
free (S)-PhePyTA aggregates, the classical, helical organization
of the hydrogen bonds is only a minor population. Rather, most
hydrogen bonds in these aggregates are organized in the ‘zig-
zag’ orientation.

This dominant ‘zig-zag’ conformation is corroborated by
NOESY NMR experiments of (S)-PhePyTA at 80 �C in d14-MCH
(Fig. S9†). Here, the absence of a NOE peak between the pyridyl
protons and the amides on the pyridine ring suggests the
presence of an intramolecular hydrogen bond between the
amides and the pyridine nitrogen.

We further investigated the supramolecular architectures
formed by (S)-PhePyTA in MCH and their dependency on the
water content by variable temperature circular dichroism (VT-
CD) and UV-Vis (VT-UV) spectroscopy. At 85 �C in dry MCH,
510 mM solutions of (S)-PhePyTA show a broad, CD-silent
absorption band below 350 nm with a maximum below
230 nm (Fig. 3a). This spectrum is similar to the spectrum
observed for (S)-BPTA, but slightly redshied. Upon cooling the
solution below 60 �C, a weak CD spectrum showing a minimum
around 275 nm emerges, while the absorption spectrum
narrows slightly, indicating the formation of weakly ordered
helical structures, which we label APhePyTA. Further cooling to
5 �C does not lead to further changes in the CD or UV spectra,
indicating that the aggregates do not undergo further structural
changes. In contrast, when ambient MCH solutions, containing
21–32 ppm H2O, are cooled below 20 �C, the CD spectrum
strongly increases in intensity, while retaining its shape
(Fig. 3b). Concurrently, the absorption spectrum shows further
Chem. Sci., 2021, 12, 13001–13012 | 13003
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Fig. 3 VT-CD and UV spectra recorded upon cooling 300 mM solutions of (S)-PhePyTA in dry (a) and ambient (b) MCH. Spectra are recorded at
5 �C intervals, with the red spectra being recorded at 85 �C and the blue spectra at�10 �C. The grayscale indicates the temperature gradient from
high (light) to low (dark) temperature. (c) VT-CD traces at 266 nm for solutions containing various amounts of (S)-PhePyTA in MCH containing
21–31 ppm H2O (top panel) and 510 mM solutions containing various amounts of water (bottom panel). The sample containing 510 mM (S)-
PhePyTA in the top panel contained 30 ppm water.
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sharpening, indicating a transition from the APhePyTA state to
a second aggregate state, which we label as BPhePyTA.

Similar to the water-dependent supramolecular polymeriza-
tion of (S)-BPTA, the elongation temperature of monomeric (S)-
PhePyTA into APhePyTA gradually decreases as the concentration
is decreased but does not show a dependency on water content
(Fig. 3c, top panel). In contrast, the transition between APhePyTA

and BPhePyTA is independent of concentration, yet strongly
affected by the water content (Fig. 3c, bottom panel). The
temperature-dependent CD intensity of (R)-PhePyTA gives
a mirror-image cooling curve with identical transition temper-
atures (Fig. S10†). A van't Hoff analysis of the concentration-
dependent elongation temperatures of (S)-PhePyTA extracted
from the VT-UV traces reveals that the enthalpy and entropy
changes upon formation of APhePyTA are �94 kJ mol�1 and
�220 J mol�1 K�1, respectively (Fig. S11†). The enthalpy
released by (S)-PhePyTA upon aggregation is slightly more
negative than the enthalpy released by (S)-BPTA,51 indicating
that the dipolar character of the phenylpyridine core may
stabilize the water-free APhePyTA state with respect to the A state
of (S)-BPTA. During the transition from APhePyTA to BPhePyTA, all
VT-CD intensities of the samples measured increase as the
solutions are cooled to temperatures as low at �10 �C, indi-
cating that the system does not fully transform from APhePyTA to
BPhePyTA in the temperature range probed. Unfortunately, the
incomplete transition to BPhePyTA does not allow us to extract the
molar ellipticity of BPhePyTA, which prevents meaningful tting
to a solvent-dependent mass-balance model as was done for (S)-
BPTA.51,53 Thus, the VT-CD and UV results show that the
monomers in the competing APhePyTA and BPhePyTA states have
similar molecular arrangements, but further insights into the
water-dependent competition between APhePyTA and BPhePyTA are
necessary for a complete description of the aggregation.

