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Chapter 1

Introduction: 
The intricate roles of solvents in 
supramolecular polymerizations

abstract: The dynamic nature and responsive properties of supramolecular polymers 
make these materials interesting candidates for a plethora of applications, ranging from 
biomaterials to optoelectronics. The interactions that are at the origin of the stability 
and function of these materials are of a similar nature as the supramolecular interactions 
between the polymers and solvents from which they are processed. Therefore, a detailed 
understanding of the role of solvents in the structure and dynamics of supramolecular 
polymers is crucial. In this introductory chapter, we provide an overview of the current 
understanding of solvation in supramolecular polymers. Although solvent effects in 
supramolecular chemistry have been recognized for a long time, detailed insights have 
been relatively recent. Our aim is to put these insights into a historical context and provide 
avenues towards a more comprehensive understanding of solvents in multicomponent 
supramolecular systems.
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1. Introduction
Since the first conception of polymers as ‘hochmolekulaire Verbindungen’ by Staudinger in 
1920,1 polymer chemistry has expanded considerably. The first century of polymer science 
has been dominated by covalent macromolecules, but at the end of last century, the first 
reports started to emerge of polymeric aggregates of repeating monomeric units which 
were not held together by covalent bonds, but rather by supramolecular, non-covalent 
interactions.2–5 These examples marked the birth of a new field in polymer science, the field 
of supramolecular polymers.6 

In supramolecular polymers, the repeating monomeric units of the polymer are held 
together by one or more non-covalent interactions, such as hydrogen bonding, π-stacking, 
charge-transfer interactions, hydrophobic or solvophobic effects, metal-ligand coordination 
and ionic interactions.7,8 Characteristic of all these interactions is that their thermodynamic 
stability is in the range of 10–100 kJ⋅mol−1, rather than the hundreds of kJ⋅mol−1 that are 
characteristic for covalent bonds. In contrast to macromolecular polymers, the backbone 
of the supramolecular polymers is highly dynamic, with typical lifetimes of a monomeric 
bond between 1 ms and 1 minute.9 This dynamic nature of the supramolecular interactions 
renders supramolecular polymers highly responsive to various external factors and stimuli, 
such as temperature, solvent and concentration.7,8 This stimuli responsiveness facilitates 
straightforward processing of these materials by simple changing of e.g. temperature or 
concentration. In addition, due to the dynamic nature of the supramolecular interactions, 
supramolecular polymers are typically self-healing and can be recycled easily.10

Supramolecular polymers are typically prepared and studied in solutions. In contrast 
to covalent macromolecules, however, the interaction energies of the supramolecular 
polymers with the surrounding solvent are similar in size to the interaction energies between 
monomers in the polymer backbone. Due to the similarity between intermonomeric and 
polymer-solvent interactions, the solvent should determine the structure and properties 
of the supramolecular polymer even more than solvents dictate structure and property 
in covalent macromolecules. The dynamic nature of supramolecular polymers give these 
systems a strong dependency on the experimental conditions under which they are analyzed. 
As a consequence, studying the interactions between supramolecular polymers and the 
surrounding solvent is challenging. On the other hand, this may also provide attractive 
opportunities to exploit these interactions to design material properties that cannot be 
realized in covalent polymers.

In the introductory chapter of this thesis, solvent effects in supramolecular polymerizations 
are reviewed. First, the general principles of supramolecular polymers are briefly introduced, 
after which the effects of solvents on covalent bond formation are discussed by focusing on 
the impact of these effects on reactivity and the structure of macromolecular polymers. Then, 
solvent effects in supramolecular chemistry and supramolecular polymers in particular are 
discussed in more detail with a particular focus on solvent-dependent stability, kinetics, 
pathway selection and structure. Lastly, solvent effects in supramolecular polymerizations 
in water are briefly reviewed and the aim and outline of this thesis is presented.
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2. Supramolecular polymers
Supramolecular polymers are long, one-dimensional aggregates of repeating monomeric 
units that are held together by supramolecular, non-covalent interactions. As a result 
of the non-covalent interactions, these polymers are in a dynamic equilibrium with the 
free monomers in the surrounding solution. In natural systems, such one-dimensional 
aggregates of repeating monomeric units held together by non-covalent interactions have 
long been known. Examples of such systems include the polymerization of tubulin to form 
microtubules, actin filaments and the intermediate filaments. Some of the earlier models to 
describe the aggregation of proteins into such one-dimensional aggregates were pioneered 
by Oosawa already in the ‘60s.11,12 Still, it was not until the end of the 20th century that the 
first reports of synthetic supramolecular polymers emerged2–5 and over the last two decades, 
the field of supramolecular polymers has expanded considerably.

Similar to their covalent analogues, supramolecular polymers can form via different 
mechanisms: an isodesmic mechanism, analogous to a covalent step-growth polymerization, 
or a cooperative mechanism, analogous to a covalent chain-growth polymerization 
(Figure  1). In an isodesmic supramolecular polymerization, the association between 
monomers and polymers to form growing polymer chains is characterized by a single 
equilibrium constant. As a result, isodesmic polymers show a gradual dependency of 
their degree of polymerization on concentration and temperature. Well-known examples 
of such polymers include tethered ureidopyrimidinone-based systems (Figure  2a)13 and 
linked host-guest complexes.14,15 Interestingly, the degree of polymerization for isodesmic 
polymerizations follows the Carothers equation for step-growth polymerizations, with the 
degree of polymerization substituting chemical conversion of the monomers.16 Isodesmic 
polymerizations are thus characterized by an equilibrium between monomers and mostly 
small oligomers, while long polymers only form when almost all monomers are aggregated. 
Thus, isodesmic polymerizations show many similarities with covalent step-growth 
polymerizations and can be regarded as their supramolecular analogues. 

Kiso

Kn Ke Ke

Kiso Kiso
Etc.

Isodesmic supramolecular polymerization

Cooperative supramolecular polymerization

Monomer Nucleus Elongated polymer

a)

b)

 │Figure 1 Cartoon representations of a) an isodesmic supramolecular polymerization and b) a cooperative, 
or nucleated, supramolecular polymerization.
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Another mechanisms through which supramolecular polymers form is the cooperative, or 
nucleated, mechanism. In cooperative supramolecular polymerizations, a thermodynamically 
unstable  nucleus first needs to form, after which this nucleus can elongate to form long 
one-dimensional polymers. The formation of the nucleus is characterized by an equilibrium 
constant of nucleation, Kn, which is typically lower than the equilibrium constant of the 
subsequent elongation into long polymers, Ke. The degree of cooperativity is characterized 
by the cooperativity parameter, σ=Kn·Ke

−1.16 The degree of polymerization and polydispersity 
are strongly affected by σ. In contrast to isodesmic polymerizations and analogous to 
chain-growth polymerizations, cooperative polymerizations form polymers with high 
degrees of polymerization already at low degrees of polymerization. These polymerizations 
are thus characterized by an equilibrium between free monomers and long polymers 
already at low degrees of aggregation. The first reported example of such a cooperative 
polymerization are oligo(p-phenylenevinylene)s (OPVs),17 while also a lot of research into 
the cooperative polymerizations of benzene-1,3,5-tricarboxamides,18,19 merocyanins20 and 
perylene bisimides (PBIs, but also often abbreviated as PDIs)21 has been done (Figure 2d).

Recently, more analogies between covalent and supramolecular polymerizations have been 
realized. Examples hereof include impressive progress towards developing supramolecular 
analogues of living supramolecular polymerizations22–25 as well as various copolymerizations.26 
Other interesting developments towards the application of supramolecular polymers mostly 
as biomaterials27,28 but also for optoelectronical applications29 show that these materials 
are reaching technological maturity. To highlight this maturity, this chapter will start by 
sketching a framework within which solvents in covalent chemistry have been studied to 
put solvation in supramolecular polymers in context.

N
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 │Figure  2 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) an oligo(p-phenylenevinylene) derivative, c) merocyanine and d) 
perylenebisimide.
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3. The role of solvents in covalent chemistry
The main difference between covalent, macromolecular polymers and supramolecular 
polymers is that supramolecular polymers are intrinsically dynamic, while, once formed, 
covalent polymers are static  molecules that do not change their composition over time. 
In this light, the effects of solvent on both covalent and supramolecular polymers should 
be investigated by looking at dynamic aspects, such as chemical reactivity and kinetics 
and thermodynamic aspects, such as solvation. First, we discuss these dynamic and 
thermodynamic effects on covalent structures. 

3.1. Solvent effects in chemical reactivity 
Most often, chemical reactions are carried out in a solvent medium, which has a strong 
impact on the solvent medium. For instance, SN1 reactions typically proceed better in polar, 
protic solvents, as these solvents stabilize the charge that develops during the reaction, while 
SN2 reactions are facilitated by more apolar, aprotic solvents, which properly solvate the 
transition state of the reaction.30 Many of these effects have been studied thoroughly halfway 
the previous century31,32 and have become textbook knowledge.33

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.34,35 Winstein and Grunwald showed that the rate of a chemical 
reaction in reference to the rate in a 80 vol% ethanol in water mixture can be expressed 
with , with k the rate of the reaction, k0 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.36 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  3a).37 Later, several alternative 
methods, which are easier to determine than Winstein’s Y-scale, have been developed by 

SiCl3

[PdCl(π-allyl)]2

HSiCl3
Solvent:

95% 5% THF

N

N O
O

N

N
PPh3

990 10

89% yield
95% ee

(R)-limonene

a) b)

 │Figure 3 a) Changes in transitition state Gibbs free energy (ΔF‡), enthalpy (ΔH‡) and entropy (ΔS‡) 
of the solvolysis of t-butylchloride in EtOH-H2O mixtures. Image adapted from Winstein and Fainberg.37 
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 
reference 67.
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amongst other Kosower38 and Dimroth et al.39 More detailed discussions on solvent effects 
on chemical reactivity can be found in several excellent reviews.40,41

Solvent effects are not only observed in reactions of small  molecules, but also covalent 
polymerization reactions are known to be strongly influenced by solvents. Typically, high 
purity solvents are critical to obtain high  molecular weight polymers and impurities can 
have dramatic impacts on the polymerization, yet other solvent effects are also known. For 
example, the rate of propagation is strongly correlated to the stability of solvent-separated 
ion pair that forms during the polymerization.42–44 Similar effects have also been observed in 
cationic polymerizations45 and free radical polymerizations,46–48 which have been reviewed 
elsewhere.49 In controlled radical polymerizations, where the concentration of reactive 
chain ends is very low, the complexation of the chain end with the solvent is less important 
in determining the rate of polymerization. Nonetheless, linear free energy relationships 
(LFERs) similar to the ones developed by e.g. Winstein, have been reported for controlled 
radical polymerizations as well.50,51 Thus, solvent effects are important not only in reactions of 
small molecules, but also play a role in the synthesis of macromolecular, covalent polymers.

