Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

ACS
' Q ( : ! ; AUTHORCHOICE

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

This is an open access article published under a Creative Commons Non-Commercial No Q

Solute—Solvent Interactions in Modern Physical Organic Chemistry:
Supramolecular Polymers as a Muse

Mathijs F. J. Mabesoone, Anja R. A. Palmans, and E. W. Meijer*

Cite This: J. Am. Chem. Soc. 2020, 142, 19781-19798 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations |

ABSTRACT: Interactions between solvents and solutes are a cornerstone of physical organic chemistry and have been the subject
of investigations over the last century. In recent years, a renewed interest in fundamental aspects of solute—solvent interactions has
been sparked in the field of supramolecular chemistry in general and that of supramolecular polymers in particular. Although solvent
effects in supramolecular chemistry have been recognized for a long time, the unique opportunities that supramolecular polymers
offer to gain insight into solute—solvent interactions have become clear relatively recently. The multiple interactions that hold the
supramolecular polymeric structure together are similar in strength to those between solute and solvent. The cooperativity found in
ordered supramolecular polymers leads to the possibility of amplifying these solute—solvent effects and will shed light on extremely
subtle solvation phenomena. As a result, many exciting effects of solute—solvent interactions in modern physical organic chemistry
can be studied using supramolecular polymers. Our aim is to put the recent progress into a historical context and provide avenues
toward a more comprehensive understanding of solvents in multicomponent supramolecular systems.

H INTRODUCTION solvents and their solutes is of crucial importance in many
The interactions between solvents and their solutes are widely areas of industrial chemistry and materials science.

regarded as one of the most important topics in organic Solute—solvent interactions are of crucial importance in
chemistry and are central in controlling solubility, reactivity, biology as well.” The stability of the tertlasry structure of foldec}
and structure.’ Although chemist use solvents every day in biomacromolecules, such as polypeptides” or polynucleotides,
their laboratory to dissolve molecules, it is still an educated depends critically on interactions of the biomacromolecule
guess to select which solvent for which solute. Whereas the with water both in the interior and at the exterior of the
role of individual solvents with solutes has become well- structure. Of more recent date are the exciting consequences of
documented, special attention is needed for solvent combina- liquid—liquid phase transitions as observed in cellular systems,”

tions. In many mixtures, solvent—solvent mesoscale phase
separation occurs, for instance, in aqueous solutions of THF or
alcohols, which influences chemical reactions and dissolution
of solutes especially at the composition where these phase
transitions occur. Several such examples are discussed in this
Perspective. Through decades of detailed studies in physical
organic chemistry, chemists arrived at a high level of

while the stabilizing role of water to balance dipoles in proteins
is still a topic of discussion today.® However, this Perspective
will not cover these fascinating biochemical subjects but will
focus on mostly synthetic supramolecular systems with the
main emphasis on supramolecular polymers, as their
cooperative nature opens the door to study subtle effects

understanding on the role of solvent properties, chemical that are expressed at a mesoscopic level.

structure, and the outcome of chemical reactions. The many After their first intellectual conception as “Hochmolekulare

exciting effects of solvents in supramolecular polymerizations Verbindungen” by Staudinger in 1920,” macromolecules

make these “mostly forgotten” details worth revisiting. dominated the first century of polymer science. At the end
The learning curve that led to the physical organic of the last century, however, reports started to emerge on

framework of solvent effects on chemical structure and polymeric aggregates of repeating monomeric units that were

reactivity of organic molecules was also present in polymer not held together by covalent bonds but rather by supra-

science. It is well-known that the solution-state conformations
of synthetic polymers are strongly determined by the solvent
quality. Small globular particles are present in bad solvents, and
more extended chains are present in good solvents. A special
place is occupied by theta solvents, in which the interactions
between the solvent and polymer solute are of equal energy as
the solute—solute interactions. The outcome of common
procedures in material processing, such as annealing, molding,
and electrospinning, strongly depends on solute—solvent
interactions. As such, the noncovalent chemistry between

molecular, noncovalent interactions.*”"' These examples
marked the birth of a new branch in polymer science, the
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Figure 1. (a) Changes in transition state Gibbs free energy (AF¥), enthalpy (AHT), and entropy (AS¥) of the solvolysis of t-butyl chloride in
EtOH—H,O mixtures. Image adapted with permission from ref 25. Copyright 1957 American Chemical Society. (b) Poly(quinoxaline-2,3-diyl)s
adopt a preferred helicity due to chiral solvent and transfer the chirality of the solvent through their catalytic activity to the silylated product of the
reaction. Scheme adapted from ref 57 with permission from the American Chemical Society.

field of supramolecular polymers, with seminal contributions
by Lehn, Aida, Stupp, and many others."

In supramolecular polymers, the repeating monomeric units
of the polymer are held together by one or more noncovalent
interactions, such as hydrogen bonding, 7-stacking, charge-
transfer interactions, metal—ligand coordination, ionic inter-
actions, and hydrophobic or solvophobic effects.'”'* The
strength of these interactions is typically in the range of 10—
100 kJ/mol, rather than the hundreds of kJ/mol characteristic
for covalent bonds. Contrasting to macromolecules or covalent
polymers, the backbone of supramolecular polymers is highly
dynamic, with typical lifetimes of an intermonomeric bond
between 1 ms and 1 min."” This dynamic nature of the
noncovalent interactions renders supramolecular polymers
highly responsive to various external factors and stimuli, such
as temperature, solvent and concentration.”"* This stimuli-
responsiveness facilitates straightforward processing of these
materials by simply changing, for example, temperature or
concentration. Additionally, the dynamic nature of the
noncovalent interactions typically renders supramolecular
polymers self-healing and enables easy recycling.

Supramolecular polymers are commonly prepared and
studied in solution. In contrast to macromolecules, the
intermonomeric and polymer—solvent interactions in supra-
molecular polymers are of similar strength, and hence, the
structure and properties are even more determined by the
solvent than in covalent macromolecules. The dynamic nature
of supramolecular polymers gives these systems a strong
dependency on the experimental conditions under which they
are analyzed. Consequently, studying the interactions between
supramolecular polymers and their solvents is challenging but
may also provide attractive opportunities to exploit these
interactions to design material properties that cannot be
realized in macromolecules.

In this Perspective, the physical and organic chemistry of
solute—solvent interactions is reviewed with a focus on
supramolecular polymerizations. First, the effects of solvents
on covalent chemistry are discussed; more specifically the
impact of these effects on reactivity and the structure of
synthetic polymers are reviewed. Next, the general principles of
supramolecular polymers are briefly introduced. Then, solvent
effects in supramolecular chemistry and supramolecular
polymers are discussed in detail, focusing on solvent-depend-
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ent stability, kinetics, pathway selection, and structure. Lastly,
solvent effects in supramolecular polymerizations in water are
briefly reviewed. We finalize this Perspective by providing an
outlook toward a rebirth of the physical organic chemistry of
solvent interactions in supramolecular chemistry.

B THE ROLE OF SOLVENTS IN COVALENT
CHEMISTRY

The main difference between covalent and noncovalent
chemistry is the intrinsically dynamic nature of the bonds in
supramolecular chemistry. The effect of solvents is well studied
in organic chemistry with a focus on chemical reactivity, while
in polymer chemistry, the studies are more focused on
solubility.