More details of the differences between APhePyTA and BPhePyTA

were obtained with static light scattering techniques. For this, we
13004 | Chem. Sci., 2021, 12, 13001–13012
probed the angle and temperature-dependent-scattering of an
MCH solution saturated with water and containing 2 mM (S)-
PhePyTA. The scattering prole below 20 �C, where BPhePyTA is
stable, does not show any signicant dependency on the angle-
dependent scattering vector, indicating the presence of spher-
ical or very short aggregates (Fig. 4a and S12†). Upon heating from
20 to 40 �C, the count rate increases twofold and reaches a plateau
between 40 and 60 �C. At this plateau, the angle independency is
preserved over the entire q-range measured and is in line with the
plateau observed at q-values below 0.05 nm�1 in the solution state
SAXS measurements on APhePyTA (Fig. 4b and S12†). Upon heating
above 60 �C, the sample shows concomitant decreases in scat-
tering intensity and CD intensity and above 80 �C, the sample
hardly scatters and shows no CD signal (Fig. 4b).

The concomitant changes in scattering and CD intensity
provide valuable clues on the structures of the various (S)-Phe-
PyTA aggregates. The initial increase in scattering intensity and
decrease in CD signal upon heating the sample from 20 to 40 �C,
together with the plateau observed in SAXS, indicates that the
spherical or very short brillar structures present at room
temperature, BPhePyTA, elongate into larger, but more disorga-
nized brillar aggregates, APhePyTA. Interestingly water stabilizes
the short brillar structures present at low temperature
(Fig. 3c). Upon heating the samples, the water is released from
the solvated BPhePyTA state. As BPhePyTA transitions to APhePyTA, an
increase in the polymer length occurs, as has been observed
before in several systems containing hydrogen-bond competi-
tors, such as water and alcohols.59–64 In contrast to the previ-
ously reported systems, the solvation of the aggregates by water
does not lead to strong changes in the aggregates at the
molecular level, since the shape of the IR, UV and CD spectra
remain the same, but only change in intensity. Upon further
heating from 60 to 80 �C, the APhePyTA aggregates are destabi-
lized and the scattering and CD intensities decrease as the
result of the depolymerization of APhePyTA.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Dependency of the SLS count rate at 20 �C on the scattering vector, q, of a 2 mM (S)-PhePyTA solution MCH that is saturated with
water. (b) VT-CD intensity at 266 nm (top panel) and count rates at a 90� scattering angle as observed by SLS (bottom panel) of a 2 mM (S)-
PhePyTA solution in MCH saturated with water.
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The combined VT-CD and UV, IR and scattering results show
that water is acting as a chain capper for the supramolecular
aggregates and thereby decreases the length of the supramo-
lecular polymers at low temperature and high humidity. A
similar effect was also observed for porphyrin-based, supra-
molecular polymers, in which complexation of water at helix
macrodipoles at the polymer chain ends reinforces the binding
of the additives to the chain end of the polymer, leading to
a decrease in length that is not directly observable by
spectroscopy.44

The combined SAXS, VCD, CD and SLS results provide us
with key leads to propose a molecular picture of the aggregation
behaviour of (S)-PhePyTA. We hypothesize that water assembles
at the polymer–solvent interface and thereby subtly changes the
polarity of the environment of the (S)-PhePyTA supramolecular
polymer. The presence of water stabilizes the dipoles of the
electron-poor (S)-PhePyTA core that would otherwise not be
stabilized. As a result of this stabilization, the aggregates break
up and decrease their size. Concurrently, the increased degrees
of freedom in the smaller particles allow the molecules to
organize better, leading to an increase of the intensity of the CD
spectrum at low temperatures and high-water contents. Thus,
the combination of spectroscopy and scattering results reveal
that water decreases the size and disorder of the supramolec-
ular aggregates of (S)-PhePyTA, while the morphology in the
aggregates remain relatively unchanged.
BiPyTA assembly is dominated by kinetic traps

We next investigated (S)-BiPyTA, the bipyridyl analogue of (S)-
BPTA (Fig. 1); a biaryl with an even lower electron density in the
aromatic core. The bulk properties of (S)-BiPyTA are completely
different from those of its PhePyTA analogues. DSC traces show
a melting temperature around 165 �C while SAXS and POM
analyses show the presence of crystalline, columnar rectangular
mesophases that are stable up to at least 125 �C (Fig. S1–S3†).
Similarly, VT-IR measurements in the bulk indicate the pres-
ence of a hydrogen-bonded amide, which is disrupted around
165 �C (Fig. S4†). These results show, in contrast to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
amorphous bulk morphology of (S)-PhePyTA, that the bipyr-
idine core with its four amides directs the bulk organization of
(S)-BiPyTA into ordered, crystallization-driven structures
(Fig. S13†).