3.2. Solvation in macromolecular polymers
Aside from affecting the rate of polymerization, solvents also greatly influence the structure 
of the macromolecular polymer formed. Some of the earliest models describing the influence 
of solvents on macromolecular structures were developed by Flory52 and Huggins53 and 
have since become textbook knowledge.54 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 θ-solvents, in which the polymer adopts random walk statistics, rely on the 
Flory-Huggins parameter, χ, 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 density55 of the solvent.56,57 
Later, this model was extended by Hansen,58 whose Hansen solubility parameter has found 
widespread use in paint and coating technologies.59,60 

More intricate solvent effects on covalent macromolecules, such as induction of a single 
helical handedness in helical polymers, have also been observed. In several seminal papers 
by Green, the subtle influence of chiral solvent on macromolecular conformation was 
shown.61,62 Later, similar effects with small molecule (co-)solvents were observed by among 
others the groups of Yashima63,64 and Suginome.65,66 Moreover, the group of Suginome 
reported recently that a solvent-induced helical handedness in catalytically active polymers 
can be transferred to high enantioselectivity in a hydrosilylation (Figure  3b).67 This way, 
a unique connection between the covalent chemical reaction and the supramolecular 
interaction between the macromolecule and the solvent is established. These examples 
highlight that in covalent systems, solvents can play a profound role in polymer structure 
and function. Since supramolecular polymers are held together by similar interactions as the 
solvent-polymer interactions, also in this second class of polymeric materials, strong solvent 
effects can be observed. 
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4. The role of solvents in non-covalent chemistry
The strength of non-covalent interactions between  molecules and atoms is strongly 
dependent on the solvent they are in. For instance, the stabilizing effect of ion-dipole 
interactions between ions and water facilitates 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 where this balance is required is the formation of micelles by 
surfactants, where the polar headgroup ensures solubility in water, while the apolar tails 
drive the aggregation, or the formation of the DNA double helix, where the hydrophobic 
aromatic nucleobases direct the dimerization of the DNA strands, while the phosphates in 
the DNA backbone ensure solubility in the aqueous cell medium.

4.1. Solvents in supramolecular chemistry
Already before the conception of supramolecular polymers, solvent effects in supramolecular 
host-guest systems were systematically studied.68–70 Typically, host-guest complexation 
is driven by a gain in enthalpy upon realization of supramolecular 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.71,72 As such, the solvent influences virtually all supramolecular 
complexation processes, although evidence has been found that local effects due to 
effective molarities may be independent of the solvent polarity.73,74 Despite the complexity 
of many interactions that drive supramolecular complexation, Hunter showed that their 
strength and solvent dependency can be calculated rather straightforwardly75 using literature 
derived parameters.76

To increase the stability of supramolecular complexes, several interactions can be combined 
to obtain a cooperative enhancement of binding properties.77 Such an enhanced binding 
between  molecules is particularly interesting in solvents of intermediate polarity, which 
typically effectively solvate very diverse compounds, or in solvents that have competitive 
(hydrogen bonding) interactions.71 As a result, the unbound states are stabilized and 
supramolecular association can be decreased in these solvents. By engineering these 
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 of such 
a compound is the self-complementary ureidopyrimidinone (UPy) moiety, which shows 
strong hydrogen bonding in CHCl3 and also dimerizes when DMSO, a competitive 
solvent, is added.78 Through these cooperative effects, the UPy motif, which comprises 
two neighboring hydrogen bond donating and neighboring accepting groups, shows 
a considerable increase in association constant (Ka>106 M−1 in CHCl3)78 compared to 
analogues with only 3 or 2 hydrogen bond donating and accepting groups, which show 
association constants of approximately 84 M−1 and between 400 and 900 M−1.79 Further 
engineering of such hydrogen bonding complexes have led to development of hydrogen 
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bonding motifs with very high association constants (Ka>1012 M−1 in CHCl3).80,81 These 
stronger hydrogen bonding motifs also show an increased binding strength in competitive 
solvents such as DMSO. Due to their ability to link molecules together in a wide range of 
polar and apolar solvents, the development of hydrogen bonding motifs, such as UPy, have 
greatly facilitated the development of a diverse range of supramolecular polymers in various 
applications.

4.2. 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 
association 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,13 but also other motifs have been reported, such as Hamilton wedges,82 host-guest 
complexes of cyclodextrins83 and many others. The effects of solvents on these polymers is 
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 
and on which we will focus here, the effects of solvents are more subtle. To form 
supramolecular polymers in solution, the monomers need to be soluble, but poor solubility, 
on the other hand, promotes the aggregation that is required to form long polymers. These 
two opposing requirements pose a challenge on the design of the monomers for such 
supramolecular polymers. To combine good and poor solubility in a single monomer, 
these molecules often show a molecular dichotomy of structure. 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 determine whether monomers are insoluble, form supramolecular polymers or 
dissolve as free monomers without forming polymers. As such, many monomers have an 
amphiphile-like structure and the solvent is critical in determining the stability and length 
of supramolecular polymers. However, since the stability of the polymers is dictated by the 
solvent, the stability of supramolecular polymers cannot be controlled in a single solvent. To 
obtain more control over the stability and length of supramolecular polymers, a combination 
of various solvents can be exploited.

5. Solvent-dependent stability of supramolecular 
polymers
As mentioned above, the solvent in which monomers are dissolved dictates whether 
supramolecular polymers form or not. 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 is known 
already since the dawn of supramolecular polymers, systematic and quantitative studies 
have started to be reported only relatively recently.84 The most typical way to describe the 
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effect of a good solvent (e.g. CHCl3) on a supramolecular polymer in a poor solvent (e.g. 
methylcyclohexane, MCH), is through an LFER: 

 ∆ ∆G G m ff = + ⋅
0

good solvent  (1)
with ΔGf the Gibbs free energy of the polymerization at a fraction of good solvent f, ΔG0 
the Gibbs free energy of polymerization in the poor solvent and fgood solvent the volume 
fraction of the good solvent. A schematic depiction of these LFERs for a competitive 
supramolecular polymerization with two pathways, such as EHUT (vide infra), is given in 
Figure 4a. The use of such an LFER is very well-established for the denaturation of folded 
proteins by urea and guanidinium chloride.85 Here, a growing consensus emerges that these 
polar additives form hydrogen bonds with specific protein residues and thereby stabilize 
the denatured protein.86 For urea denaturation of proteins, typical m-values obtained are 
in the range of 0.8–8 kJ⋅mol−1⋅(M urea)−1 with the exact magnitude being correlated to the 
solvent-accessible surface area of the protein.87

In supramolecular polymers, m-values for only a handful of systems have been reported. 
Typical m-values for CHCl3 co-solvents in MCH in the range of 60 kJ⋅mol−1 were obtained 
for oligo(p-phenylene vinylene) (OPV) ureidotriazines,84 perylenes84,88 and a benzene-1,3,5- 
oligo(phenylene ethynylene) tricarboxamide89 while for a series of metallosupramolecular 
polymers90 and benzene-1,3,5-trithioamide,84 m-values in the order of 30  kJ⋅mol−1 were 
obtained. For water-compatible BTA derivatives in acetonitrile/water mixtures, similar values 
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 │Figure  4 a) Schematic representation of the change in Gibbs free energies (ΔG) upon addition of a 
good solvent of the various association processes in a supramolecular polymerization where a cooperative 
and isodesmic pathway are in competition. b) Chemical structure of a very well-studied BTA derivative 
functionalized with (S)-dihydrocitronellyl tails. c) Chemical structure of the tris(phenylethynyl)benzene 
derivative studied by Sánchez. d) Chemical structure of EHUT, which has been extensively studied by the 
group of Bouteiller.
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have been reported.91 When taking the molar mass and density of CHCl3 into account, these 
values correspond to 4.8 kJ⋅mol−1⋅(M CHCl3)−1 and 2.4 kJ⋅mol−1⋅(M CHCl3)−1. In contrast, 
for several other systems, much larger m-values were obtained. In a benzene-tricarboseleno-
amide derivative, an m-value of 600 kJ⋅mol−1 was observed,92 while folded bismerocyanins 
showed m-values in the order of 150  kJ⋅mol−1 upon destabilization by THF.93 Thus, for many 
systems, the destabilizing effect of CHCl3 on supramolecular polymers in MCH solvents is 
of comparable magnitude to the denaturation of proteins by urea, but general trends appear 
to be lacking.

Despite the analogies between destabilization of supramolecular polymers by good solvents 
and denaturation of proteins by urea and guanidinium, the molecular interactions leading to 
dissolution of the polymers by the good solvent are poorly understood. Several theoretical 
reports suggest that the good solvents stabilize the monomeric state, rather than destabilize 
the polymeric state.94,95

Although the use of LFERs to quantify the effect of a good solvent on the stability 
of supramolecular polymers 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 benzene-1,3,5-tricarbox-
amides (BTAs) and ethylhexylureidotoluenes (EHUTs) (Figure 4b-d).

5.1. Solvent-dependent stability in benzene-1,3,5-tricar-
boxamides
The cooperativity of supramolecular polymerizations of benzene-1,3,5-tricarboxamides has 
been attributed to the formation of macrodipoles along the helix axis.19,96 This cooperativity 
shows a remarkable solvent dependency, with the polymerization in n-heptane being 
slightly more cooperative (σ = 5.7⋅10−7 in heptane, σ = 3.7⋅10−6 in MCH).97 In addition, 
an odd-even effect between MCH solvent and the position of the chiral methyl group in 
the side chains was observed.97 Interestingly, this interplay between the position of the 
methyl group and the solvent was not observed for n-heptane. This difference was attributed 
between slightly different dihedral angles of the amides in these two solvents. Similar subtle 
solvent-dependent dihedral angles have also been reported for other BTA derivatives.98,99 
MD simulations have shown that the energetic differences induced by the solvents are very 
minute and the general structure of the supramolecular polymers remains comparable, with 
the two of the three amides pointing in the same direction.99,100 

Aside from BTA systems that have the amides directly or through a one-carbon long spacer 
attached to the central phenyl core, extended BTA systems have been investigated by the 
group of Sánchez. These systems, bearing an phenylethynyl-moiety between the central 
phenyl ring and the amides, show cooperative polymerizations in alkane solvents, while 
isodesmic polymers are formed in CHCl3 and aqueous environments.91,101 Compared to 
their smaller analogues, polymers of these extended BTA derivatives have similar stability in 
MCH, but show increased destabilization upon the addition of CHCl3, which is presumably 
due to better interactions between the CHCl3 co-solvent and the extended aromatic 
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surface.89 This effect is analogous to the trend observed in solvent-accessible surface area 
for protein denaturation by urea. A last striking example by the group of Sánchez is an 
extended BTA system that is appended with phenylalanine (Phe) groups at the amides. 
The Phe groups can transfer their chirality to the supramolecular polymer, which forms 
in a wide range of solvents, ranging from acetonitrile to CCl4. Remarkably, the addition of 
chloroform to CCl4 solutions of the Phe decorated BTAs destabilized the polymers. In CCl4, 
relatively low stabilities around 25 kJ⋅mol−1 are found, with m-values for chloroform in CCl4 
of 58 kJ⋅mol−1. These strong differences between these two similar solvents highlights the 
intricate energetic balance that operates in supramolecular polymerizations.

5.2. Solvent-dependent stability in 
ethylhexylureidotoluenes
The system in which solvent effects have been studied most systematically are N,N’-diethyl-
hexylureidotoluenes, developed in the group of Bouteiller.102 These molecules can assemble 
into isodesmically formed filaments or nucleated tubular structures in a wide range of 
apolar organic solvents, ranging from chloroform to dodecane.103 Tuning of the aromatic 
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 ether and 
tetrahydrofuran.104 Conversely, tuning the balance between hydrophobic and hydrophilic 
groups at the periphery of the  molecule allowed for the formation of supramolecular 
polymers both in organic and aqueous media.105 By carefully controlling the  molecular 
geometry of the solvent and interactions with the tubular or fibrillar supramolecular 
structures, interesting control over the properties of the supramolecular polymers could be 
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 resulting 
solutions as the solvents provide a better fit with the filament cavity.106,107 As a most striking 
example, EHUT solutions in p-xylene were found to be more than 200 times more viscous 
than solutions in o-xylene.102 Similar effects of solvent size on transition temperatures and 
polymer lengths were observed for an ester-derived EHUT, even though the structure of the 
supramolecular polymer were non-tubular in nature.108 The enthalpy differences between the 
alkyl and ester-EHUT are only approximately 1 kcal⋅mol−1, highlighting that subtle energy 
differences can have profound impacts on competitive supramolecular polymerizations.