Solvent Effects in Chemical Reactivity. Typically,
chemical reactions are carried out in a solvent medium,
which strongly impacts reactivity. For instance, Syl reactions
typically proceed faster in polar, protic solvents, which stabilize
the charge developing during the reaction, while Sy2 reactions
are facilitated by more apolar, aprotic solvents, which properly
solvate the transition state of the reaction.'” Many of these
effects have been studied thoroughly halfway through the
previous century'®'” and have become textbook knowledge.”
Yet, solvent effects on chemical reactivity and selectivity
remain an active area of research up to this day.”!

Although many different interactions are balanced in
solvation effects in chemical reactions, the effects of solvents
on reaction rates of elementary reactions can be efficiently
described through linear relationships.””*® Winstein and
Grunwald®” showed that the rate of a chemical reaction in
reference to the rate in 80 vol % ethanol in water mixture can

be expressed with log(ki) = mY, with k being the reaction

rate, k, the rate in the ethanol—water mixture, m a parameter
indicating the reaction sensitivity to solvent ionizing power,
and Y a measure for ionizing power of the solvent.**
Interestingly, the often observed linear dependency of reaction
rates on solvent composition originates from a complex
interplay between enthalpic and entropic variations as the
solvent composition changes (Figure 1a).> Later, alternative
methods, which are easier to determine than Winstein’s Y-
scale, have been developed by among others Kosower”® and
Dimroth and Reichardt.”” More detailed discussions on solvent

https://dx.doi.org/10.1021/jacs.0c09293
J. Am. Chem. Soc. 2020, 142, 19781-19798


https://pubs.acs.org/doi/10.1021/jacs.0c09293?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09293?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09293?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09293?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c09293?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

effects on chemical reactivity can be found in several excellent
reviews and textbooks.”* ™’

Solvent effects are not only observed in reactions of small
molecules; also covalent polymerizations are known to be
strongly influenced by solvents. Typically, high purity solvents
are critical to obtain high molecular weight polymers, and
impurities can dramatically impact the polymerization. Other
solvent effects are also known to impact polymerization
reactions. For example, the propagation rate is strongly
correlated to the stability of the solvent-separated ion pair
that is formed during anionic polymerization.”' > Similar
effects have been observed in cationic polymerizations®* and
free radical polymerizations®> ™’ and are reviewed elsewhere.*®
In controlled radical polymerizations, where the concentration
of reactive chain ends is very low, complexation of the chain
end with the solvent is less important in determining the rate
of polymerization. Nonetheless, linear free energy relationships
similar to those developed by Winstein, for example, have been
reported for controlled radical polymerizations.””*’ Thus,
solvent effects not only are important in reactions of small
molecules but also play a prime role in the synthesis of
covalent polymers.

Solvation in Covalent Polymers. Aside from affecting
the rate of polymerization, solvents also greatly influence the
conformational flexibility of dissolved polymers. Some of the
earliest models describing the influence of solvents on
macromolecular structures were developed by Flory*' and
Huggins*> and have since become textbook knowledge.*
These models, in which solvents are qualified as good solvents,
causing swelling of the polymer chains, bad solvents, causing a
collapse of the polymers, or f-solvents, in which the polymer
adopts random walk statistics, rely on the Flory—Huggins
parameter, y, and are rather qualitative. A more quantitative
description of polymer—solvent interactions was developed by
Hildebrand, who defined the Hildebrand solubility parameter
as the square root of the cohesive energy density'' of the
solvent.™*® Later, this model was extended by Hansen, "’
whose Hansen solubility parameter has found widespread use
in paint and coating technologies***’ but also found some
applications in supramolecular systems.*’

More intricate solvent effects on covalent macromolecules,
such as induction of a single helical handedness in helical
polymers, have also been observed. In a series of seminal
papers, Green showed the subtle influence of chiral solvent on
macromolecular conformation.”"”** Later, similar effects with
small molecule solvents or cosolvents were observed by among
others the groups of Yashima®** and Suginome.ss’56 More-
over, the group of Suginome reported recently that a solvent-
induced helical handedness in catalytically active polymers can
be transferred to enantiospecific hydrosilylation (Figure 1b).>”
In this way, a unique connection between the covalent
chemical reaction and the noncovalent interaction between the
macromolecule and solvent is established. These examples
highlight that in covalent systems, solvents can play a profound
role in polymer conformation and function.

B SUPRAMOLECULAR POLYMERS

Supramolecular polymers are long, typically one-dimensional
aggregates of repeating monomeric units held together by
supramolecular, noncovalent interactions. As a result of the
noncovalent interactions, these polymers are in a dynamic
equilibrium with free monomers in the surrounding solution.
In natural systems, such one-dimensional aggregates of

repeating monomeric units held together by noncovalent
interactions have long been known. Examples thereof are
polymerization of tubulin to form microtubules, actin
filaments, and intermediate filaments. Some of the earlier
models to describe protein aggregation into one-dimensional
aggregates were pioneered by Oosawa already in the
1960s.5%%° Still, it was not until the late 20th century that
the first reports of synthetic supramolecular polymers
emerged8711 and over the last two decades, the field of
supramolecular polymers has expanded considerably.

Like their covalent analogues, supramolecular polymers can
form via different mechanisms: an isodesmic mechanism,
analogous to covalent step-growth polymerization, or a
cooperative mechanism, analogous to covalent chain-growth
polymerization (Figure 2). In an isodesmic supramolecular

a) . N
Isodesmic supramolecular polymerization

l(iSO ’(iSO I<I50
R R

b)
Cooperative supramolecular polymerization
K K g K ——
n e e
e [E——

Monomer Nucleus Elongated polymer

Figure 2. Cartoon representations of (a) an isodesmic supramolecular
polymerization and (b) a cooperative, or nucleated, supramolecular
polymerization.

polymerization, the association between monomers and
polymers to form polymer chains is characterized by a single
equilibrium constant. As a result, the degree of polymerization
of isodesmic polymers depends weakly on concentration and
temperature. Well-known examples of such polymers include
tethered ureidopyrimidinone-based systems (Figure 3a)*’ and
linked host—guest complexes.”"®” Interestingly, the degree of
polymerization for isodesmic polymerizations follows Car-
others’ equation for step-growth polymerizations, with the
fraction of aggregated monomers substituting chemical
conversion.”’ Isodesmic polymerizations are characterized by
an equilibrium between monomers and mostly small
oligomers, while long polymers only form when almost all
monomers are aggregated.