The study of the self-assembly of (S)-BiPyTA in solution was
considerably impaired by its low solubility in alkanes, such as
MCH, heptane and decalin. Saturated solutions, which contain
approximately 20 mM (S)-BiPyTA, readily precipitated at low
temperatures, making solution-state SAXS, IR and SLS
measurements as well as VT-CD and UV spectroscopy difficult.
The UV spectrum of 15 mM (S)-BiPyTA solutions in dry MCH at
85 �C displays a CD-silent absorption maximum at 228 nm with
a shoulder around 295 nm (Fig. 5a). Upon cooling, a very weak
CD spectrum emerges, displaying a slightly positive peak
around 300 nm and a slightly negative peak below 265 nm. In
ambient MCH, a more intense, but highly irreproducible CD
spectrum was obtained (Fig. 5b). This indicates a better solu-
bility of the compound in the presence of water in MCH, but the
irreproducibility also illustrates the presence of kinetic traps in
the (S)-BiPyTA assembly process. The trapping of (S)-BiPyTA in
dry and ambient MCH was also apparent in the VT-CD traces
that show trends in hysteresis typically observed for kinetically
trapped states (Fig. 5c).65 Unfortunately, slower cooling did not
resolve the kinetic trapping and the formation of stable and
ordered supramolecular polymers was impossible (Fig. S14†).
(S)-BiPyTA appears to have a strong tendency to crystallize.
Nonetheless, as was also observed for an insoluble achiral
derivative of (S)-BPTA, in which the chiral alkyl tails were
substituted by a linear octyl tail, the insolubility of the pure
compound does not preclude coassembly with other
compounds to form supramolecular copolymers.53
Copolymerizations

Although both (S)-PhePyTA and (S)-BiPyTA have a low tendency
to form ordered helical supramolecular polymers of consider-
able length, the electron-poor nature of their aromatic cores
may drive copolymerization with (S)-BPTA. The latter polymer-
izes at concentrations as low as 10 mM and remains soluble up
Chem. Sci., 2021, 12, 13001–13012 | 13005
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Fig. 5 VT-CD (top panels) and VT-UV (bottom panels) spectra of 15 mM solutions of (S)-BiPyTA in MCH containing 10 (a) and 23 (b) ppm water.
The spectra were collected with a cooling rate of 1 �Cmin�1 at 5 �C intervals, with the red spectra recorded at 85 �C and the blue spectra at 5 �C.
The grayscale indicates the temperature gradient from high (light) to low (dark) temperature. (c) VT-CD traces of 15 mM solutions of (S)-BiPyTA in
ambient (red traces) and dry (green traces) MCH upon cooling (dark shades) and subsequent heating (light shades).
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to mM concentrations.51 As such, the poorly polymerizing
additives may modulate the morphology of the (S)-BPTA
copolymers. The copolymerizations were conducted in dry
solvents to exclude interference from water, which can consid-
erably hinder copolymer analyses.51 To this end, we rst inves-
tigated the effect of phenylpyridine derivative (S)-PhePyTA as an
additive to the polymerization of (S)-BPTA.
(S)-PhePyTA modulates the length of (S)-BPTA-based polymers

VT-CD and UV measurements on 30 mM samples containing
various ratios of (S)-BPTA and (S)-PhePyTA all showed a CD-
Fig. 6 (a) Spectra of a sample containing 24 mM (S)-BPTA and 6 mM (S)-Ph
red, green and blue spectra collected at 95, 40 and 5 �C. Spectra are colo
panel: VT-CD traces of samples containing various ratios of (S)-BPTA and
sample of (S)-BPTA (yellow trace) in MCH containing less than 10 ppmH2

of 30 mMmixtures of (S)-BPTA and (S)-PhePyTA in dry MCH. (c) SLS-deriv
less than 10 ppm H2O upon addition of varying amounts of (S)-PhePyTA