In another study, Bouteiller and co-workers showed that the cohesive energy55 induces 
slower local dynamics in the solvent. As a result, despite the shorter polymers in solvents 
with low dynamics, the viscosity of the solutions increases.109 The authors note here 
specifically, that this effect is not due to the presence of trace amounts of water, which are 
known to affect EHUT,110 but originates from the solvent structure. Finally, the interactions 
between peripheral halides on the EHUT alkyl chains and alkyl halide or toluene solvents 
also influence the transition temperature between the filamentous or tubular supramolecular 
polymer.111
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5.3. Solvent-dependent stability in other supramolecular 
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 average aggregate 
size of the polymerizations of the oligo(p-phenylenevinylene) derivatives.17 This suggests 
that ordered solvent  molecules around the polymer play a pivotal role in stabilizing the 
aggregate.112 

In an elegant design by Yagai and co-workers, SAXS and SANS measurements were employed 
simultaneously to show that polymers from naphthalene-based supramolecular polymers 
showed varying degrees of penetration of the solvent in the toroidal superstructures formed 
by these monomers.113 The denser naphthalene derivatives, showing the least solvent 
penetration, exhibited the highest elongation temperatures.

Furthermore, similar to the effects of solvent geometry observed by Bouteiller, the group 
of Ghosh observed that in linear alkanes, monomers based on naphthalene-diimide (NDI) 
form polymers through a highly cooperative mechanism, with longer alkanes forming 
less stable  polymers.114 In remarkable contrast, the NDI-based monomers polymerize 
isodesmically in cyclic alkanes and only upon the addition of seeds, long fibrils formed. 
This difference is attributed to better participation of the linear alkanes in ordering of the 
supramolecular polymer. A similar difference between linear and cyclic solvents in a helix 
inversion was observed by Kulkarni et al.115 In addition, helix inversion is shown to be 
correlated to bulk solvent properties, such as the crystallization temperature. Furthermore, 
the proposed interdigitation of the solvent in the pockets of the polymers is supported 
by molecular dynamics (MD) simulations. 

6. Kinetic aspects of solvent-interactions
Next to affecting the thermodynamic aspects of supramolecular polymerizations, solvents 
also directly influence the kinetic properties of supramolecular polymerizations. Most of 
the reports related to kinetic effects of solvents concern seeded polymerizations, which are 
inherently kinetically controlled, but some of the earlier reports are on thermodynamically 
controlled supramolecular polymerizations.

Korevaar et al. showed that the rate of depolymerization decreases as an increasing volume 
fraction of good solvent is added to the supramolecular polymers.84 At the critical solvent 
fraction, above which the polymers are not stable, the depolymerization rate is maximum 
(Figure 5a). When depolymerization of the polymers occurs in solvent mixtures with a volume 
fraction of the good solvent larger than the critical fraction, the rate of depolymerization 
increases again. This counterintuitive effect, where the depolymerization is slowest at the 
critical solvent fraction, is attributed to a balance between the depolymerization of long 
polymers to liberate free monomers and the subsequent polymerization of these monomers 
into short polymers. At the critical solvent fraction, the rate of depolymerization is at a 
maximum, while the formation of the shorter oligomers is at a minimum, leading to the 
longest equilibration times. These long equilibration times can be circumvented through the 
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gradual addition of good or bad solvent.116 Moreover, the dependency of the equilibration 
kinetics on changes in solvent composition may also reveal detailed mechanistic information 
on competitive polymerization pathways.117 

Most commonly, however, poor solvents are found to install kinetic traps in supramolecular 
polymers. The group of Würthner was one of the first to recognize kinetic trapping of 
monomers in ill-defined aggregates in poor solvents.118 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 bias in helicity 
in heptane, while full expression of helical bias was observed in toluene.119 By synthesizing 
the helically ordered supramolecular polymers in toluene and subsequent evaporation of 
the solvent and redispersion in heptane, the ordered supramolecular polymers could still be 
obtained in solvents that do not allow for strong dynamics.

The theoretical model by Korevaar et al. provides a detailed description of the kinetic 
effects of solvents on thermodynamically controlled supramolecular polymerizations.116 
Most investigations into kinetic effects of solvents in supramolecular polymerizations have 
focused on living supramolecular polymerizations. In crystallization-driven self-assembly, 
the group of Manners showed that polymerization rates decreased when the solvent quality 
increased, analogous to the report of Korevaar et al.120 In addition, by carefully choosing 
the solvents for sequential polymerizations, triblock copolymers could be generated in a 
perylene-based system.121 Similarly, Sugiyasu and co-workers showed that supramolecular 
block copolymers of porphyrin-based monomers could be prepared when seeds in a good 
solvent are added to pre-formed polymers in a bad solvent.122 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 controlling the toluene volume fraction 
in methylcyclohexane.123 They later showed that the polymerization kinetics can also 
be controlled through the ratio of good and bad solvent in a zinc chlorin system, which 
polymerizes in polar solvents (Figure 5b).124 
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 │Figure 5 a) A cartoon depiction of the solvent-dependent equilibration time, as measured by Korevaar 
et al. Image taken from reference 84. b) Solvent-dependent interconversion between kinetically trapped 
off-pathway aggregates (low signal, bottom figure) and thermodynamically stable on-pathway aggregates of 
a zinc-chlorin model system. Image adapted from Ogi et al.124
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Furthermore, Sánchez and co-workers showed that different pathways in living 
supramolecular polymerizations can be accessed by controlling the solvent in which the 
polymerization is performed.125,126 N-heterotriangulenes were shown to polymerize either 
into J-type or H-type aggregates in pure CCl4 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 such effects, the highest 
number of reports on solvent effects in supramolecular polymers have been published.

7. Pathway selection and morphology driven by 
solvation
Solvent-dependent polymer morphologies have been reported for a large number of systems, 
but the discussions have been mostly limited to empirical descriptions of the observed 
effects, rather than molecular explanations. One of the first examples of solvent-dependent 
polymer morphologies was reported by Lehn in 2007.127 Here, melamine and cyanuric acid 
were shown to polymerize into either linear or branched aggregates in toluene or THF 
respectively. However, most of the reported systems showing various pathways consist of 
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 │Figure  6 a) Cartoon representation of the supramolecular polymerization and subsequent superhelix 
formation of oligo(phenyleneethynylene) derivatives. Image taken from reference 143. b) Space filling 
model of the peptide amphiphile studied by Stevens and co-workers, showing how various alcohol 
co-solvents solvate the amphiphile surface.144 Image adapted from Lin et al.144
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extended π-surfaces, with systems based on PDI and naphthalene diimide (NDI) being the 
most commonly reported and the breadth of different types of behavior is rather wide.

Rybtchinski reported on fluorinated, amphiphilic PDIs which form polymers through 
increasingly cooperative pathways as the volume fraction water in water-THF mixtures 
is increased.128 Diverse pathways were also observed in the aqueous polymerization of 
N-phenylalanyl decorated PDIs.129 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 remain 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.121 
Similar sugar-appended PDIs were also shown to form different polymer morphologies 
when self-assembled in water-THF mixtures or CHCl3-n-octane mixtures. The sugar group, 
which points 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, highlighting the potential of solvent-engineered supramolecular structures for 
material applications. Similar effects have also been observed for other PDI systems with 
quantum dots130 and a series of NDI-based polymers.131–133

Besides PDI and NDI-based systems, the solvent dependencies of a range of other systems 
have also been reported. The group of Nolte showed that the porphyrin-appended BTAs 
can be deposited on surfaces as ordered supramolecular polymers when processed from 
CHCl3, where the polymers form during the evaporation process.134 When the polymers 
are preformed and deposited from hexane, however, disordered arrays were observed on 
the surface. More subtle effects in C3-symmetrical BTAs were observed by Cantekin et 
al., who showed that a single deuterium, rendering the side chains of N-alkyl substituted 
BTAs chiral, can install differences between linear and cyclic solvents.135 In a different 
C3-symmetrical system, Das et al. reported that oxadiazole containing monomers formed H- 
or J-aggegrated supramolecular polymers depending on the aliphatic or aromatic nature of 
the solvent, respectively.136 This different aggregating behavior is attributed to the breaking 
up of the π-stacked H-aggregates by aromatic solvents. This hypothesis is supported by 
control experiments in which more bulky aromatic solvents show decreased J-aggregation. 
Similar changes in morphology of the supramolecular polymers have also been observed 
in triarylamines,137,138 metallosupramolecular polymers,139,140 azobenzenes,141 pyrenes142 
which show that pathway selection through solvent effects is a general phenomenon in 
supramolecular polymerizations.

Lastly, solvents can not only be used to distinguish between several different polymer 
morphologies, but also between several levels of hierarchical self-assembly. The group of 
Ajayaghosh reported chiral oligo(phenyleneethynylene) derivatives that assemble into 
helical supramolecular polymers, which in turn assemble into superhelices of opposite 
handedness (Figure 6a).143 By carefully controlling the amount of CHCl3 in n-decane, the 
degree of superhelical twisting could be controlled. 
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Despite the numerous examples that have been reported, 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-heterotriangulenes.125 Most 
importantly, VCD analyses indicated that the thermodynamic state of the polymers in 
toluene is better packed than the kinetically controlled product in CCl4. A second example 
of a study into  molecular origins of solvent effects has been published by Stevens and 
co-workers.144 In this study, the solvent-dependent aggregation into nanosheets and fibrils 
of peptide amphiphiles was studied using a combination of several experimental techniques 
and molecular dynamics simulations (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 
and are more prone to aggregate with each other, leading to the formation of 2D-nanosheets.
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 │Figure 7 a) (R)-citronellol as co-solvent in MCH induces the formation of supramolecular polymers of 
OPV derivatives (Figure 2b) of a preferred handedness. Image adapted from George et al.151 b) The hciral 
(S)-ethyl lactate ((S)-EL) solvent induces the formation of metallosupramolecular polymers of a single 
handedness. Image taken from reference 153.
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8. Solvent-induced structure in supramolecular 
polymers
Besides a change in energetic balance, leading to the population of various polymer states, 
solvents can also be directly involved in the structure and morphology of supramolecular 
polymers. The use of optically active solvents to bias the helicity of achiral monomers into 
supramolecular polymers of a single helicity is most frequently reported, but recently, 
a number of reports in which a (co-)solvent acts as a structural component of the 
supramolecular system have been published.

8.1. Chiral solvents and solvent-induced helicity in 
supramolecular polymers
The first report of helical induction by chiral solvents was by Palmans et al,145 who showed that 
supramolecular polymers of achiral bipyridine-decorated BTAs in (S)-2,6-dimethyloctane 
showed a CD intensity 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 PBI-based systems. In case of the EHUT solutions, solvation by 
limonene resulted in the expression of helicity as observed for the enantiomerically pure 
homopolymers in achiral solvent.146 Furthermore, a linear dependency of the CD intensity 
on the enantiomeric excess of the solvent was observed. Similarly, the effect of the chiral 
solvent on the helically ordered PBI-based polymers was very pronounced in dilute solutions, 
where a screw sense excess close to 100% was observed.147 In contrast, in the gel state, the 
chiral solvent could only dictate up to 20% of 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 remained unaffected.148

The induction of helical structures by chiral solvents on solid substrates, as observed by 
Würthner and co-workers,147 was also observed by de Feyter and co-workers.149 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 also observed for 
triarylamine-based polymers.150 Remarkably, the helicity of the formed superhelices in this 
system was also directed by the chirality of the solvent.