Another mechanism through which supramolecular poly-
mers form is the cooperative, or nucleated, mechanism. In
cooperative supramolecular polymerizations, a thermodynami-
cally unstable nucleus first forms, after which this nucleus
elongates into long one-dimensional polymers. The nucleus
formation is characterized by an equilibrium constant of
nucleation, K, which is typically lower than the equilibrium
constant of the subsequent elongation into long polymers, K..
The degree of cooperativity is characterized by the
cooperativity parameter, 6 = K,/K.®’ The degree of
polymerization and molar mass dispersity are strongly affected
by 0. In contrast to isodesmic polymerizations and analogous
to chain-growth polymerizations, cooperative polymerizations
form polymers with high degrees of polymerization already at
low fractions of aggregated monomers. These polymerizations
are thus characterized by an equilibrium between free
monomers and long polymers already at low degrees of
aggregation. Among the first reported examples of such
cooperative polymerizations are 2,4-di(N'-2-ethylhexylureido)-
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Figure 3. (a) Chemical structure of the dimerized UPy motif often used in isodesmic, telechelic supramolecular polymers. (b—d) Chemical
structures of monomer platforms that form cooperative supramolecular polymers: (b) 2,4-di(N’-2-ethylhexylureido)toluene (EHUT), (c) an
oligo(p-phenylene vinylene) derivative, as well as examples of the platforms of (d) the benzene-1,3,5-tricarboxamide, (e) merocyanine, and (f)

perylenebisimide.

toluene (EHUT)®* and oligo(p-phenylene vinylene)s
(OPVs).”> In addition, detailed investigations on the
cooperative polymerizations of among others benzene-1,3,5-
tricarboxamides (BTAS),66'67 me1‘ocyanins,68’69 and perylene
bis/diimides (PBIs or PDIs)”*”" followed (Figure 3b-d). The
stereochemical control and the highly ordered structures of the
supramolecular polymers are characteristic for polymers
formed through cooperative mechanisms.

Recently, more analogies between covalent and supra-
molecular polymerizations have been put forward. Examples
thereof include impressive progress toward developing supra-
molecular analogues of living supramolecular polymeriza-
tions,””~"* as well as various copolymerizations.”” Other
interesting developments toward agg)lication of supramolecular
polymers, mostly as biomaterials’®”” but also for optoelec-
tronical applications,”® show that these materials are reaching
technological maturity.

B THE ROLE OF SOLVENTS IN NONCOVALENT
CHEMISTRY

The strength of noncovalent interactions between molecules
and atoms is strongly dependent on the solvent. For instance,
stabilizing effects of ion—dipole interactions between ions and
water facilitate the dissolution of many salts in aqueous
solutions, while these solids are generally insoluble in alkanes,
which lack those stabilizing interactions. The formation of
supramolecular aggregates in solution is therefore special: it
requires a careful balance of solubilizing properties of the
solvent while also retaining the binding properties of the solute
molecules to form the supramolecular aggregates. Well-known
examples, in which this balance is realized, are the formation of
micelles by surfactants and the DNA double helix.

Solvents in Supramolecular Chemistry. Already before
the conception of supramolecular polymers, solvent effects in
supramolecular host—guest systems were systematically stud-
ied.””™®" Typically, host—guest complexation is driven by
enthalpy gain upon realization of noncovalent interactions,
such as hydrogen bonds, and comes at an entropic cost. The
solvent plays a crucial role in stabilizing or destabilizing the
bound and unbound host and guest molecules, thereby altering
the equilibrium constant.®* Besides properties of the solutes,
the most important factors in stabilizing or destabilizing

supramolecular complexes are cohesive forces and dispersive
interactions.** These can be macroscopically related through
linear free energy relationships (LFERSs) to Reichardt’s solvent
polarity parameter, Er(30),"”** which is in turn related to
Winstein’s Y-scale.”® Both enthalpic and entropic contributions
to the free energy of the aggregate depend linearly on the
solvent polarity. Here, polar solvents typically show the
stron%%st release in enthalpy and entropy upon complex-
ation.” Interestingly, when several effects, such as dipolar
interactions and solvophobic effects, drive the aggregation, two
regimes in the LFER, where each respective driving force is
dominant, are observed.*”*® More elaborate analyses estab-
lished intricate relationships to the permittivity of the solvent,
rather than the empirical E;(30).”” The group of Hunter
showed that, contrasting to such bimodal solvent depend-
encies, local effects due to high effective molarities may be
independent of the solvent polarity.”””" Despite the complex-
ity of many interactions driving supramolecular complexation,
interaction strength and solvent dependency can be calculated
rather straightforwardly”””® using literature-derived parame-
ters.”* As such, solvation influences supramolecular aggrega-
tion in numerous ways and many cooperative effects can
emerge.

To increase the stability of supramolecular complexes,
several interactions can be combined to obtain a cooperative
enhancement of binding properties.”> Such a cooperatively
enhanced binding between molecules is particularly interesting
in solvents of intermediate polarity or in solvents that have
competitive (hydrogen-bonding) interactions.”” As a result, the
unbound states are stabilized and supramolecular association
can be decreased in these solvents. By engineering cooperative
effects, such as arrays of hydrogen bond donors and acceptors,
high to moderate association constants in a range of solvents
have been realized. A typical example thereof is the self-
complementary ureidopyrimidinone (UPy) moiety, which
shows strong hydrogen bonding in CHCI; and also dimerizes
when DMSO, a competitive solvent, is added.”® Through
cooperative effects, the UPy motif, which comprises two
neighboring hydrogen bond donating and neighboring accept-
ing groups, shows a considerable increase in association
constant (K, > 105 M~! in CHCl,)"® compared to analogues
with only 2 or 3 hydrogen bond donating and accepting
groups, which show association constants of approximately
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84 M™! and between 400 and 900 M, respectively.”” Further
engineering of such hydrogen-bonding complexes has led to
the development of hydrogen-bondmg motifs with very high
association constants (K, > 10> M~ in CHCL,).”*"” Due to
their ability to link molecules together in a wide range of polar
and apolar solvents, the development of hydrogen-bonding
motifs, like UPy, has greatly facilitated the development of
diverse supramolecular polymers in various applications.

Solvents in Supramolecular Polymers. For the
formation of long supramolecular polymers, high association
constants between the monomers are necessary. When
complementary hydrogen-bonding motifs with high associa-
tion constants are tethered together, isodesmic supramolecular
polymers form. The UPy motif is one of the most widely used
hydrogen-bonding motifs for such supramolecular polymers,6
but also other motifs, including Hamilton wedges,'” host—
guest complexes of cyclodextrins,'”' and many others, have
been reported. The effects of solvents on these polymers are
largely dictated by the effect these solvents have on the
hydrogen-bonding strength between the dimerizing groups and
are therefore mostly analogous to solvation effects in host—
guest chemistry.

For polymers composed of discotic monomers, which
typically polymerize cooperatively, the effects of solvents are
more subtle. To form supramolecular polymers in solution, the
polymer should be well-soluble, while poor solubility of the
monomer is required to drive the aggregation. To combine
good and poor solubility in a single monomer, these molecules
often show amphiphilic or dichotomous character. Typically, a
poorly soluble (aromatic) core is solubilized by soluble and
flexible chains. The insolubility of the central parts of the
monomer facilitates the one-dimensional precipitation, leading
to the formation of fibrous supramolecular polymers. Thus, a
delicate balance in solubilizing properties of the solvent
determines whether monomers are insoluble, form supra-
molecular polymers or dissolve as free monomers without
forming polymers. As such, the solvent is critical in
determining the stability and length of supramolecular
polymers. However, rational engineering of the monomer
structure to tune the polymer stability has remained very
challenging. Moreover, since the thermodynamic stability of
the polymer is dictated by the solvent, pure solvents offer few
ways to tailor the properties of supramolecular polymers. To
obtain more control over the stability and length of
supramolecular polymers, a combination of solvents can be
exploited.