13006 | Chem. Sci., 2021, 12, 13001–13012
silent UV maximum at 227 nm above 80 �C (Fig. 6a and S15†).
Upon cooling below 80 �C, a CD spectrum reminiscent of water-
free homopolymers of (S)-BPTA emerges, showing a maximum
at 258 nm. Further cooling does not lead to considerable
changes in the spectrum, except for the amplitude. Solutions
containing low fractions (between 0 and 10 mol%) of (S)-Phe-
PyTA additive show no signicant hysteresis and an elongation
temperature around 81 �C is observed (Fig. 6b, top panel and
S16†). Upon further cooling the CD intensities observed for
solutions of copolymers containing up to 10 mol% (S)-PhePyTA
reach a maximum between approximately 20 and 40 �C. Below
ePyTA in dry MCH. The spectra were recorded at 5 �C intervals with the
ur coded on a grayscale going from light (95 �C) to dark (5 �C). (b) Top
(S)-PhePyTA at a total concentration of 30 mM (blue traces) and a 24 mM
O. Bottom panel: experimental (symbols) and fitted (lines) VT-CD traces
ed lengths of the (S)-BPTA:(S)-PhePyTA copolymers in MCH containing
at a fixed (S)-BPTA concentration of 100 mM.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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this temperature, the intensity gradually decreases, indicating
that the helical organization in the polymers weakens or less
monomers are polymerized. In contrast, for solutions contain-
ing more than 10 mol% (S)-PhePyTA, the elongation tempera-
ture increasingly shis to lower temperature, while the
maximum CD intensity decreases considerably. For samples
that contain an (S)-PhePyTA mole fraction of 40 mol% or more,
hardly any ordered polymers are formed, while the absorption
spectra at room temperature retain a relatively low intensity. As
no scattering in the UV spectrum at higher wavelengths is
observed (Fig. S15†), the low absorbance most likely indicates
that the biaryl monomers are not molecularly dissolved but are
aggregated in a CD-silent aggregate.

A comparison of solutions containing 30 mM biaryl-based
mixtures consisting of 80 mol% (S)-BPTA and 20 mol% (S)-
PhePyTA with solutions containing only 24 mM (S)-BPTA sheds
further light on the role of the phenylpyridine additive. The
latter solution shows an elongation temperature of 80 �C and
has a CD intensity of 53 mdeg, in line with our previous report.51

The 30 mM copolymer solution, which also contains 24 mM (S)-
BPTA shows, however, an elongation temperature of approxi-
mately 78 �C and reaches a maximum CD value of only 34 mdeg
around 40 �C. With the van't Hoff equation and the thermody-
namic parameters of the (S)-BPTA polymerization, we calculate
that (S)-BPTA homopolymers elongate at 78 �C at a monomer
concentration of 20 mM. This concentration is very close to the
excess of (S)-BPTA in the copolymerization, strongly suggesting
that (S)-PhePyTA sequesters (S)-BPTA from the polymerization
in an equimolar ratio. This role of (S)-PhePyTA as a sequestrator
explains the VT-CD of all samples containing up to 30 mol% of
(S)-PhePyTA (Fig. 6b), which further corroborates the equimolar
sequestration of (S)-BPTA by (S)-PhePyTA.

Additional thermodynamic insight into the sequestration of
(S)-BPTA by (S)-PhePyTA was obtained by tting a mass-balance
model that describes the respective homopolymerization and
sequestration to the VT-CD traces (full details in the ESI†). The
ts of the mixtures containing up to 30mol% (S)-PhePyTA are in
good agreement with the experimental data (Fig. 6b, lower
panel). From the ts, upper and lower bounds on the value of
the enthalpy and entropy of the sequestration event are ob-
tained. Themodel is in good agreement with the data for several
sets of thermodynamic values with enthalpy values between
�80 and �107 kJ mol�1 and entropy values between �89 and
�169 J mol�1 K�1, (Fig. S17†). Unfortunately, the model is not
able to give clear indications on enthalpic differences between
the respective homo- and hetero-interactions between (S)-BPTA
and (S)-PhePyTA. However, the upper bound for the entropic
penalty of �169 J mol�1 K�1 indicates that the entropic penalty
of the hetero-interaction is less than the entropic penalty of
ordering the monomers in the homopolymers, suggesting that
the sequestered complex is rather disorganized. This disorga-
nized nature of the sequestered species is in agreement with the
lack of a strong CD signal. Interestingly, when we tried to t the
entire dataset, which includes the VT-CD traces of samples
containing 40, 50 and 60 mol% (S)-PhePyTA, the model incor-
rectly predicts an elongation of (S)-BPTA at low temperatures,
rather than around 60 �C (Fig. S18†). The model's lower
© 2021 The Author(s). Published by the Royal Society of Chemistry
elongation temperatures indicate that at higher (S)-PhePyTA
ratios and low temperatures, there may be a sufficiently large
thermodynamic driving force for (S)-PhePyTA to act as an
intercalator or chain capping agent. Thus, while (S)-PhePyTA
may act as chain capper or intercalator at low temperatures, the
VT-CD results show that, at 60 �C, the phenylpyridine-based
additive acts primarily as a sequestrator of (S)-BPTA.