In remarkable contrast to the helical induction by chiral aliphatic alkanes, such as limonene 
and dimethyloctane, George et al. reported that helical induction by the solvent in OPV 
derivatives only occurs when the solvent contains hydrogen bonding moieties (Figure 7a).151 
This suggests that the helical induction in the OPV systems is based on enthalpic interactions, 
while the lack of any directional interactions for the aliphatic solvents indicates that in 
these case, 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 both in the presence and absence of alcohol moieties, chiral solvents could 
direct the helicity of polymers of non-amidated C3-symmetrical monomers.152
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Similar to the  molecular mechanisms of solvent-induced pathway selection, very few 
studies into the  molecular mechanisms of helical induction by chiral solvents have been 
done. The group of Nitschke studied the formation of metallosupramolecular polymers in 
achiral and chiral solvents and found partial induction of helicity as a result of interactions 
of the (S)-ethyl lactate solvent (Figure  7b).153 Using a statistical mechanical model, the 
authors were able to determine the energetic difference between P and M helices as induced 
by the solvent at 0.36 kBT while the energetic difference between the two helicities for 
enantiomerically pure monomers was considerably larger with 2.15 kBT. 

A more extensive recent review of solvent-induced chirality in supramolecular polymers is 
published elsewhere.154

8.2. (Co-)solvents as structural components in 
supramolecular polymers
Next to helical induction by chiral solvents, the recent years have seen several reports where 
solvents play an active, structural role in supramolecular polymerizations.

The first suggestion of water as a structural component of supramolecular polymers was 
done 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 8a).155 However, in this 
report, no strong evidence for the incorporation of water in the supramolecular polymer is 
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 │Figure  8 a) Chemical structure of the glutamide-based amphiphile used by Liu et al.,155 and cartoon 
representations of the different polymer morphologies formed in different solvents. Image taken from 
reference 155. b) Schematic depiction of the thermally bisignate supramolecular polymerization developed 
by the group of Aida.163 Image taken from reference 163.
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given. Around the same time, Johnson et al. reported a water-dependent helical switch in 
hydrogen bonded rosettes.156 The different helical states of the polymers in water or methanol 
is explained using a computational model, but experimental evidence for the incorporation 
of water is not presented. Bouteiller and co-workers later showed that the presence of 
water has a strong effect on the viscoelastic properties of EHUT gels.110 In the presence of 
water, the polymers became considerably shorter due to a presumed chain capping effect 
of 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.157 Later, the group of Yagai reported 
PBI-based monomers.158,159 In these systems, the thermodynamic parameters of the 
polymerization of the oligoethyleneglycol decorated monomers is strongly characterized 
by the release of water  molecules that are hydrated to the ethyleneglycol tails 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 material.160 Through a combination of 
infrared (IR) spectroscopy, broadband dielectric spectroscopy and density functional theory 
calculations, the authors convincingly showed that water acts as a structural co-monomer in 
these systems. The binding energy of water in these systems was almost equal to the hydrogen 
bond energy of water  molecules in ice lattices, highlighting the release of a considerable 
enthalpy upon binding of water. In a series of experiments, the supramolecular material was 
demonstrated to have interesting water-induced adhesive properties.

In another recent report, Adelizzi et al. reported the helical inversion of triarylamines, which 
was originally attributed to the reorganization of the amide orientation in the supramolecular 
polymer.161 More recently, however, it was found that this helical inversion is modulated by 
the amount of water dissolved in the MCH solvent.162 As such, water appears to also play a 
role in directing supramolecular structure in dilute alkane solutions.

Besides water, alcohols have also been used to direct the structure of supramolecular 
polymers. In a report by the group of Aida, a thermally bisignate polymerization was realized 
in highly thermally stable, octa-amidated porphyrin-based polymers (Figure 8b).163 In the 
presence of small amounts of alcohol co-solvent in alkane solutions, the hydrogen bonding 
between the monomers is effectively disrupted at intermediate temperatures by competitive 
hydrogen bonding with the alcohol. Upon increasing 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 both upon heating and cooling. 

Together, the results show in several cases that (co-)solvents function as structural 
components in supramolecular polymers in several cases. Hydrogen bonding and the release 
of enthalpy associated with these interactions is often the driving force for the solvent effects 
observed. This insight may facilitate the rational design and tailoring of specific functions in 
other multicomponent supramolecular systems.
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9. 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,164 but several recent developments are worthwhile to 
discuss.

One of the first interesting correlations between supramolecular structure and phase 
diagrams of water-cosolvent mixtures was observed by Gillissen et al.165 The formation of 
triple helical superstructures of bipyridine-decorated BTAs 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 nanoparticles (SCPNs) decorated with 
bipyridine-decorated BTAs was shown to be dependent on the volume fraction of THF, a 
good solvent, in water.166 Interestingly, optimal BTA stacking in the SCPNs was obtained at 
approximately 40 vol% THF in water. At this solvent composition, microscopic THF-water 
clusters exists, while in mixtures containing a higher volume fraction of THF, domains of 
pure THF form.167 Interestingly, at this solvent composition, PDI-based monomers were 
also found to show a diverse set of structural features.168 This correlation between the phase 
diagram of a solvent mixture and properties of a supramolecular system was also observed 
in the supramolecular polymerization of water-soluble BTA derivatives.169 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.170 As such, these examples strongly indicate that the formation of 
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due to release of water. Image adapted from Syamala et al.172
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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 of supramolecular systems. In an elegant example, the group of Würthner 
exploited the desolvation of ethylene glycols to induce controlled supramolecular 
polymerization upon heating (Figure 9b).171,172

In addition to an influence on the length and stability of supramolecular polymers, hydrogen 
bonding of water to peripheral sugars or ethylene glycols has also been found to influence 
the dynamics of these systems. In sugar decorated, water-soluble BTA derivatives, hydrogen 
bonding of water was found to increase the dynamic behavior of the supramolecular 
polymers.173 In a series of phthalonitriles functionalized with linear peptides, the balance 
between hydrogen bonding and hydrophobicity directed the flexibility but not length of the 
supramolecular polymers.174 

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

10. Aim and outline of the thesis
As the above literature review has shown, many studies on solvents and solvent effects in 
supramolecular polymerizations have been conducted. However, a systematic approach 
to arrive at a  molecular understanding and detailed thermodynamic description of these 
interactions is often times lacking. Thus, in this thesis, we set out to arrive at a detailed 
understanding of the thermodynamic and kinetic aspects of solvation in supramolecular 
polymers. To this end, several systems are studied experimentally. The aim of this thesis is to 
elucidate the subtle role of solvents in supramolecular systems by combining the experimental 
results with numerical models. Using this powerful combination, unprecedented insights 
into these complex molecular systems are obtained. Ultimately, the insights gained during 
this thesis will help provide a basis for the rational design of solvent interactions in adaptive 
supramolecular materials. 

First, in Chapter 2, the solvent and temperature-dependent polymerization of a 
zinc-metallated porphyrin core into H-aggregated or weakly coupled J-aggregated 
supramolecular polymers. Numerical models show that due to this competition, the 
transition between the polymer types becomes independent of concentration, yet sensitive 
to changes in solvent composition and temperature. In Chapter 3, the same zinc-metallated 
porphyrin is combined with a base-catalyzed Michael reaction. Here, water is shown to 
critically direct the outcome of interference of the reaction substrates in the stability of the 
supramolecular polymers. In a second multicomponent system where hydrogen bonding 
plays a crucial role, we elucidate in Chapter 4 two distinct pathways in the thermally bisignate 
supramolecular polymerization of a different, octa-amidated porphyrin. By computationally 
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analyzing the experimental results, two distinct desolvation mechanisms are uncovered in 
the thermally bisignate polymerization.

In Chapter 5, a deeper look into competitive hydrogen bonding in novel 
benzenetricarboxamide derivatives is presented. We show that the stability of these 
polymers considerably depends on the peripheral substitution pattern. molecular dynamics 
simulations indicate that competitive hydrogen bonding between the central amide groups 
and peripheral ethers induces defects in the supramolecular polymers, which are responsible 
for the differences in stability. 

The structural role of water in supramolecular polymerizations is further explored in the 
polymerization of a biphenyl-based monomer presented in Chapter 6. Here, a mass-balance 
model in which water is incorporated as a structural co-monomer. This model successfully 
describes both water-dependent homopolymerizations and copolymerizations and 
provides detailed thermodynamic insights into this complex molecular system. The same 
solvent-dependent mass-balance model is used in Chapter 7 to study the competition 
between solvent-controlled thermodynamic and kinetic control in the polymerization of 
a triphenylene-based system. Furthermore, the use of optically active solvents can induce 
structural transformations in these polymers and shed light on enantiospecific interactions 
between polymers and solvents.

Lastly, Chapter 8 provides a brief outlook towards further experimental techniques to 
arrive at a  molecular picture of the interaction of solvents and supramolecular polymers. 
Initial  NMR experiments, using magic angle spinning, provide interesting insights 
into structural transformations in the solvent-dependent behavior of the biphenyl and 
triphenylene-based supramolecular polymers.
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Chapter 2

Competition in supramolecular polymers 
introduces robustness

Abstract: Pathway complexity in supramolecular polymerization has recently sparked 
interest as a method to generate complex material behavior. The response of these systems 
relies on the existence of a metastable, kinetically trapped state. In this chapter, we show 
that strong switch-like behavior in supramolecular polymers can be achieved through 
the introduction of competing aggregation pathways. This behavior is illustrated with the 
supramolecular polymerization of a porphyrin-based monomer at various concentrations, 
solvent compositions and temperatures. It is found that the monomers aggregate in 
isodesmic J-aggregates at intermediate solvent quality and temperature, followed by 
nucleated H-aggregates at lower solvent qualities and temperatures. At further increased 
thermodynamic driving forces, such as high concentration and low temperature, the 
H-aggregates can form hierarchical superhelices. Our mathematical models show that, 
contrary to a single pathway polymerization, the existence of the isodesmic aggregation 
pathway buffers the free monomer pool. In addition the competition renders the nucleation 
of the H-aggregates insensitive to concentration changes in the limit of high concentrations. 
We also show that at a given temperature or solvent quality, the thermodynamically 
stable  aggregate morphology can be selected by controlling the remaining free external 
parameter. As a result, the judicious application of pathway complexity permits the synthesis 
of a diverse set of materials from a single monomer only. We envision that the engineering 
of competing pathways can increase the robustness in a wide variety of supramolecular 
polymer materials and lead to increasingly versatile applications.

This chapter has been adapted from:
Competing Interactions in Hierarchical Porphyrin Self-Assembly Introduce Robustness in 
Pathway Complexity
M. F. J. Mabesoone, A. J. Markvoort, M. Banno, T. Yamaguchi, F. Helmich, Y. Naito, E. 
Yashima, A. R. A. Palmans, E. W. Meijer, J. Am. Chem. Soc., 2018, 140, 7810–7819.
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1. Introduction
The supramolecular interactions of porphyrins have ubiquitous applications in natural 
systems. For example, the allosteric supramolecular host-guest interactions in the heme 
protein permit the efficient transport of oxygen through the blood plasma1,2 and the 
intramolecular orientation of chlorophyll in the light harvesting complex allows for control 
over electron transfer.3–5 Their diverse self-assembly properties and chemical functionalities 
have led researchers to apply these systems in a wide variety of synthetic systems as well,6 
ranging from photovoltaics7,8 to sensing and molecular electronics.9,10

Despite the great insight that has been gained throughout the past decades into the behavior 
of these molecules, still new and intriguing phenomena are observed in porphyrin-based 
systems. For example, the group of Ribó and co-workers showed that the direction of 
stirring induces preferred handedness in supramolecular aggregates of achiral porphyrin 
monomers.11,12 In another example, Kihara et al.13 reported that coordination control 
over supramolecular polymers unexpectedly induces responsiveness to static electricity. 
Previously, we reported that aggregation can be achieved by diluting the system through 
the addition of coordinating ligands to a supramolecular porphyrin, whereas the increase of 
concentration leads to destruction of the polymer.14

Recently, the emerging field of living supramolecular polymerizations has sparked a new 
interest in supramolecular polymers from porphyrin-based monomers. In seminal examples 
by the group of Takeuchi, chiral porphyrins were shown to assemble into kinetically trapped 
small J-aggregates. Over time, the kinetically trapped J-aggregate could be converted to 
other, thermodynamically stable  aggregates, which enabled seeded growth of nucleated 
H-aggregated fibres,15,16 or large J-aggregated nanosheets.17 Thus, it was possible to generate 
several different materials from one monomer by controlling pathway complexity. Due 
to the kinetic trapping of the initial aggregation state, only the thermodynamically most 
stable aggregate retained its properties throughout prolonged periods. In another report, the 
group of Aida showed that small amounts of alcohol as co-solvent to dodecane solutions can 
successfully compete with the hydrogen bonding that stabilizes supramolecular polymers.18 
Through this competition, a temperature interval emerged where the monomeric porphyrin 
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was  molecularly dissolved, but above or below this temperature range, polymers were 
formed. Through the introduction of these competing processes, a thermally bisignate 
feature of the polymerization emerged and a single polymer type was obtained by both 
increasing and decreasing the temperature. Further progress in this area can be found in 
Chapter 4.