B SOLVENT-DEPENDENT STABILITY OF ORDERED
SUPRAMOLECULAR POLYMERS

The solvent in which monomers are dissolved dictates whether
supramolecular polymers will form. If a solvent does not
solubilize the soluble parts of the monomer well enough, the
compound is insoluble, while good solvation of the rigid,
poorly soluble parts of the monomer dissolve the polymer.
Although this effect has been known since the dawn of
supramolecular polymers, systematic and quantitative studies
have started to be reported only relatively recently.'®” The
most typical way to describe the effect of a good solvent (e.g.,
CHCl;) on a supramolecular polymer in a poor solvent (e.g,
methylcyclohexane, MCH) is through a LFER:

AGf = AG® + mf;good-solvent (1)

with AG; being the Gibbs free energy of the polymerization at
a fraction of good solvent f, AG® the Gibbs free energy of
polymerization in the poor solvent, and fyyod-solvent the volume
fraction of the good solvent. A schematic depiction of these
LFERs and how they change the Gibbs free energies of various
aggregation pathways in a competitive supramolecular
polymerization with a nucleated and an isodesmic pathway is
given in Figure 4a. The use of such an LFER is well-established

nucleation

elongation
/ sodesmlc
L >

f:_:;ood solvent

AGH

Isodesmic polymer
most stable

Figure 4. Schematic representation of the changes in Gibbs free
energies (AG) upon the addition of a good solvent of the various
aggregation pathways in a competitive supramolecular polymerization
involving a cooperative and isodesmic pathway. As a fraction of good
solvent, fy,od-solveny 1S added, the change in stability of the aggregates is
given by their m-value. When the elongation or isodesmic pathway is
lower in AG, the cooperative or isodesmic polymers, respectively, are
the most stable polymers, as indicated by the shaded areas and dashed
lines.

for the denaturation of folded proteins by urea and
guanidinium chloride.'® Here, a growing consensus emerges
that these polar additives stabilize the denatured protein
through the formation of hydrogen bonds with specific protein
residues.'”* For urea denaturation of proteins, typical m-values
range between 0.8—8 kJ-mol (M urea)™' with the exact
magnitude belng correlated to the protein’s solvent-accessible
surface area.'”

In supramolecular polymers, m-values have been reported
for only a handful of systems. Typical m-values for CHCIl;
cosolvents in MCH around 60 kJ/mol have been obtained for
oligo(p- g)heny ene vinylene) (OPV), ureidotriazines,'”” per-
ylenes,' and a BTA,'” while for a series of metal-
losupramolecular polymers'”® and benzene-1,3,5-trithioa-
mide,'”” m-values were on the order of 30 kJ/mol. Also for
water-compatible BTA derivatives in acetonitrile/water
mixtures, similar values have been reported.'”” Taking the
molar mass and density of CHCI; into account, these values
correspond to 4.8 kJ-mol™'-(M CHCl,)™" and 2.4 kJ-mol™!-(M
CHCl;)™". In contrast, for several other systems, much larger
m-values have been obtained. In a selenoderivative of BTA, an
m-value of 600 kJ/mol was observed,''’ while porphyrin-based
polymers showed m-values between 100 and 200 kJ/mol.""’
Folded bismerocyanins showed m-values on the order of 150
kJ/mol upon destabilization by THE.'" Interestingly, for the
porphyrin-based system, which polymerized into both
nucleated and isodesmic aggregates, the m-value of the
isodesmic pathway was considerably lower, with values
reported around 40 kJ/mol. Thus, for many systems, the
destabilizing effect of CHCI; on supramolecular polymers in
MCH solvents is of comparable magnitude to the denaturation
of proteins by urea, but general trends appear to be lacking.
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Despite the analogies between destabilization of supra-
molecular polymers by good solvents and of proteins by urea
and guanidinium, the molecular interactions leading to
dissolution of the polymers by the good solvent are only
poorly understood. Several theoretical reports suggest that
good solvents stabilize the monomers, rather than destabilize
the polymers."'>'"*

Although the use of LFERs to quantify the effect of a good
solvent on supramolecular polymer stability has been well-
established, these approaches do not give a molecular picture
of destabilizing solvent interactions. Through a series of
studies, some light on the molecular basis for solvent-
dependent destabilization of supramolecular polymers has
been shed for several well-studied systems, including EHUTS
and BTAs (Figure 3b,d).

Solvent-Dependent Stability in Ethylhexylureidoto-
luenes. The system in which solvent effects have been studied
most systematically are the N,N’-diethylhexylureidotoluenes,
developed by Bouteiller.'"> These molecules assemble into
filaments or strongly nucleated tubular structures in a wide
range of apolar organic solvents, ranging from chloroform to
dodecane."'® Tuning of the aliphatic substituents forces the
urea groups away from the aromatic plane, increasing the
hydrogen bond strength and permitting the formation of
polymers in polar solvents, such as ethyl acetate and
tetrahydrofuran.''” Conversely, tuning the balance between
peripheral hydrophobic and hydrophilic groups allowed for the
formation of supramolecular polymers in both organic and
aqueous media.'® By carefully controlling the molecular
geometry of the solvent and interactions with the tubular or
fibrillar structures, interesting control over the properties of the
supramolecular polymers was obtained. Changing the surface
area of the solvent, leading to a worse or better fit of the
solvent into the hollow filaments, leads to a considerable
change in viscosity of the solutions."'”'*" Most strikingly,
EHUT solutions in p-xylene were more than 200 times more
viscous than solutions in o-xylene.'" Similar effects of solvent
size on transition temperatures and polymer lengths were
observed for an ester-derived EHUT, which forms nontubular
assemblies with weak solvent dependencies.'”' The enthalpy
differences between the alkyl- and ester-EHUT are only
approximately 1 kcal/mol, highlighting that subtle energy
differences can have profound impacts on competitive
supramolecular polymerizations. The competition between
tubular and fibrillar EHUT polymers has been exploited in
several other studies'””'*’ to determine very small energetic
contributions and show that competition can be a valuable tool
to determine subtle variations in solvation energies.

In another study,'** Bouteiller and co-workers showed that
the cohesive energy** induces slower local dynamics in the
solvent. As a result, despite shorter polymers in solvents with
low dynamics, the viscosity of the solutions increases. The
authors specifically note that this effect originates from the
solvent structure and not from the presence of trace amounts
of water, which are known to affect EHUT.'* Finally, the
interactions between peripheral halides on the EHUT alkyl
chains and alkyl halide or toluene solvents also influence the
transition temperature between the fibrillar and tubular
supramolecular polymer.'**

Solvent-Dependent Stability in Benzene-1,3,5-tricar-
boxamides. The cooperativity of supramolecular polymer-
izations of benzene-1,3,5-tricarboxamides has been attributed
to the formation of macrodipoles along the helix axis.””'*’

This cooperativity shows remarkable solvent dependency and
is slightly more cooperative in n-heptane than in MCH, which
was attributed to changes in the dihedral angles between the
planes of the amides and the benzene core.'” Similar subtle
solvent-dependent dihedral angles have also been reported for
other BTA derivatives."””'*° MD simulations have shown that
the solvent-induced energetic differences are minute and the
general structure of the supramolecular polymers remains
comparable, with two of the three amides pointing in the same
direction."**"?!