To conrm the role of an additive in supramolecular copo-
lymerizations, spectroscopic studies were complemented by
scattering techniques to reveal information on the size of the
copolymers.23 To this end, we conducted multi-angle SLS
measurements at 30, 45 and 60 �C on dry MCH solutions con-
taining 100 mM (S)-BPTA and varying amounts of (S)-PhePyTA
(Fig. 6c). Aer tting the scattering results to a cylindrical
model, the experiments show that at all temperatures the length
of the supramolecular polymers gradually decreases as the
phenylpyridine additive is added. This gradual decrease in
polymer length upon addition of (S)-PhePyTA is a hallmark of
the sequestrating role of (S)-PhePyTA. In contrast, a sharp
decrease would be indicative of a chain capper, whereas a subtle
length increase would indicate copolymerizing or intercalating
additives.23 Furthermore, when more than 10 mol% (S)-Phe-
PyTA is present in the system, the slope of the scattering proles
decreases at high q-values (Fig. S19–S21†). This change in slope
suggests the presence of a second population of non-cylindrical
aggregates next to the cylindrical supramolecular polymers,
further corroborating the predominantly sequestrating role of
(S)-PhePyTA. Surprisingly, the phenylpyridine core of the (S)-
PhePyTA does not lead to the efficient formation of copolymers
with (S)-BPTA. Rather, the phenylpyridyl core directs the
formation of small, sequestrating dimers or oligomers through
which the chain length of the (S)-BPTA polymers can be tuned
in a controlled manner.
(S)-BiPyTA modulates (S)-BPTA-based polymers as a function
of temperature

Next, we investigated the role of (S)-BiPyTA in the polymeriza-
tion of (S)-BPTA using an identical approach as employed for
(S)-PhePyTA. The VT-UV and CD spectra show that the absorp-
tion spectra gradually change upon increasing the molar frac-
tion of (S)-BiPyTA in 30 mM solutions of (S)-BPTA and (S)-
BiPyTA. The VT-CD spectra for all copolymerizations show
identical spectral shapes, which indicates that the microscopic
structure of the ordered aggregates present in solution remains
identical to the structure of the (S)-BPTA homopolymers (Fig. 7a
and S22†). The VT-CD intensity at 258 nm shows that at 30 mM
total monomer concentration, the copolymers containing up to
30 mol% of (S)-BiPyTA all elongate at 81 �C and minimal
hysteresis and water dependency is observed (Fig. 7b, S23 and
S24†). Together with the CD intensities around the elongation
temperature, which are similar to (S)-BPTA homopolymers,
these results show that (S)-BiPyTA readily copolymerizes with
(S)-BPTA. When the temperature is further decreased, the CD
intensity reaches a maximum, which occurs at higher temper-
atures for higher molar ratios of (S)-BiPyTA in the copolymers.
Aer reaching amaximum, the CD intensity gradually decreases
Chem. Sci., 2021, 12, 13001–13012 | 13007
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Fig. 7 (a) Spectra of a sample containing 24 mM (S)-BPTA and 6 mM (S)-BiPyTA in dry MCH. The spectra were recorded at 5 �C intervals with the
red, green and blue spectra collected at 95, 40 and 5 �C. Spectra are colour coded on a grayscale going from light (95 �C) to dark (5 �C). (b) Top
panel: VT-CD traces of samples containing various ratios of (S)-BPTA and (S)-BiPyTA at a total concentration of 30 mM (blue traces) and a 24 mM
sample of (S)-BPTA (yellow trace) in MCH containing less than 10 ppmH2O. Bottom panel: VT-CD traces of MCH solutions containing 15 mM (S)-
BPTA, and 15 mM of both (S)-BPTA and 4,40-bipydirine. (c) SLS-derived lengths of the (S)-BPTA:(S)-BiPyTA copolymers in MCH containing less
than 10 ppm H2O upon addition of varying amounts of (S)-BiPyTA at a fixed (S)-BPTA concentration of 100 mM.