Competiton between several types of aggregation is a phenomenon increasingly observed. 
The groups of Würthner and Lochbrunner recently reported that perylene bisimides display 
complex supramolecular polymerization, where the monomers can assemble into nucleated 
J-aggregates, but can also form an off-pathway H-aggregated dimeric structure, which is 
thermodynamically stable at low concentrations and intermediate temperatures.19 Similar 
off-pathway dimerization has also been reported for zinc chlorins20 and covalently coupled 
naphthalene diimide derivatives.21 These findings indicate that the concepts developed in 
complex supramolecular polymerizations are not limited to specific  molecular platforms. 
Moreover, these recent findings strongly suggest that pathway complexity in the energy 
landscape of supramolecular polymerizations can be introduced through the incorporation 
of large π-cores as well as by flexible pendant moieties. Hence, a general description of 
artificial systems in various complex competing assembly processes is desirable. These 
descriptions then allow these systems to be compared with their natural counterparts and 
will lead to a better understanding of supramolecular materials.

In this chapter, we show that the introduction of competing polymerization pathways in a 
supramolecular polymerization of a porphyrin-based monomer (Scheme 1) can lead to very 
responsive transitions between various thermodynamically stable aggregate morphologies. 
The presence of the competing aggregation pathways increases the responsiveness of the 
aggregation state of our supramolecular system to changes in temperature and solvent 
quality. Moreover, the competing pathway not only increases the sensitivity of the system 
towards external triggers, it also dramatically reduces the sensitivity to changes in monomer 
concentration. These features show that pathway complexity of supramolecular systems 
can also be used under thermodynamic control. In addition, contrary to the present 
understanding, kinetic traps are not a requirement for highly sensitive systems. As a result, 
the introduction of competing pathways leads to the emergence of increased responsiveness 
in this class of materials. 

First, we show that the solvent quality dictates the aggregate morphology of our 
porphyrin-based monomer. The experimental data is fitted to a thermodynamic model to 
obtain the energetic parameters that describe the system. Our model shows that the presence 
of competing pathways makes the system increasingly insensitive to concentration changes. 
Atomic force microscopy (AFM) analysis indicates that hierarchical assemblies are present 
in the system at high thermodynamic driving forces, such as low temperature and high 
concentration. The kinetic analysis of the polymerization shows that the two aggregation 
pathways are in competition with each other. Additionally, we show that changing the 
temperature has a similar effect on the aggregate state as changing the solvent. These two 
parameters function as independent handles to obtain the desired material morphology in 
a wide range of conditions.
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2. Results and discussion
2.1. Solvent quality determines the supramolecular 
polymerization of (S)-1
Chiral porphyrin (S)-1 (Scheme  1) was synthesized according to a previously reported 
procedure.14 Upon dissolving (S)-1 in methylcyclohexane (MCH), long supramolecular 
polymers are formed through hydrogen-bonding interactions along the polymer 
backbone.14 The presence of the helical aggregates, in which the monomers are cofacially 
stacked into H-aggregates, is indicated by an absorption band at 392  nm that displays 
a strong bisignate Cotton effect. Conversely, solutions of (S)-1 in CHCl3, in which 
(S)-1 is  molecularly dissolved, display a strong absorption around 425  nm and no CD 
signal.14 To investigate the solvent-dependency of the thermodynamic parameters of the 
supramolecular polymerization of (S)-1, UV-Vis and CD-spectra of (S)-1 in solutions with 
varying volume percentages CHCl3 in MCH were measured (Figure 1). In pure MCH, a 
CD active absorption band with a maximum at 392 nm is observed due to the presence 
of H-aggregates. Upon increasing the volume fraction of CHCl3, the absorbance and CD 
intensity at 392 nm decrease with a concomitant gradual emergence of a broad, CD silent 
absorption band at 425  nm. These spectral changes are indicative of the formation of a 
weakly coupled J-aggregate or otherwise less-ordered aggregate.22 Approaching the critical 
solvent composition, the CD intensity at 392  nm rapidly decreases and the absorption 
at 425  nm rises sharply, indicating the destruction of nucleated, cooperatively formed 
and cofacially stacked H-aggregates (Figure  2). At volume percentages above 5-7.5 vol% 
CHCl3, the CD signal has disappeared due to the destabilization of the H-aggregates. 
A further increase in the CHCl3 volume fraction results in a gradual increase in intensity 
and sharpening of the absorption peak. This gradual increase indicates the presence of 
J-aggregates at intermediate solvent compositions, that upon further increase of the CHCl3 
volume fraction form monomerically dissolved (S)-1. The presence of J-aggregates is 
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 │Figure 1 Solvent-dependent UV-Vis (a) and CD (b) spectra of 1 µM solutions of (S)-1 of various solvent 
compositions, going from MCH (red spectrum) to CHCl3 (green spectrum). At the critical solvent 
composition(cyan spectrum), a broad, CD silent absorption band at 425 nm is present.
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corroborated by a slight red-shift of the Q-bands of (S)-1 at intermediate volume fractions 
CHCl3 (Figure 3a). The comparably low dependency of the stability of the J-aggregates on 
the solvent quality is reflected in the sigmoidal dependency of the absorbance on the solvent 
composition. This sigmoidal dependency indicates that (S)-1 aggregates into J-aggregates 
through an isodesmic aggregation mechanism. Figure  2a illustrates that the onset of 
isodesmic aggregation shifts to higher CHCl3 fractions as the concentration is increased. 
Remarkably, the critical solvent composition at which the nucleatecooperative pathway is 
favored over the isodesmic pathway, however, does not shift significantly over the two orders 
of magnitude concentration difference. 

The presence of two different aggregate types is also confirmed by FT-IR spectroscopy 
(Figure  3b, c). At low CHCl3 fractions, the NH-stretch and CO-stretch frequencies of 
the amides are shifted to lower wavenumbers with respect to molecularly dissolved (S)-1, 
indicating that at low CHCl3 fractions, the amides of (S)-1 are engaged in hydrogen bonding, 
which is indicative of H-aggregation. In intermediate CHCl3 fractions, the IR spectra show 
vibrational transitions at similar wavenumbers as in pure CHCl3 solutions, but the amide 
and carbonyl bands have broadened, indicating poorly defined aggregation. The isodesmic 
aggregates, formed at intermediate CHCl3 fractions, are proposed to be stabilized through 
π-π-stacking, resulting in J-aggregates. 

It should be noted that the  molar ellipticity (Δϵ) of the H-aggregates that is calculated 
from the CD signal is not constant over the entire concentration regime. We observed 
in repeated runs of denaturation and cooling experiments that the absolute value of the 
CD intensity varies from measurement to measurement. Additionally, we observed that 
sealing of the cuvette with a screw cap greatly enhances the reproducibility of the cooling 
curves (vide infra). We attribute the challenging reproducibility of the supramolecular 
polymerization of (S)-1 to subtle changes in the atmospheric water content, which has 
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 │Figure 2 Absorbance at 425 nm (a) and CD intensity at 392 nm (b) at various solvent composition for 
[(S)-1] = 1–100 µM and optical path lengths between 1 cm and 0.1 mm. The symbols indicate experimental 
data and the lines depict the fits obtained from the equilibrium model. The insets show the sharp change in 
absorbance and CD intensity at the critical solvent composition.
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recently been shown to dramatically impact the aggregation behavior of supramolecular 
polymers (see also Chapter 3).23 This water dependency of the solutions of (S)-1 illustrates 
the many local minima that can be encountered and intricate interactions that play a role in 
a multidimensional energy landscape of systems with increased pathway complexity. The 
unexpected role of minute amounts of water will further be highlighted in Chapters 3 and 6.

2.2. Thermodynamic parameters are obtained by fitting 
to experimental data 
In previous works, we have employed numerical models to understand the underlying 
principles of various types of supramolecular polymerizations, including kinetically trapped 
states,24 kinetic aspects of competing aggregation pathways,25 sergeants-soldiers and majority 
rules experiments,26,27 racemizing systems28 and supramolecular copolymers.29 To further 
understand the pathway complexity in the supramolecular polymerization of (S)-1 and 
quantify the thermodynamic parameters of the aggregation processes, the results obtained 
from the UV-Vis and CD measurements at various CHCl3 volume fractions have been 
fitted to a thermodynamic equilibrium model (full details in the Materials and Methods 
section). In the model, the monomers can assemble into one-dimensional, CD-inactive 
isodesmic aggregates and CD-active nucleated, cooperative aggregates. Both aggregates 
are in equilibrium with monomeric (S)-1. This model shows resemblance with the model 
introduced by Würthner, Lochbrunner and co-workers,19 but the latter model does not 
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account for the observed insensitivity of the critical solvent composition to an increase in 
concentration (vide infra). The dependency of each aggregate stabilities on the solvent is 
introduced by:30

  (1)

where ΔG is the Gibbs free energy gain upon addition of monomeric (S)-1 to aggregate 
i at a given volume fraction CHCl3, f. The Gibbs free energy of the aggregation process 
in the absence of CHCl3 is given by ΔG0. The dependence of ΔG on f is introduced with 
the m-value. In our model, the m-value of the nucleation and elongation phase of the 
cooperative polymerization are taken to be equal. The fits obtained are given in Figure 2 and 
the corresponding thermodynamic parameters in Table 1. 

The results show that the Gibbs free energies in MCH of the cooperative pathway (ΔG°coop) 
range between −46 kJ⋅mol−1 at [(S)-1] = 1 µM and −33 kJ⋅mol−1 at [(S)-1] = 100 µM. The 
Gibbs free energies in MCH of the isodesmic aggregation pathway (ΔG°iso) range between 
−41  kJ⋅mol−1 and −31  kJ⋅mol−1 and are less negative than ΔG°coop at every concentration 
measured. The solvent-dependency parameter of the cooperative polymerization, mcoop, 
ranges between 194 kJ⋅mol−1 at [(S)-1] = 1 µM and 67 kJ⋅mol−1 at [(S)-1] = 100 µM. For 
the isodesmic pathway, miso, ranges between 91 kJ⋅mol−1 at [(S)-1] − 1 µM and 41 kJ⋅mol−1 
at [(S)-1] = 100 µM and is at every measured concentration lower than mcoop. Combined, 
the values obtained for ΔG°coop and ΔG°iso and their respective dependencies on solvent 
quality, mcoop and miso, lead to a CHCl3 fraction at which ΔG°coop and ΔG°iso are equal. Above 
this CHCl3 fraction, the J-aggregates are the most stable polymer.