Aside from BTA systems that have the amides attached
directly or through a one-carbon long spacer to the central
phenyl core, extended BTA systems have been investigated by
the group of Sanchez. These systems, bearing a phenylethynyl
moiety between the central phenyl ring and the amides, show
cooperative polymerizations in alkane solvents, while iso-
desmic polymers are formed in CHCl; and aqueous environ-
ments.'"”'** Compared to their smaller analogues, polymers of
these extended BTAs have similar stability in MCH but show
increased destabilization upon addition of CHCl;, presumably
due to better interactions between CHCIl; and the extended
aromatic surface.'”’ This effect is analogous to the trend
observed in solvent-accessible surface area for protein
denaturation by urea. A last example by the group of Sanchez
is an extended BTA system that is appended with phenyl-
alanine (Phe) groups at the amides."”” The Phe groups can
transfer their helical preference to the supramolecular polymer,
which forms in various solvents ranging from acetonitrile to
CCl,. Remarkably, the addition of chloroform to CCl,
solutions of the Phe-decorated BTAs destabilized the
polymers. In CCl,, relatively low stabilities around 25 kJ/mol
are found, with m-values for chloroform in CCI, of 58 kJ/mol.
These strong differences between these related solvents
highlight the intricate energetic balances and molecular
interactions operating in supramolecular polymerizations.

Solvent-Dependent Stability in Other Supramolecu-
lar Polymers. In some of the first studies on cooperative
supramolecular polymerizations, a remarkable odd—even effect
of the solvent structure on the elongation temperature and
aggregate size of OPV-based polymers was reported.”> This
suggests that ordered solvent molecules around the polymer
play a pivotal role in stabilizing the aggregate.'”*

In an elegant design, Yagai and co-workers employed SAXS
and SANS measurements simultaneously to show that
polymers from naphthalene-based supramolecular polymers
showed varying degrees of solvent penetration into the toroidal
superstructures these monomers formed."*> The denser
naphthalene derivatives, showing the least solvent penetration,
exhibited the highest elongation temperatures.

Furthermore, similar to the solvent geometry dependency
observed by Bouteiller, the group of Ghosh observed that in
linear alkanes, monomers based on naphthalene-diimide
(NDI) form polymers through a highly cooperative mecha-
nism, with longer alkanes forming less stable polymers."*® In
cyclic alkanes, however, the NDI-based monomers polymerize
isodesmically, and only upon the addition of seeds, long fibrils
are formed. This difference is attributed to better participation
of linear alkanes in ordering of the supramolecular polymer.
Kulkarni et al. observed a similar difference between linear and
cyclic solvents in a helix inversion."”” In addition, helix
inversion was correlated to bulk solvent properties, such as the
crystallization temperature. Furthermore, the proposed inter-
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digitation of the solvent in the pockets of the polymers was
supported by molecular dynamics simulations.

B KINETIC ASPECTS OF SOLVENT INTERACTIONS

Besides influencing the thermodynamic aspects of supra-
molecular polymerizations, solvents also directly affect the
kinetic properties of supramolecular polymerizations. Most
recent reports relate to kinetic effects of solvents in seeded
polymerizations, which are inherently kinetically controlled,
but some of the earliest reports are on thermodynamically
controlled supramolecular polymerizations.

Korevaar et al. showed that supramolecular polymers
disassemble when an increasing volume fraction of good
solvent is added to the polymers."”> At the critical solvent
fraction, above which the polymers are unstable, the
disassembly rate is lowest (Figure Sa). When a good solvent
is added to a final volume fraction below the critical solvent
fraction, the monomers that are liberated from long polymers
aggregate in new, shorter polymers. The rate of formation of
new nuclei and small polymers, and thereby the overall
equilibration rate, decreases as an increasing amount of good
solvent is added. When a good solvent is added to a final
volume fraction that is larger than the critical fraction, the
liberated monomers remain free and do not form new
aggregates. The equilibration rate is in this case dominated
by the depolymerization rate, which increases as more good
solvent is added. These two effects, that dominate the
equilibration kinetics below and above the critical solvent
fraction, respectively, lead to a counterintuitive effect, where
equilibration rates are lowest at the critical solvent fraction.
The long equilibration times at the critical solvent fraction,
where the nucleated polymers elongate, has also been observed
in competitive porphyrin-based polymers.''' Here, the
porphyrin-based monomers could assemble into either an
isodesmic or a nucleated polymer. The isodesmic polymers,
which are not characterized by a sharp dependency of the
fraction of polymerized material on solvent quality, formed at
rates that were too high to measure. The presence of the
isodesmic pathway, however, did not appear to impact the
equilibration kinetics of the nucleated polymer. Thus, also in
competitive polymerizations, where multiple polymer states are
possible, equilibration times for the formation of the polymers
is maximum at the solvent fraction where those polymers
elongate. These long equilibration times can be circumvented

through gradual addition of good or bad solvent.'*® Moreover,
the dependency of the equilibration kinetics on changes in
solvent composition may also reveal detailed mechanistic
information on competitive polymerization pathways.'*’

Most commonly, however, poor solvents are found to install
kinetic traps in supramolecular polymers. The group of
Wiirthner was one of the first to recognize kinetic trapping
of monomers in ill-defined aggregates in poor solvents.”” The
addition of THF to MCH solutions of trapped merocyanine-
based monomers induced appropriate dynamics in the system
to allow the formation of supramolecular polymers. The group
of Nolte showed similar results, where porphyrin-appended
BTA derivatives could not show strong non-linear amplifica-
tion of helical handedness in heptane, while full homohelical
expression was observed in toluene."*” By synthesis of the
helically ordered supramolecular polymers in toluene and
subsequent evaporation of the solvent and redispersion in
heptane, ordered supramolecular polymers were obtained in
solvents that did not allow for rapid monomer exchange. Very
recently, the group of Fernandez showed that quenching of a
supramolecular system with bad solvents may lead to the
formation of kinetic traps that cannot be accessed through
thermal quenching.'*' Thus, although the dependency of the
Gibbs free energy of a polymer on solvent quality is analogous
to the temperature dependency (see eq 1), these results show
that kinetic trapping via solvent or thermal quenching can be
different.

In crystallization-driven self-assembly, the group of Man-
ners'** showed that polymerization rates decrease when the
solvent quality increased, analogous to the report of Korevaar
et al. In addition, by careful choice of the solvents for
sequential polymerizations, triblock copolymers could be
generated in a perylene-based system.'* Similarly, Sugiyasu
and co-workers showed that supramolecular block copolymers
of porphyrin-based monomers could be prepared when seeds
in a good solvent were added to preformed polymers in a bad
solvent.'** Ogi et al. showed that the temperature range in
which perylene-based monomers could be trapped in
metastable, off-pathway aggregates could be controlled by
the toluene volume fraction in methylcyclohexane.'* They
later showed that solvent quality determines the polymer-
ization kinetics in a zinc chlorin system, which polymerizes in
polar solvents (Figure 5b)."*® Furthermore, Sanchez and co-
workers showed that different pathways in living supra-
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molecular Polymerizations can be accessed in different
solvents.'*”"*® N.Heterotriangulenes were shown to polymer-
ize either into J-type or H-type aggregates in pure CCl, or
mixtures of MCH and toluene, respectively. This last example
shows that solvents not only affect the stability and rate of
supramolecular polymerizations but can also lead to the
formation of different aggregates by changing the energetic
balance between different aggregation pathways. On this topic,
most effects of solvents have been reported.