Fig. 8 Cartoon representation of the aggregation behaviour of (S)-
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as the temperature is further decreased and solutions contain-
ing 20 mol% ormore (S)-BiPyTA do not show any CD intensity at
20 �C anymore. For solutions containing more than 30 mol%
(S)-BiPyTA, the elongation temperatures become increasingly
lower, while solutions containing 60 mol% do not show any
considerable formation of supramolecular polymers at all. In
contrast to the results obtained for (S)-PhePyTA, the VT-CD
traces of the (S)-BPTA:(S)-BiPyTA solutions suggest that (S)-
BiPyTA copolymerizes with (S)-BPTA at high temperatures,
while at low temperatures a similar destabilization of the
polymers occurs as observed for (S)-PhePyTA.

The incorporation of small fractions of (S)-BiPyTA into
supramolecular polymers of (S)-BPTA at high temperatures is
corroborated by SLS measurements. At 60 �C, the supramolec-
ular polymers do not show a noticeable decrease in polymer
length when (S)-BiPyTA is added to 100 mM solutions of (S)-
BPTA (Fig. 7c). In addition, the scattering proles of the
samples at 60 �C containing (S)-BiPyTA fractions can be
described with a single cylindrical model (Fig. S25†), suggesting
that only a single polymer species is present. Together with the
spectroscopic data, this result points to a predominant inter-
calating role of (S)-BiPyTA in which the additive readily incor-
porates into the (S)-BPTA-based polymers at temperatures of
60 �C. However, due to destabilizing dipolar interactions, (S)-
BiPyTA does not form contacts with other (S)-BiPyTA mono-
mers, and this results in only a modest decrease in polymer
length at low additive ratios. At lower temperatures, where the
CD intensity of the (S)-BPTA:(S)-BiPyTAmixtures decreases, SLS
shows a gradual decrease in the polymer length, while the
scattering proles of samples containing 10 mol% (S)-BiPyTA or
more show a change in slope at high q-values (Fig. 7c, S26 and
S27†), indicating that other aggregates are formed. Thus, the
13008 | Chem. Sci., 2021, 12, 13001–13012
SLS results conrm that at low temperatures, (S)-BiPyTA most
likely functions as a sequestrator of (S)-BPTA.

To gain a more detailed insight into the driving forces
leading to copolymerization of (S)-BiPyTA with (S)-BPTA at
higher temperatures, we also studied a solution containing 15
mM (S)-BPTA and 15 mM 4,40-bipyridine (Fig. 7b, lower panel).
The 4,40-bipyridine additive features a similar electron-poor
aromatic core but does not possess the ability to form inter-
molecular hydrogen bonds with the amides of (S)-BPTA. When
comparing the VT-CD traces of this mixture with the VT-CD
trace of a 15 mM (S)-BPTA homopolymerization, no signicant
differences can be observed apart from changes in intensity that
are due to different levels of humidity in the solution. Thus,
dipolar interactions alone are not sufficient for the intercalation
into the (S)-BPTA-based polymers. Instead, the hydrogen-
bonding ability of the additive appears key to further drive the
PhePyTA and (S)-BiPyTA in the absence and presence of (S)-BPTA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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incorporation of (S)-BiPyTA into the polymers. As such, we
conclude that the subtle changes in hydrogen bonding inter-
actions and dipolar character of the (S)-PhePyTA and (S)-BiPyTA
additives can lead to profound changes in supramolecular
behaviour (Fig. 8).
Conclusions

In this work, we have studied the supramolecular aggregation in
methylcyclohexane (MCH) of phenylpyridine- and bipyridine-
based analogues of the previously studied biphenylte-
tracarboxamide (S)-BPTA. Unlike the long and ordered supra-
molecular polymers formed by (S)-BPTA, the phenylpyridine (S)-
PhePyTA forms short, disorganized bers, while the bipyridine
(S)-BiPyTA forms kinetically trapped, ill-dened supramolecular
aggregates. With a combination of spectroscopic and scattering
techniques, it was found that water controls the chain length of
the (S)-PhePyTA aggregates in ambient MCH and is responsible
for the small size of these aggregates. With the decreasing
solubility and ordering in the supramolecular polymerization
upon increasing the electron deciency of the aromatic core,
the biaryl monomers highlight the balance between solubility
and aggregation driving force that is required to form ordered
supramolecular polymers.

Although the pyridine-based molecules do not form long,
ordered supramolecular polymers by themselves, copolymeri-
zation experiments show that they can be used to control the
length and stability of (S)-BPTA-based polymers. By seques-
trating (S)-BPTA monomers at high temperatures, (S)-PhePyTA
suppresses the length and elongation temperature of (S)-BPTA
homopolymers. At lower temperatures, the weak decrease of the
polymer length suggests that the additive further destabilizes
the polymers through intercalation. In contrast, (S)-BiPyTA
intercalates into the polymers already at high temperatures,
giving subtle control over the length of the (S)-BPTA-based
copolymers.