The thermodynamic model also allows us to determine the degree of cooperativity of the 
cooperative pathway, expressed by the cooperativity parameter, σ. Interestingly, despite the 
strong response observed in the experimental curves (Figure 2b), the resulting cooperativity 
of the nucleated pathway is not very high, as indicated by the values of σ, ranging between 
7.3∙10−3

 and 6.7∙10−4. This result, together with the observed low sensitivity of the critical 
solvent composition to increases in CHCl3 fraction prompted us to investigate the 
competition of isodesmic and cooperative pathways in more detail.

Table 1 ∆G and m-values for the cooperative and isodesmic pathways, obtained from the 
global fitting of UV and CD data for the various concentrations.

1 µM 10 µM 100 µM

∆G°coop (kJ·mol−1) −46 −45 −33

mcoop (kJ·mol−1) 194 101 67

σa 7.3∙10−3 2.3∙10−3 6.7∙10−4

∆G°iso (kJ·mol−1) −40 −41 −31

miso (kJ·mol−1) 91 56 41
aThe cooperativity parameter σ is determined at 293 K.26

∆ ∆G G m fi i i= + ⋅
°
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2.3. Equilibrium model gives insight into polymerization 
thermodynamics 
The observed insensitivity of the critical solvent composition and the low degree of 
cooperativity obtained from the fits of the experimental data are explained by our 
theoretical model of a two-pathway supramolecular polymerization. At a CHCl3 fraction 
above the critical solvent fraction, the isodesmic aggregation pathway buffers the monomer 
concentration, preventing the elongation of nucleated polymers. Increasing the total 
concentration then leads to an increase in the J-aggregate concentration and only a marginal 
increase in the free monomer concentration that is available for cooperative polymerization. 
Since the free monomer concentration cannot exceed Kiso

−1 and the concentration required 
for the elongation of the cooperative polymers is Ke

−1, the H-aggregates can only form when 
the cooperative polymerization is lower in Gibbs free energy than the isodesmic pathway. 
As a result, there is a fundamental upper solvent fraction above which the formation of 
the H-aggregates is impossible. The weak concentration dependence of the formation of 
cooperative polymers in the presence of an isodesmic pathway has previously also been 
recognized by Bouteiller and Van der Schoot.31,32 This is in strong contrast with a single 
pathway nucleated polymerization in which polymers can theoretically always form at any 
solvent composition or temperature by simply increasing the concentration (Figure  4b). 
Moreover, another model, that considers dimers in competition with a nucleated polymer 
(Figure 4c), reported by Würthner, Lochbrunner and co-workers, also cannot explain our 
observed concentration independency.

Additionally, the sharp transition in the CD response at the critical solvent composition, 
despite the moderate cooperativity obtained from the fits, can be explained by our model. 
At CHCl3 fractions below the critical solvent composition, the H-aggregates are more 
stable  than the J-aggregates. In this regime, the free monomer concentration follows 
the behavior similar to a single pathway cooperative polymerization. As the solvent 
quality becomes better, the H-aggregates are increasingly destabilized with respect to the 
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only polymerize via a single cooperative pathway supramolecular polymerization (b) and a system where 
also dimers can be formed (c). The shaded area indicates the presence of cooperative polymers. 
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J-aggregates. The increase in competition between the polymer types upon increasing the 
solvent quality leads to a mass transfer from the H-aggregates to the J-aggregates, while the 
free monomer concentration behaves similar to a single pathway cooperative polymerization. 
This mass-transfer does not occur in a single-pathway polymerization. The additional mass 
transfer from the H-aggregates to the J-aggregates causes the strong response that is observed 
at solvent compositions just below the critical solvent fraction.

The aggregation energies of the cooperative and isodesmic pathway in pure MCH do not 
vary significantly upon increasing the concentration from 1 to 10 µM. However, upon 
increasing the concentration one order of magnitude further, considerable deviations 
are observed. The solvent-dependency parameter m shows a similar trend: increasing the 
concentration leads to an apparent decrease m-value of the cooperative pathway. We propose 
that this apparent increased stabilization at higher CHCl3 fractions is due to the formation 
of superhelices of cooperatively formed fibers (vide infra). This hypothesis also explains 
the observed increase in cooperativity upon increasing the concentration. The formation 
of hierarchical structures becomes more pronounced at higher concentrations, where the 
concentration of aggregated material is higher. At these concentrations, the hierarchical 
structures effectively act as a monomer sink, leading to a more cooperative system.

2.4. Atomic force microscopy reveals the existence of 
superhelices
The microscopic morphology of aggregates of (S)-1 was studied using AFM measurements 
(Figure 5) by Dr. Floris Helmich, Dr. Motonori Banno, Dr. Tomoko Yamaguchi and Dr. Yuki 
Naito in the laboratories of Professor Eiji Yashima in Nagoya University. The AFM images 
reveal the existence of helical aggregates when (S)-1 is drop-casted from MCH solutions. 
At low concentrations, fibers with a width of 4.2 nm are observed. This is in line with the 
diameter of 4.9 nm of (S)-1 obtained from molecular simulations. The helical pitch of the 
fibers is estimated at 5.7 nm. AFM images of (R)-1 (Figure 5d, e), which has chiral side 
chains of opposite configuration, show fibers with similar fiber width and helical pitches 
as are observed in the AFM images of (S)-1, but the fibers of (R)-1 show opposite helicity. 
This indicates that the helical features are due to the molecular chirality of the monomers. 

Samples that are drop-casted from a cooled solution, in which the thermodynamic driving 
force for aggregation is increased, show that single fibers aggregate to form hierarchically 
assembled double and triple helix assemblies with estimated diameters of ca. 25 and 50 nm, 
respectively, and helical pitches of 23  nm (Figure  5b). Strikingly, the handedness of the 
superhelices is the same as that of the constituent single helices. Formation of hierarchical 
aggregates from supramolecular polymers usually coincides with inversion of helicity, as 
has been demonstrated by Nolte,33 Würthner34 and others.35,36 The observed preservation 
of helix handedness in our system suggests that the single helices are aggregated into 
superhelices through a torsional strain mechanism, as observed for peptide amphiphiles by 
the groups of Stupp,37,38 and other systems reported by Yagai39 and Zhu.40 In line with their 
observations, we observe that the helical pitch of the superhelices increases fourfold from 
approximately 6 to 23 nm. In addition, the bundle width increases considerably. We speculate 
that the superhelix formation is driven by the collapse of the fiber, maximizing interactions 
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between the aliphatic side chains and causing a release of solvation entropy.41 The collapsed 
helices can intertwine to form superhelices from multiple individual H-aggregate helices, as 
observed by the variable superhelix diameter (Figure 5b, e, box A and B). 

The observation of the superhelices only at low temperatures indicates that high association 
constants or high concentrations are required to cluster the large number of molecules in one 
superstructure. Hence, this process will only occur at low temperature, high concentrations 
and poor solvent quality. Although very different morphologies are observed under AFM, 
spectroscopic investigations of samples of (S)-1 that are cooled for prolonged periods do 
not show any appreciable spectroscopic changes (Figure 5f). Since the handedness of the 
single helix is retained upon aggregation into superhelices and the molecular environment 
of the monomers remains almost identical, the helix-superhelix transition is proposed to be 
not observable in our spectroscopic measurements. As a consequence, we cannot investigate 
the helix-superhelix transition spectroscopically, which impairs a meaningful incorporation 
of the transition in our thermodynamic model. Thus, the combination of UV-Vis and CD 
spectroscopy with AFM reveals that (S)-1 can exist in four thermodynamically stable states. 
To gain further insight into their mechanism of interconversion, however, kinetic 
measurements are necessary.
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 │Figure 5 AFM images of helical stacks of (S)-1 (a, b) and (R)-1 (d, e) stacks drop-casted from fresh (a, 
d) and refrigerated (b, e) 33 µM MCH solutions. The width of the observed aggregates in micrographs 
of samples drop-casted from fresh solutions corresponds to the diameter of 1, obtained from molecular 
models (49 Å), indicating that the helices consist of a single fiber. Micrographs of the refrigerated samples 
show large aggregates with widths of 25 (green box, B) to 50 nm (red box, A). c) Cartoon representation 
of the collapse of a single helical fiber to form a superhelix at high thermodynamic driving forces. f) CD 
spectra of (S)-1 and (R)-1 (0.1 mg⋅mL−1) obtained from fresh solutions and solutions that were refrigerated 
at −28 °C for 4 months.
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2.5. Kinetic analysis indicates the aggregation pathways 
are in competition 
Not only thermodynamic aspects of supramolecular polymerizations are altered by the 
solvent quality and other external parameters. Also the kinetic characteristics of the assembly 
process are strongly dependent on solvent quality. The kinetic traces of single-aggregate 
supramolecular polymerizations have been reported to equilibrate slowest around the 
critical solvent composition. This is a result from the competition between comparable rates 
in polymer assembly and disassembly at the critical solvent composition.30 The kinetic traces 
of the formation of the nucleated H-aggregates of (S)-1 at various solvent compositions is 
studied with CD-spectroscopy. The results are given in Figure 6. 
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 │Figure 6 a) Kinetic profiles of the CD intensity at 392 nm upon mixing MCH and CHCl3 solutions of 

(S)-1. The colored labels indicate the volume percentage CHCl3 in the final solution for every trace. b) 
The time at which 90% of the final CD signal of the traces depicted in Figure 5a is obtained (t90) shows a 
maximum around the critical solvent composition. c) Kinetics traces of the formation of J-aggregates. d, e) 
Concentration dependent kinetic traces (d) and equilibration times (e) of the formation of H-aggregated 
supramolecular polymers of (S)-1 in MCH from concentrated CHCl3 solutions.
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Despite the presence of the isodesmic pathway, the kinetic trace of nucleated H-aggregate 
formation shows similar behavior as that reported for single-aggregate type polymerization. 
At the critical solvent composition, the time at which 90% of the final CD signal is obtained 
(t90) shows a distinct peak (Figure 6b). The rate of J-aggregation was too fast to be measured 
and only equilibrium states could be observed at CHCl3 fractions above the critical solvent 
composition (Figure 6c). Additionally, t90-values did not show a significant dependence on 
concentration. The absence of a strong concentration dependency of the equilibration time 
(Figure 6d, e) indicates that the two aggregate types do not convert directly from one type 
to the other. Rather, aggregate-interconversion proceeds through the monomeric state.25

2.6. Temperature variation gives similar morphology 
changes as changes in solvent quality
Thermodynamic considerations dictate that the destabilization by non-specific interactions 
of a denaturing co-solvent has a similar effect as an increase in temperature. Taken together, 
these two external parameters serve as orthogonal handles to control the self-assembly 
state of a material, potentially giving greater control over the aggregate morphology. To 
test this hypothesis, we followed the CD-intensity and absorbance signals as a function of 
temperature in MCH at 392 nm, at which the H-aggregates absorb, and at 425 nm, at which 
the J-aggregate and monomers absorb. The cooling curves obtained from the temperature 
dependent CD- and UV-Vis experiments are given in Figure 6. The cooling curves are fit to 
a thermodynamic model that describes the aggregation of (S)-1 in a similar fashion as the 
model that is used to fit the denaturation experiments. The temperature dependency of the 
Gibbs free energy gain upon monomer addition is introduced via:

 ∆ ∆ ∆G H T S= − ⋅  (2)
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 │Figure  7 a) The absorbance change with respect to the minimum absorbance values of the observed 
cooling curves at 425 nm and b) the CD intensity at 392 nm MCH solutions with varying concentrations 
of (S)-1 as a function of temperature. The CD-silent J-aggregation process is not visible in the CD trace, 
but apparent in the UV signal. The data are fitted with an equilibrium model incorporating both pathways 
simultaneously (solid lines).
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The thermodynamic parameters obtained from the fitting procedure are given in Table 2. 
The fitted curves are plotted in Figure 7. 