B PATHWAY SELECTION AND MORPHOLOGY
DRIVEN BY SOLVATION

Solvent-dependent polymer morphologies have been reported
for many systems, but the discussions have been mostly limited
to empirical descriptions of observed effects, rather than
molecular explanations. One of the first examples of solvent-
dependent polymer morphologies was reported by Lehn in
2007."* Here, melamine and cyanuric acid were shown to
polymerize into either linear or branched aggregates in toluene
or THF, respectively. However, most reported systems
showing various pathways consist of extended z-surfaces,
with PDI- and NDI-based systems being the most reported,
and the breadth of different types of behavior is rather wide.

Rybtchinski reported fluorinated, amphiphilic PDIs that
formed polymers through increasingly cooperative pathways as
the volume fraction water in water—THF mixtures in-
creased."”’ Diverse pathways were also observed in the
aqueous polymerization of N-phenylalanyl decorated PDIs."”"
In aqueous solutions containing 10 vol % THF, the monomers
assembled into concentric rings of left-handed supramolecular
polymers due to the poor solubility of the growing polymers.
In contrast, in THF, long fibers with a right-handed helicity
were obtained, as the growing polymers remained soluble in
the more apolar solvent. When PDIs were tethered with sugars,
the self-assembly into either right- or left-handed helices could
be controlled through the volume fraction of DMF in water.'*’
Similar sugar-appended PDIs were also shown to form
different polymer morphologies when self-assembled in
water—THF mixtures or CHCl;—n-octane mixtures. The
sugar group, pointing outward or inward of the polymers
when they are formed in the aqueous or organic solvent
mixtures, respectively, could be used to control water contact
angles of solid substrates. Similar effects have also been
observed for other PDI systems with quantum dots'>* and a
series of NDI-based polymers."*~">* As such, these examples
highlight the potential of solvent-engineered supramolecular
structures for material applications.

Besides PDI- and NDI-based systems, solvent dependencies
of several other systems have also been reported. The group of
Nolte showed that porphyrin-appended BTAs can be
deposited on surfaces as ordered supramolecular polymers
when processed from CHCI;, where the polymers form during
the evaporation process."*® When the polymers are preformed
and deposited from hexane, however, disordered arrays were
observed on the surface. Cantekin et al. observed more subtle
effects in Cj-symmetrical BTAs and showed that the
introduction of a single deuterium, rendering the side chains
of N-alkyl substituted BTAs chiral, induces different helical
preferences in the supramolecular polymer using either linear
or cyclic alkane solvents."”” In a different Cs-symmetrical
system, Das et al. reported that oxadiazole-containing
monomers formed H- or J-aggregated supramolecular poly-
mers depending on the aliphatic or aromatic nature of the

solvent, respectively.'*® This different aggregating behavior is

attributed to the breaking up of the #-stacked H-aggregates by
aromatic solvents. This hypothesis is supported by control
experiments in which more bulky aromatic solvents show
decreased J-aggregation. The group of Yagai very recently
showed that the aromatic or aliphatic nature of the solvent can
also drive the selection of polymer morphology by balancing
the kinetic and thermodynamic aspects of several golymer-
ization pathways of a cyanuric acid-based monomer."”” By use
of solvent mixtures, a myriad of structures could readily be
prepared, and some of these could otherwise only be obtained
with slow cooling in pure solvents. In a related report, Yagai
and co-workers showed that the cyanuric acid-derived
monomers can even form supramolecular polycatenanes.'®’
The yield of the polycatenanes, which form through secondary
nucleation events, was highest in cyclic aliphatic solvents. In
these least polar solvents, the increased favorability of the
elongation pathway leads to long fibers, rather than circular
polymers. The morphological changes of supramolecular
polymers upon changing solvents, highlighted by the above
examples, have also been observed in triarylamines,m’162
metallosug)ramolecular polymers,'**'®* azobenzenes,"®> and
pyrenes,'®° showing that pathway selection through solvent
effects is a general phenomenon in supramolecular polymer-
izations.

Lastly, solvents can be used to distinguish not only between
several different polymer morphologies but also between
several levels of hierarchical self-assembly. The group of
Ajayaghosh reported chiral oligo(phenylene ethynylene)s that
assemble into helical supramolecular polymers, which in turn
assemble into superhelices of opposite handedness (Figure
6a)."” By careful control of the amount of CHCI, in n-decane,
the degree of superhelical twisting could be controlled.

Despite the numerous reported examples, very few studies
into the molecular origins of solvation-dependent pathways
have been reported. Valera et al. recently reported an extensive
study into solvent-directed stereomutation of N-heterotriangu-
lenes."*” Most importantly, VCD analyses indicated that the
thermodynamic state of the polymers in toluene is better
packed than the kinetically controlled product in CCI,. In
another recent report, Stevens and co-workers using a
combination of several experimental techniques and molecular
dynamics simulations studied the solvent-dependent aggrega-
tion into nanosheets and fibrils of peptide amphiphiles (Figure
6b).'*® Relatively apolar organic solvents were found to solvate
the aliphatic parts of the amphiphiles better, leading to the
formation of one-dimensional fibrils. In polar solvents, these
aliphatic domains remain poorly solvated, which promoted
aggregation, leading to the formation of 2D-nanosheets.

B SOLVENT-INDUCED STRUCTURE IN
SUPRAMOLECULAR POLYMERS

Besides a change in energetic balance, leading to the
population of various polymer states, solvents can also directly
direct supramolecular polymer structure and morphology. The
use of optically active solvents to bias helical preference when
achiral monomers form supramolecular polymers is most
frequently reported. Recently, also a number of reports in
which a solvent or cosolvent acts as a structural component of
the supramolecular system have been published.

Chiral Solvents and Solvent-Induced Helicity in
Supramolecular Polymers. Palmans et al. first reported
helical induction by chiral solvents and showed that supra-
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Figure 6. (a) Cartoon representation of the supramolecular
polymerization and subsequent superhelix formation of oligo-
(phenylene ethynylene) derivatives. Reproduced with permission
from ref 167. Copyright 2017 John Wiley and Sons. (b) Space filling
model of the peptide amphiphile studied by Stevens and co-workers,
showing how various alcohol cosolvents solvate the amphiphile
surface.'® Tmage reproduced from ref 168. Copyright 2019 the
American Chemical Society.

molecular polymers of achiral bipyridine-decorated BT As in
(S)-2,6-dimethyloctane show circular dichroism (CD) inten-
sity of similar magnitude as the (S)-enantiomeric monomer."®’
Helical direction of supramolecular structures by alkane
solvents was later also shown for limonene in several EHUT

and PBl-based systems. In case of the EHUT solutions,
solvation by limonene resulted in the same expression of
helicity as observed for the enantiomeric homopolymers in
achiral solvent.'”® Furthermore, a linear dependency of the CD
intensity on the enantiomeric excess of the solvent was
observed. Similarly, in dilute solutions, chiral solvents induced
a screw sense excess close to 100% in PBI-based polymers.'”!
In contrast, in the gel state, the chiral solvent could only dictate
up to 20% screw sense excess. Later, it was found that helical
induction by chiral solvents in a living supramolecular
polymerization only affects the supramolecular polymer,
while the nanoparticle seeds remain unaffected.'””