These observations illustrate the delicate energetic balances
encountered in these systems, as was also observed for other
biphenyl systems.51 With this, we provide further insights into
the dramatic effects that small structural variations can have on
supramolecular systems. To gain a further understanding of
these phenomena, a combination of thorough experimental
and computational analyses is crucial. We envision that such
systematic studies will lead to further control over supramo-
lecular materials for a wide range of biomedical and opto-
electronical applications. By acting as synthetic analogues of
biochemical chaperones, such additive molecules are thereby
a valuable tool in the expanding toolbox of non-covalent
synthesis.
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(S)-chiral amine starting material and help during NMR exper-
iments. This work received nancially supported by The Neth-
erlands Organization for Scientic Research (TOP-PUNT grant
10018944, ECHO grant 713.016.003) and the Dutch Ministry of
Education, Culture and Science (Gravity program FMS
024.001.035). The authors are grateful for the nancial support
from Kao corporation.

Notes and references

1 W. A. Braunecker and K. Matyjaszewski, Controlled/Living
Radical Polymerization: Features, Developments, and
Perspectives, Prog. Polym. Sci., 2007, 32(1), 93–146.

2 G. Moad, E. Rizzardo and S. H. Thang, Radical Addition–
fragmentation Chemistry in Polymer Synthesis, Polymer,
2008, 49(5), 1079–1131.

3 J. Nicolas, Y. Guillaneuf, C. Lefay, D. Bertin, D. Gigmes and
B. Charleux, Nitroxide-Mediated Polymerization, Prog.
Polym. Sci., 2013, 38(1), 63–235.

4 M. Rahman and C. S. Brazel, The Plasticizer Market: An
Assessment of Traditional Plasticizers and Research Trends
to Meet New Challenges, Prog. Polym. Sci., 2004, 29(12),
1223–1248.

5 M. G. A. Vieira, M. A. da Silva, L. O. dos Santos and
M. M. Beppu, Natural-Based Plasticizers and Biopolymer
Films: A Review, Eur. Polym. J., 2011, 47(3), 254–263.

6 T. Mekonnen, P. Mussone, H. Khalil and D. Bressler,
Progress in Bio-Based Plastics and Plasticizing
Modications, J. Mater. Chem. A, 2013, 1(43), 13379–13398.

7 D. L. Rabenstein, Heparin and Heparan Sulfate: Structure
and Function, Nat. Prod. Rep., 2002, 19(3), 312–331.

8 B. P. Toole, Hyaluronan: From Extracellular Glue to
Pericellular Cue, Nat. Rev. Cancer, 2004, 4(7), 528–539.

9 F. Zhang, Z. Zhang and R. J. Linhardt Glycosaminoglycans,
in Handbook of Glycomics, ed. R. D. Cummings and J. M.
Pierce, Elsevier, 2010, pp. 59–80.

10 N. A. Ayoub, J. E. Garb, R. M. Tinghitella, M. A. Collin and
C. Y. Hayashi, Blueprint for a High-Performance
Chem. Sci., 2021, 12, 13001–13012 | 13009

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc03974a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 3
:4

0:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Biomaterial: Full-Length Spider Dragline Silk Genes, PLoS
One, 2007, 2(6), e514.

11 J. A. Kluge, O. Rabotyagova, G. G. Leisk and D. L. Kaplan,
Spider Silks and Their Applications, Trends Biotechnol.,
2008, 26(5), 244–251.

12 A. D. Malay, K. Arakawa and K. Numata, Analysis of
Repetitive Amino Acid Motifs Reveals the Essential
Features of Spider Dragline Silk Proteins, PLoS One, 2017,
12(8), e0183397.

13 T. Aida, A. Takemura, M. Fuse and S. Inoue, Synthesis of
a Novel Amphiphilic Porphyrin Carrying Water-Soluble
Polyether Side Chains of Controlled Chain Length.
Formation of a Cofacial Molecular Assembly in Aqueous
Media, J. Chem. Soc., Chem. Commun., 1988, 5, 391–393.