The enthalpies of elongation of the nucleated polymers, ΔHcoop, range between 
−102 kJ⋅mol−1 at [(S)-1] = 1 µM and −63 kJ⋅mol−1 at [(S)-1] = 100 µM. Qualitatively, a 
similar decreasing trend can be seen in the values of the entropy of elongation, which range 
between −184 J⋅mol−1⋅K−1 at [(S)-1] = 1 µM and −90 and −107 kJ⋅mol−1 at [(S)-1] = 10 µM 
and [(S)-1] = 100 µM, respectively. As a result, the Gibbs free energies of elongation of the 
cooperative polymer at 293 K (ΔGcoop) is in good agreement with the values obtained from 
the denaturation experiments (Table 1). The enthalpies of the isodesmic polymerization, 
ΔHiso, range between −72 kJ⋅mol−1 at [(S)-1] = 1 µM and −57 kJ⋅mol−1 at [(S)-1] = 100 µM. 
The entropies of the isodesmic polymerization, ΔSiso, are comparable for all concentrations 
measured. 

Similar relations between the energetic parameters of the cooperative and isodesmic 
aggregation polymerizations as found in the denaturation studies (Table  1) are found 
in the cooling experiments (Table 2). At all concentrations, the Gibbs free energy of the 
cooperative polymerization at 293 K is more negative than the Gibbs free energy of the 
isodesmic aggregation. In addition, upon increasing the concentration, a decrease in Gibbs 
free energy is obtained from the fits. Additionally, the extraction of the enthalpic and 
entropic contributions in the self-assembly process sheds light on the molecular nature of 
both aggregation pathways. Upon increasing the concentration, the change in enthalpy upon 
monomer addition decreases together with the entropic cost of elongation. In addition, 
the cooperativity parameter σ becomes smaller, indicating a more cooperative formation 
of H-aggregates. The thermodynamic parameters obtained for the isodesmic pathway are 
relatively insensitive to a change in concentration. The concentration dependency of the 
cooperative pathway corroborates the hypothesis that hierarchical structures are formed 
at increased thermodynamic driving forces for aggregation (i.e., high concentration, low 
temperature and low solvent quality). The thermodynamic parameters obtained from the 
cooling curve at 1 µM give a good description of the two pathway polymerization process, 
since hierarchical self-assembly is not significant at these concentrations. Both the enthalpy 

Table 2 ∆H and ∆S for the cooperative and isodesmic pathways, obtained from the global 
fitting of UV and CD data for the various concentrations in MCH.

1 µM 10 µM 100 µM

∆Hcoop (kJ·mol−1) −102 −66 −63

∆Scoop ( J·mol−1·K−1) −184 −90 −107

σa 2.4·10−4 2.6·10−7 8.3·10−10

∆Gcoop (kJ·mol−1) a −48 −39 −32

∆Hiso (kJ·mol−1) −72 −63 −57

∆Siso ( J·mol−1·K−1) −97 −89 −106

∆Giso (kJ·mol−1) a -43 −37 −26
a The cooperativity parameter σ and Gibbs free energies are determined at 293 K.
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and entropy of the cooperative pathway are more negative than the values of the isodesmic 
pathway. This can be rationalized by the greater enthalpy release due to the formation of 
hydrogen bonds as opposed to weaker π-π–interactions that lead to isodesmic aggregation. 
The additional entropic penalty of the decrease in rotational freedom of the amides and 
clustering of the aliphatic side chains is reflected in the larger entropic penalty for the 
cooperative pathway. Upon increasing the concentration, the thermodynamic parameters 
of the cooperative pathway appear to decrease considerably, while the cooperativity of 
the polymerization appears to be enhanced. These deviations suggest that in the cooling 
experiments at concentrations of 10 µM and above, hierarchical structures are formed. 

From the results above, we conclude that, qualitatively, changing solvent composition or 
temperature leads to similar trends in the stability of the supramolecular aggregates. As a 
next step, we performed cooling experiments of solutions of (S)-1 with varying volume 
fractions of CHCl3. 

2.7. Consequences of competing pathways for 
supramolecular materials
We envision that selective synthesis of a desired aggregate type by tuning of temperature 
and solvent composition can be an effective method to harness the different properties of 
the supramolecular materials under various conditions. To demonstrate this concept, we 
performed cooling experiments of solutions of (S)-1 in MCH with volume percentages of 
CHCl3 varying from 0 vol% to 7.5 vol%. The cooling curves obtained for 1 µM solutions are 
given in Figure 8. The increase of the volume fraction of CHCl3 leads to a destabilization 
of the aggregates and the elongation temperature is shifted to lower temperatures. At 
volume fractions above the critical solvent composition at 293 K (5 vol%), only isodesmic 
aggregation is observed. It should be noted that Gibbs free energies of aggregation obtained 
from the cooling curves with 2.5–7.5  vol% CHCl3 do not show a clear decrease upon 
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 │Figure 8 The absorbance change of 1 µM solutions of (S)-1 with respect to the minimum absorbance 
values of the observed cooling curves at a) 425 nm and b) the CD intensity at 392 nm as a function of 
temperature for solutions with varying CHCl3 volume fractions. The data is fitted to the two pathway 
thermodynamic model (solid lines). 
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increasing the CHCl3 fraction (Table  3). The absence of this trend can be explained by 
a temperature-dependent m-value of CHCl3. Although the boiling point of the mixtures 
of CHCl3 in MCH are not reached, the destabilizing effect of CHCl3 will likely become 
temperature dependent. This renders the enthalpic and entropic contributions temperature 
dependent and the model does not give the true thermodynamic values of the aggregation 
process in these mixtures. 

Our ability to quantitatively describe the supramolecular polymerization of (S)-1 can be 
used to predict the polymer morphology, length and dispersity at any given temperature. 
Hence, this strategy enables full control over the aggregate morphology and allows 
the prediction of the composition of the system at arbitrary solvent compositions and 
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 │Figure 9 a) The phase diagram displaying the most prevalent aggregate species of (S)-1 at 100 µM as 
a function of temperature and solvent composition. In the grey area, (S)-1 is predominantly present as 
monomer, in the blue area, (S)-1 is predominantly aggregated in J-aggregates and in the dark red area, 
the majority of (S)-1 is aggregated in H-aggregates. The dashed lines indicate the temperatures of the 
speciation plots given in b. b) Speciation diagrams of the system at various temperatures as a function of 
the solvent composition. Note that, although the phase diagram does not indicate that J-aggregates are at 
any point the most prevalent species at 30 °C, J-aggregation does take place in a considerable amount, as is 
evident from the speciation diagrams.

Table  3 Table  of thermodynamic data obtained from the fits of cooling curves of 1 μM 
solutions of (S)-1 in MCH with various CHCl3 volume fractions.

Cooperative Isodesmic

CHCl3

ΔHn ΔHcoop ΔScoop ΔHiso ΔSiso ΔGcoop ΔGiso

(kJ·mol−1) (kJ·mol−1) ( J·mol−1·K−1) (kJ·mol−1) ( J·mol−1·K−1) (kJ·mol−1) (kJ·mol−1)

0 vol% −82 −102 −184 −72 −97 −48 −43

2.5 vol% −75 −102 −200 −55 −63 -43 −37

5 vol% −95 −110 −243 −65 −99 -39 −36

7.5 vol% Only isodesmic −75 −129 −37
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temperatures (Figure 9). Because the competing J-aggregation pathway buffers the monomer 
concentration, there is an upper limit above which no polymers can be formed. Moreover, 
the asymptotic behavior of the minimal concentration required to form H-aggregates renders 
the system insensitive to changes in concentration in the limit of high concentration. As the 
various porphyrin morphologies, whose aggregation behaviors can be engineered through 
chemical synthesis,22 are known to exhibit different material properties,17 we envision that 
the combination of solvent composition and temperature control can be used to synthesize a 
plethora of functional supramolecular materials from only a very limited number of starting 
materials in a very easy and controllable manner.

3. Conclusion
In this chapter, we show that the supramolecular polymerization of amide-functionalized 
porphyrin (S)-1 displays pathway complexity. At poor solvent conditions and low 
temperatures, (S)-1 aggregates into H-aggregated nucleated polymers. In contrast, at 
intermediate solvent quality and temperatures, weakly coupled J-aggregates are formed 
through an isodesmic aggregation process. Using a two pathway equilibrium model, a 
thermodynamic description of the solvent and temperature dependency of the aggregation 
process has been obtained.

The thermodynamic parameters that are obtained by fitting the two pathway model to 
the experimentally obtained curves show a fascinating concentration dependency. The 
curves at higher concentration tend to show decreased Gibbs free energies of aggregation 
and increased cooperativity in the system. The observation of superhelices in AFM 
measurements strongly suggests that this concentration dependency is due to the formation 
of hierarchical structures. 

The thermodynamic model revealed that the competition between the H- and J-aggregation 
pathways introduces a fundamental upper solvent composition or temperature at which 
the nucleated H-aggregates can form. Due to the buffering effect of the J-aggregation at 
CHCl3 fractions or temperatures above the critical fraction or elongation temperature, 
H-aggregation is impossible. As a result, the formation of the cooperative polymers is very 
sensitive to solvent composition and temperature and the system becomes insensitive to 
changes in concentration. Through the delicate interplay of pathway complexity with 
the  molecular structure of the monomer,22 the presence of competing polymerization 
pathways in supramolecular polymerizations can be employed to tailor the stability of 
supramolecular materials in a controllable fashion.

Understanding of the full energy landscape of a supramolecular polymerization is of 
paramount importance for these materials to be used as functional materials. The full diversity 
of this pathway complexity can only be achieved through a combination of techniques 
which are employed at different concentrations that span several orders of magnitude. 
The presence of competing aggregation pathways is not only restricted to porphyrins, but 
has also been observed in other systems.25,42 Thus, the observed robustness and increased 
responsiveness are not limited to our porphyrin system, but should be readily observed in 
other systems. The emergent behavior resulting from the competitive interactions in such 
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systems, shows a strong resemblance to supramolecular polymers in nature and holds great 
promise to further the general design principles of supramolecular materials. 

4. Materials and Methods
4.1. General procedures
All starting materials were obtained from commercial suppliers and used without prior purification. 
(S)-1 and (R)-1 were synthesized according to a previously reported procedure.14 The MCH and 
CHCl3 used in spectroscopic experiments was of spectroscopic grade. 1H and 13C  NMR spectra were 
measured in CDCl3 and collected on a Bruker Avance 3 HD NanoBay spectrometer (1H-NMR 400 MHz, 
13C NMR 100 MHz). MALDI-ToF mass spectrometry was performed with a Bruker autoflex Speed. CD 
spectroscopy was performed on a JASCO J-815 CD spectrometer with a JASCO PTC-348 thermostat. 
UV-Vis spectroscopy was performed on a Jasco V-750 UV-Vis spectrometer. Solution state IR spectra 
were recorded on a PerkinElmer Spectrum One spectrometer in 2 mM solutions using 1 mm NaCl 
cells. The AFM measurements were performed using a Nanoscope IIIa microscope (Veeco Instruments, 
Santa Barbara, CA) in air at ambient temperature (ca. 25  °C) with standard silicon cantilevers (NCH, 
NanoWorld, Neuchâtel, Switzerland) in the tapping mode. molecular mechanics simulations were carried 
out with Spartan ’08.

Sample preparation CD samples: Spectroscopic samples were prepared by dissolving a known amount of 
1 in 1 mL MCH, followed by sonication for a minimum of 10 minutes and subsequent diluting the sample 
to the desired concentration in MCH-CHCl3-mixtures with the desired CHCl3 fraction. All samples were 
equilibrated overnight in screw-capped vials and measured in quartz cuvettes.