The induction of helical structures by chiral solvents on solid
substrates, as observed by Wiirthner and co-workers,'”” was
also observed by De Feyter and co-workers.'”* Here, partial
chiral expression on the solid substrate could be observed for
several chiral apolar alcohols, with the exact degree of chirality
on the surface being dependent on the exact chemical structure
of the solvent. Complete helical induction on the surface was
observed for triarylamine-based polymers.'”> Remarkably, the
helicity of the formed superhelices in this system was also
directed by the configuration of the chiral limonene solvent.

In contrast to the helical induction by chiral aliphatic
alkanes, such as limonene and dimethyloctane, George et al.
reported that solvent-induced helicity in OPV derivatives only
occurs when the solvent contains hydrogen-bonding moieties
(Figure 7a).'”® This suggests that the helical induction in the
OPV systems is based on enthalpic interactions, which
contrasts to the lack of any directional interactions in aliphatic
solvents, indicating that in these cases, helical organization
originates from entropic interactions. The entropic nature of
directing interactions of chiral solvents was also confirmed by
Liu and co-workers, who showed that in both the presence and
absence of alcohol moieties, chiral solvents could direct the
helicity of polymers of non-amidated C;-symmetrical mono-
mers.'”’

Recently, we reported that the supramolecular polymer-
ization of chiral triphenylene derivatives in chiral solvents can
shed an unprecedented light on the enantiomeric mirror
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symmetry breaking by chiral solvents.'”® By combination of
experiments with mathematical modeling, the enantiospecific
contribution of the chiral solvent in the polymer stability was
obtained. We anticipate that the study of chiral monomers for
polymerizations in chiral solvents will be a fruitful strategy to
elucidate detailed aspects of solvent-induced helicity in
supramolecular polymerizations. Detailed studies on the
molecular mechanisms of this helicity induction by chiral
solvents are rare, however. In one example, the group of
Nitschke studied the formation of metallosupramolecular
polymers in achiral and chiral solvents and found partial
induction of helicity resultin% from interactions of the (S)-ethyl
lactate solvent (Figure 7b)."”” Using a statistical mechanical
model, the authors determined the energetic difference
between P and M helices, as induced by the solvent, at
0.36ky T, while the difference between the two helicities for
enantiomerically pure monomers, 2.15kzT, was considerably
larger. A more extensive recent review of solvent-induced
helicity in supramolecular polymers is published elsewhere."*’

Solvents or Cosolvents as Structural Components in
Supramolecular Polymers. Besides helical induction by
chiral solvents, several reports in which solvents play an active
structural role in supramolecular polymerizations have been
published recently.

Although water is recognized as a structural component in
natural chlorophyll assemblies since the 1980s, %15 its role in
synthetic supramolecular polymers was only uncovered in the
past decade. The first suggestion of water as a structural
component of supramolecular polymers was made by Liu and
co-workers for a pyridinium-based monomer that polymerizes
into helical ribbons in the presence of water in several organic
solvents (Figure 821).183 However, in this report, no strong

19790

evidence for the incorporation of water in the supramolecular
polymer was given. Around the same time, Johnson et al.
reported a water-dependent helical switch in hydrogen-bonded
rosettes.'** The different helical states of the polymers in water
or methanol were explained using a computational model, but
experimental evidence for water incorporation was not
presented. Bouteiller and co-workers later showed that the
presence of water has a strong effect on the viscoelastic
properties of EHUT gels.125 In the presence of water, the
polymers became considerably shorter due to presumed chain
capping by water molecules. The effect of alcohols as chain
capping agents, reducing the length of the polymers, was also
observed for other, organic alcohols, although general
destabilizing effects due to the polar cosolvents cannot be
ruled out.'*” Later, the group of Yagai reported PBI-based
monomers in which the thermodynamic parameters of the
polymerization of the oligo(ethylene glycol) decorated
monomers were strongly characterized by the release of
water molecules hydrated to the ethylene glycol-based side
chains of the free monomers."*®

In BTA derivatives decorated with 18-crown-6, hydration of
the crown ethers showed very pronounced changes in the bulk
properties of this adhesive material."®” Through a combination
of infrared spectroscopy, broadband dielectric spectroscopy
and density functional theory calculations, the authors
convincingly show that water is a structural comonomer in
these systems. The binding energy of water in these systems is
almost equal to the hydrogen bond energy of water in ice
lattices, highlighting the release of considerable enthalpy upon
binding of water.

We recently reported several studies in which we revealed
that water can be a structurally important component of
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Figure 9. (a) Bipyridine—BTA platform from Gillissen et al. Image adapted with permission from ref 196. Copyright 2014, American Chemical
Society. (b) Water-soluble naphthalene bisimides developed by the group of Wiirthner, which polymerize upon heating due to release of water.
Image adapted from ref 204. Published by The Royal Society of Chemistry.

supramolecular polymerizations in alkanes. Our first observa-
tion of the structural role of water in supramolecular
polymerizations was in the supramolecular polymerization of
a chiral biphenyl tetracarboxamide (BPTA) derivative.'®
When dissolved in MCH, the BPTA derivative can form
three structurally different supramolecular polymers, of which
two are dependent on codissolved water molecules. By
combining experimental results with a mathematical model,
we showed that incorporation of water releases considerable
enthalpic energy of the monomeric water molecules to
overcome the entropic penalty for organizing these compo-
nents in the polymer. In the course of this investigation, we
noticed that the helical inversion of triarylamines, reported by
Adelizzi et al,,"®” was also dependent on humidity, and also in
this system, water can act as a structural component in the
supramolecular polymer. A third, more intricate, example of
water in supramolecular polymerizations is provided by a
porphyrin derivative.'”® Here, the stability of the supra-
molecular polymers is influenced by the presence of the
components of a Michael reaction. It appeared that the
destabilizing influence of the reaction components was
critically mediated by codissolved water, and in the absence
of water, no destabilization was observed. Through combined
spectroscopic and scattering experiments and atomic force
microscopy, water was proposed to bind to the helix
macrodipole and thereby facilitate chain capping of the
supramolecular polymer by the various reaction components.
The complexation of the reaction components to the chain
ends then eventually destabilizes the supramolecular polymer.
Thus, these and other examples that are currently underway
show that water also plays a role in directing supramolecular
structure in dilute alkane solutions.

Besides water, alcohols have also been used to direct
supramolecular polymer structure. In a report by the group of
Aida, a thermally bisignate polymerization was realized in
highly thermally stable, octa-amidated porphyrin-based poly-
mers (Figure 8b)."”" In the presence of small amounts of
alcohol cosolvent in alkane solutions, the hydrogen bonding
between the monomers is effectively disrupted at intermediate
temperatures by competitive hydrogen bonding with the
alcohol. Upon increase of the temperature, the alcohol—
amide hydrogen bonds are weakened, resulting in the

formation of supramolecular polymers upon heating. In
contrast, cooling of a solution of the dissolved monomers
leads to clustering of the alcohols, and the equilibrium between
solvated monomers and polymers is restored to the polymers,
leading to a polymerization upon both heating and cooling.
Later, it was shown with a combination of experiments and
mathematical modeling that in the polymerization upon
heating, the hydrogen bonds in the supramolecular polymer
are formed one-by-one in a sequential manner, while in the
polymerization upon cooling, the hydrogen bonds in the
polymer are formed all at once in a synchronous fashion.'””
Together, these results show that solvents and cosolvents can
act as structural components in supramolecular polymers and
that enthalpy release through hydrogen bonding is often the
driving force for the solvent effects observed. This insight may
facilitate the rational design and tailoring of other specific
functions in various supramolecular systems.