14 Q. Wang, J. L. Mynar, M. Yoshida, E. Lee, M. Lee, K. Okuro,
K. Kinbara and T. Aida, High-Water-Content Mouldable
Hydrogels by Mixing Clay and a Dendritic Molecular
Binder, Nature, 2010, 463(7279), 339–343.

15 Y. Yanagisawa, Y. Nan, K. Okuro and T. Aida, Mechanically
Robust, Readily Repairable Polymers via Tailored
Noncovalent Cross-linking, Science, 2018, 359(6371), 72–76.

16 G. A. Silva, C. Czeisler, K. L. Niece, E. Beniash,
D. A. Harrington, J. A. Kessler and S. I. Stupp, Selective
Differentiation of Neural Progenitor Cells by High-Epitope
Density Nanobers, Science, 2004, 303(5662), 1352–1355.

17 Z. Huang, C. J. Newcomb, P. Bringas, S. I. Stupp and
M. L. Snead, Biological Synthesis of Tooth Enamel
Instructed by an Articial Matrix, Biomaterials, 2010,
31(35), 9202–9211.

18 Z. Yu, F. Tantakitti, T. Yu, L. C. Palmer, G. C. Schatz and
S. I. Stupp, Simultaneous Covalent and Noncovalent
Hybrid Polymerizations, Science, 2016, 351(6272), 497–502.

19 T. Aida, E. W. Meijer and S. I. Stupp, Functional
Supramolecular Polymers, Science, 2012, 335(6070), 813–817.

20 M. J. Webber, E. A. Appel, E. W. Meijer and R. Langer,
Supramolecular Biomaterials, Nat. Mater., 2016, 15(1), 13–26.

21 O. J. G. M. Goor, S. I. S. Hendrikse, P. Y. W. Dankers and
E. W. Meijer, From Supramolecular Polymers to Multi-
Component Biomaterials, Chem. Soc. Rev., 2017, 46(21),
6621–6637.

22 B. Adelizzi, N. J. J. Van Zee, L. N. J. N. J. de Windt,
A. R. A. R. A. Palmans and E. W. W. Meijer, Future of
Supramolecular Copolymers Unveiled by Reecting on
Covalent Copolymerization, J. Am. Chem. Soc., 2019,
141(15), 6110–6121.

23 E. Weyandt, M. F. J. Mabesoone, L. N. J. de Windt,
E. W. Meijer, A. R. A. Palmans and G. Vantomme, How to
Determine the Role of an Additive on the Length of
Supramolecular Polymers?, Organic Materials, 2020, 02(02),
129–142.

24 M. M. J. Smulders, A. P. H. J. Schenning and E. W. Meijer,
Insight into the Mechanisms of Cooperative Self-Assembly:
The “Sergeants-and-Soldiers” Principle of Chiral and
Achiral C3-Symmetrical Discotic Triamides, J. Am. Chem.
Soc., 2008, 130(2), 606–611.

25 T. E. Kaiser, V. Stepanenko and F. Würthner, Fluorescent J-
Aggregates of Core-Substituted Perylene Bisimides: Studies
13010 | Chem. Sci., 2021, 12, 13001–13012
on Structure�Property Relationship, Nucleation�Elongation
Mechanism, and Sergeants-and-Soldiers Principle, J. Am.
Chem. Soc., 2009, 131(19), 6719–6732.

26 M. Liu, L. Zhang and T. Wang, Supramolecular Chirality in
Self-Assembled Systems, Chem. Rev., 2015, 115(15), 7304–
7397.

27 J. van Gestel, A. R. A. Palmans, B. Titulaer,
J. A. J. M. Vekemans and E. W. Meijer, “Majority-Rules”
Operative in Chiral Columnar Stacks of C3-Symmetrical
Molecules, J. Am. Chem. Soc., 2005, 127(15), 5490–5494.

28 W. Jin, T. Fukushima, M. Niki, A. Kosaka, N. Ishii and
T. Aida, Self-Assembled Graphitic Nanotubes with One-
Handed Helical Arrays of a Chiral Amphiphilic Molecular
Graphene, Proc. Natl. Acad. Sci. U. S. A., 2005, 102(31),
10801–10806.

29 M. M. J. Smulders, P. J. M. Stals, T. Mes, T. F. E. Paffen,
A. P. H. J. Schenning, A. R. A. Palmans and E. W. Meijer,
Probing the Limits of the Majority-Rules Principle in
a Dynamic Supramolecular Polymer, J. Am. Chem. Soc.,
2010, 132(2), 620–626.

30 Y. Dorca, E. E. Greciano, J. S. Valera, R. Gómez and
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