B SOLVENT EFFECTS ON SUPRAMOLECULAR
POLYMERS IN AQUEOUS SYSTEMS

Water, a special solvent with its large dipole moment and small
molecular weight, introduces specific requirements for the
design of supramolecular systems in this solvent. The specific
role of water in functional supramolecular polymers in aqueous
environments has been excellently reviewed elsewhere,'” but
several recent developments are worthwhile to discuss.

In general, supramolecular polymers in aqueous solutions
rely on the hydrophobic collapse of apolar moieties attached to
a central core to drive the aggregation of the monomers into
polymers. In fact, in contrast to systems in organic solvents,
only a few systems have been reported that show
thermodynamically controlled nucleation and elongation
behavior in aqueous media.'”"'*> The reliance of most
aqueous supramolecular polymers on hydrophobic collapse
rather than directional interactions to drive aggregation
renders their dependency on temperature and other external
properties more cryptic than in organic media. As a result, the
properties of these systems are to a larger extent determined by
thermodynamic aspects of the solvents or solvent mixtures,
such as phase diagrams and transitions.
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One of the first interesting correlations between supra-
molecular structure and phase diagrams of water—cosolvent
mixtures was observed by Gillissen et al."”® The formation of
triple helical superstructures of bipyridine decorated BT As in
water—isopropanol mixtures was found to be strongly
correlated to the enthalpy of mixing of these solvents (Figure
9a). Second, the folding of single chain polymeric nano-
particles (SCPNs) decorated with bipyridine-BTAs was shown
to be dependent on the volume fraction of THF, a good
solvent, in water.'"”” Interestingly, optimal bipyridine-BTA
stacking in the SCPNs was obtained at approximately 40 vol %
THF in water. At this solvent composition, microscopic THF—
water clusters exist, while in mixtures containing a higher
volume fraction of THF, domains of pure THF form.'”
Interestingly, at this solvent composition, PDI-based mono-
mers also show a diverse set of structural features.'”” Similar
correlations between the phase diagram of a solvent mixture
and properties of a supramolecular system were also observed
in the supramolecular polymerization of water-soluble BTA
derivatives.””° Here, the critical volume fraction of 15 vol %
acetonitrile in water, above which the polymers are
destabilized, coincides with the volume fraction of acetonitrile
above which microscopic clusters rich in acetonitrile and water
start to form. A similar effect was also found for platinum
metallosupramolecular polymers, although the structural
transitions between 10 and 25 vol % acetonitrile were
attributed to different stabilization of the dipoles in the various
polymer morphologies.”®" As such, these examples strongly
indicate that the formation of microscopically phase-separated
domains in aqueous mixtures may be an important aspect of
stabilizing or destabilizing interactions in supramolecular
polymerizations in water.

In addition, the strong hydrogen-bonding abilities of water
allow the design of fundamentally different behavior and
properties of supramolecular systems. This is most exploited
through temperature-dependent desolvation of a hydrophilic
periphery to induce assembly. The group of Wiirthner
demonstrated this strategy in the supramolecular polymer-
ization of ethylene glycol decorated PBIs upon heating. (Figure
9b).>>7*%* Interestingly, their earlier work””” showed that the
aggregates of these molecules have considerably increased
stability in aqueous solutions containing less than 40 vol %
THE, as was also observed for bipyridine-BTA-based SCPNEs.
Besides the strong entropy gains of the release of solvated
water upon aggregation, the entropic penalty of a decrease in
flexibility of the side chains may lead to counterintuitive, strong
differences in subtly different monomers.”” Besides stability,
hydrogen bonded water can also influence the dynamic
behavior of supramolecular polymers. In sugar-decorated,
water-soluble BTA derivatives, hydrogen bonding of water
was found to increase the dynamic behavior of the supra-
molecular polymers.”’ In a series of phthalonitriles function-
alized with linear peptides, the balance between hydrogen
bonding and hydrophobicity directed the flexibility but not
length of the supramolecular polymers.””’

Taken together, the recent literature shows that the strong
enthalpic components introduced by the hydrogen bonding
and dipolar interactions of water with supramolecular polymers
introduce behavior in these materials that is unique to aqueous
systems. As a result of the directionality and strong enthalpic
contributions in these interactions, solvent effects on supra-
molecular polymer are often fundamentally different from
many of the effects observed in organic solvents.

B FUTURE PERSPECTIVES AND OUTLOOK

The interactions between solvents and their solutes are among
the most fundamental interactions in chemistry and drive
many technologically and biologically relevant phenomena.
Although long studied, the intricate aspects of these ubiquitous
interactions still have many unsolved challenges. Over the past
decade, the understanding of solvent interactions in supra-
molecular systems has steadily gained attention. Through the
application of rationally designed solvent interactions,
promising examples of very interesting material behavior
have been described. To unravel unexplored mechanisms in
solute—solvent interactions, supramolecular systems, and in
particular supramolecular polymers, offer interesting oppor-
tunities with much untapped potential. The many recent
examples presented here, show that the solute—solvent
interactions are as important as the solute—solute interactions.
Especially with the use of chiral solvents and (the properties)
of solvent mixtures, unprecedented insights can be obtained.
We anticipate a rediscovery of the physical organic chemistry
that fueled the discovery of many solvent effects in chemical
reactivity and the structure of covalent polymers in the 1960s
and 1970s. From this, a nuanced view of the balance between
solute—solute, solute—solvent, and solvent—solvent interac-
tions in supramolecular materials will emerge.

To arrive at a level of complexity in supramolecular
structures as seen in biology, it is essential that the energetic
contributions to the stability of the supramolecular aggregate
can be deconstructed to the submolecular level, that is, the
various functional groups. Thorough and systematic studies in
combination with detailed computational investigations that
take all solute—solute, solute—solvent, and solvent—solvent
interactions into account are essential to arrive at this level of
understanding.

Although the number of components is still limited in the
studies published so far, the emergence of molecular
complexity using multistep noncovalent synthesis requires
careful choice of the solvent combinations used. Challenges
foreseen are in the dynamic synthesis of an initial structure of a
complex in one solvent, followed by passivation in another
solvent, before the second step in the noncovalent synthesis is
started. Like in a multistep synthesis using covalent bonds, the
need to optimize temperature, concentration, and solvents
used is equally important.”*®

We envision that through a thorough understanding of the
intricate role of the solvent in supramolecular systems, novel
adaptive systems can be synthesized. The recent insights into
the role of hydrogen-bonded cosolvents in supramolecular
systems in aliphatic solvents shines an intriguing light on the
role of structural water in lipophilic protein interiors. As such,
we foresee that the insights gained in the supramolecular
chemistry between solvents and solutes may have consequen-
ces in distant fields such as structural biology and advanced
electronics.
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