Sample preparation kinetic measurements: For the kinetics of mixing, 1 µM solutions of (S)-1 in MCH 
and CHCl3 were prepared as described. A 1 cm quartz cuvette was loaded with the appropriate amount of 
MCH solution. The CHCl3 solution was added quickly using a Gilson Microman pipette. The sample, with 
a total volume of 3 mL was shaken vigorously and quickly placed in the CD instrument.

AFM Measurements of 2D-Assembled (S)- and (R)-1:43,44 Stock solutions of (S)-1 and (R)-1 in MCH 
(0.1  mg⋅mL−1 (33 µM)) were prepared at ambient temperature. Samples for the AFM measurements 
were prepared by casting 30 µL aliquots of the stock solutions on freshly cleaved highly oriented pyrolytic 
graphite (HOPG) at room temperature. After the solution had been deposited on the HOPG, the HOPG 
substrates were exposed to MCH vapors for 12 h, and then the substrates were dried under vacuum for 2 h 
at room temperature. The MCH vapor was prepared by putting 1 mL of MCH into a 2 mL flask that was 
inside a 50 mL flask, and the HOPG substrates were then placed in the 50-mL flask. The typical settings of 
the AFM for the high-magnification observations were as follows: amplitude 1.0–1.5 V; set point 0.9–1.4 V; 
scan rate 2.5 Hz. The Nanoscope image processing software was used for the image analysis. 

AFM Measurements of Helical Superhelices Fibers from (S)-1 and (R)-1: Stock solutions of (S)-1 
and (R)-1 in MCH (0.1 mg⋅mL−1 (33 µM)) were prepared and refrigerated at −28 °C for 4 months. The 
solutions were clear and were not filtered before AFM measurements. Samples for the AFM measurements 
were prepared by casting 35 µL aliquots of the stock solutions on freshly cleaved HOPG at 8 °C and the 
HOPG substrates were exposed to MCH vapors at 8 °C for 12 h in a refrigerator, and then dried under 
vacuum for 2h at ambient temperature before AFM measurements.

4.2. Details on the thermodynamic model
The isodesmic and cooperative pathways in the supramolecular polymerization of 1 are modelled using 
thermodynamic mass balance expressions. In the model, the polymers are assumed to grow through 
monomer addition and dissociation at the chain ends. 
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The aggregation processes for the isodesmic pathway are described via:
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with Kiso the association constant for the isodesmic aggregation pathway, Kn the nucleation constant and Ke 
the elongation constant of the nucleated pathway. Assuming the activity of the chemical species is equal to 
their concentrations, the concentration of monomers in i-mer in the isodesmic pathway in thermodynamic 
equilibrium can then be expressed as a function of the free monomer concentration with:
 [ ] [ ]J  for Misoi

i ii K i= ⋅ ⋅ ≥
−1 2  (3)

where [M] is the equilibrium monomer concentration.

Similarly, taking σ as the cooperativity parameter, σ=Kn/Ke, the concentration of monomers in nucleated 
imer aggregates is expressed via:

 [ ] [ ]H  for Mei
i ii K i= ⋅ ⋅ ⋅ ≥
−

σ
1 2  (4)

The total concentration of M in the system is the sum of monomers, isodesmic aggregates and nucleated 
aggregates:
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The subtraction of the monomer concentration compensates for double counting of the monomers in both 
sums.

With standard expressions for converging series, the summations in Eq. (5) can be solved and the 
mass-balance equation for the system can be obtained:
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This equation is solved in Matlab, using a custom written binary search algorithm, to obtain the free 
monomer concentration. The free monomer concentration is then used to calculate the concentration of 
isodesmic and nucleated aggregates.
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In the fitting algorithm for the denaturation experiments, the solvent dependence of Kiso is introduced via:
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with R the gas constant and T the temperature (293 K) at which the denaturation studies are performed 
and ΔGiso the Gibbs free energy of isodesmic aggregation and miso the solvent dependency parameter of the 
isodesmic aggregation process. The solvent dependence of Ke is introduced via:
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with ΔGcoop the Gibbs free energy of elongation of the cooperative polymerization and mcoop the solvent 
dependency parameter of the elongation process.

Similarly, in the temperature dependent model of the polymerization, Kiso is rendered temperature 
dependent through the Van ‘t Hoff expression:
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with ΔHiso the enthalpy and ΔSiso the entropy of the isodesmic aggregation process. The Van ‘t Hoff 
expression for Ke is:

K
R R R

G

T

H

T

S

e
coop coopcoop

=








 = +











−

⋅

−

⋅
exp exp

∆ ∆ ∆

 
(10)

with ΔHcoop and ΔScoop the enthalpy and entropy of elongation, respectively.

In the algorithm used to fit the cooling curves, the nucleation enthalpy, ΔHn, is introduced via:
 ∆ ∆H H NPn coop= +  (11) 
with ΔHcoop the enthalpy of elongation and NP a nucleation penalty. The nucleation penalty is related to 
the cooperativity parameter σ via:

σ =

−

⋅e

NP

RT  (12)

For the cooperative pathway, the nucleation energy, ΔGn, is introduced via:
∆ ∆G G TRn coop= − ⋅ ln( )σ  (13) 
which relates to the nucleation constant via:
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The above described model is fitted to the CD signal at 392  nm, the absorbance at 392  nm and the 
absorbance at 425 nm simultaneously. To predict the spectroscopic response, the concentrations of every 
aggregate type is multiplied by the molar absorbance or molar ellipticity for the specific aggregate types:
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where θ is the ellipticity in mdeg at 392 nm, θi is the molar ellipticity of species i at 392 nm in mdeg∙M∙cm-1, 
Aλ is the absorbance at wavelength λ, εx

λ is the molar absorbance of species x at wavelength λ and L is the 
optical path length of the cuvette. The molar ellipticity of the monomers and J-aggregates is fixed at the 
value experimentally obtained for the monomers at either high CHCl3 fraction or high temperature. The fit 
parameters for the denaturation experiments are θH, εJ

392 nm, εH
392 nm, εJ

425 nm, εH
425 nm, ΔGn, ΔGcoop, ΔGiso, mcoop 

and miso. εM
392 nm and εM

425 nm are determined from the experimental spectra at every concentration. The fit 
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parameters for the cooling experiments are θH, εM
392 nm, εJ

392 nm, εH
392 nm, εM

425 nm, εJ
425 nm, εH

392 nm, NP, ΔHcoop, 
ΔHiso, ΔScoop and ΔSiso.

The predicted curves were fitted to the experimental data using least-squares minimization. The 
experimentally obtained data was compared with the predicted curves to obtain a cost vector:

Cost c T c T A c T A= ( )− −θ θmodel experiment model
392 nm

exp( , ) ( , ) , ( , ) eeriment
392 nm

model
425 nm
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425 nm( , ) , ( , ) (c T A c T A( ) − cc T, )( )
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The minimization of the cost vector is performed using the Matlab lsqnonlin function with the 
trust-region-reflective algorithm to obtain optimal values for the thermodynamic parameters of the 
aggregation processes and spectroscopic properties of the aggregates.

To ensure that the solution is at the global minimum, the fits were performed with a minimum of at least 
1000 initial parameter sets. The parameter sets were taken using a Latin hypercube sampling method, 
implemented with the Matlab function lhsdesign. To ensure reasonable values of the set of starting 
parameters in the fitting of the cooling curves, Gibbs free energies of aggregation were sampled between −20 
and −50 kJ⋅mol−1, ΔScoop was sampled between −60 J⋅mol−1⋅K−1 and ΔSiso between 0.1∙ΔSe and 0.99∙ΔScoop. 
From these sampled values the Gibbs free energies and entropies, reasonable random enthalpies were 
obtained. Best fit results were obtained by selecting the final parameter set that resulted in the lowest norm 
of the residual cost vector.

For the calculations regarding the model in which the cooperative supramolecular polymers are in 
equilibrium with a competitive dimer, the mass-balance equation is given by: 
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with Kdimer the equilibrium constant for dimerization.

4.3. Phase diagrams 
 Phase diagrams were simulated by taking the entropy and enthalpy of the isodesmic and nucleated pathway 
into account, as well as the cooperativity parameter from the fits of the cooling experiments and the solvent 
dependency value from the fits of the denaturation experiments. These values were used to construct 
matrices containing the Gibbs free energies of the aggregation states at various temperatures and solvent 
compositions, which were used to calculate the system compositions. The phases that can be observed 
indicate which aggregate type is the most prevalent at the specific temperature and solvent composition. 
Gray indicates molecularly dissolved (S)-1, blue indicates a predominance of the J-aggregates and dark red 
indicates the prevalence of H-aggregates.
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Chapter 3

How water in aliphatic solvents directs 
the interference of chemical reactivity in a 
supramolecular system

Abstract: Water is typically considered to be insoluble in alkanes. Recently, however, 
monomerically dissolved water in alkanes has been shown to dramatically impact the 
structure of hydrogen-bonded supramolecular polymers. Here, we report that water in 
methylcyclohexane also determines the outcome of combining a Michael reaction with 
a porphyrin-based supramolecular system. In dry conditions, the components of the 
reaction do not affect or destabilize the supramolecular polymer, whereas in ambient or wet 
conditions, the polymers are rapidly destabilized. Although spectroscopic investigations 
show no effect of water on the  molecular structure of the supramolecular polymer, light 
scattering and atomic force microscopy experiments show that water increases the flexibility 
of the supramolecular polymer and decreases the polymer length. Through a series of 
titrations, we show that a cooperative interaction, involving the coordination of the amine 
catalyst to the porphyrin and complexation of the substrates to the flexible polymers invokes 
the depolymerization of the aggregates. Water is crucially involved in these cooperative 
interactions to cause complete depolymerization in humid conditions. Additionally, 
we show that the humidity-controlled interference in the polymer stability occurs with 
various substrates, indicating that water may play a ubiquitous role in supramolecular 
polymerizations in oils. By controlling the amount of water, the influence of a covalent 
chemical process on non-covalent aggregates can be mediated, which holds great potential 
to engineer life-like materials. 

This chapter has been adapted from:
Water in Aliphatic Solvents Directs the Interference of Chemical Reactivity in a 
Supramolecular System
M. F. J. Mabesoone, G. M. ter Huurne, A. R. A. Palmans, E. W. Meijer. In review.

Water and chemical reactions
with supramolecular polymers

Water determinesinterference!
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1. Introduction
Over the last two decades, a profound understanding over the thermodynamic aspects of 
supramolecular polymers has been achieved and as a result a large variety of non-covalent 
structures can be synthesized.1,2 Despite being dynamic, these structures typically change 
their properties only as a response to an external stimulus and do not show any temporal 
change in structure or chemical functionality without.3 In contrast, in natural systems, 
spatiotemporal control over supramolecular structure and reactivity is ubiquitous and leads 
to the complex behavior observed in life.4,5 Recently, chemists have endeavored to mimic 
these natural reaction networks to obtain out-of-equilibrium systems.6–12 Inspired by the 
chemistry of life, these systems are often designed in aqueous environments. Although 
aqueous environments provide great opportunities to control chemical reactions, it is 
often difficult to design and synthesize controlled supramolecular structures in these polar 
media.13–15

In apolar media, the well-defined character of non-covalent interactions such as charge-transfer 
complexation and hydrogen-bonding interactions has permitted the design of ordered 
and well-organized supramolecular polymers. Such structures are in thermodynamic 
equilibrium, giving materials that do not evolve over time.1,16 In recent years, several exciting 
systems have been reported that utilize kinetically trapped monomers or aggregation states 
to install temporal behavior in supramolecular polymers. In seminal work by Takeuchi and 
co-workers, bisamidated porphyrin monomers were shown to readily assemble into small 
isodesmic J-aggregates, which gradually converted to the thermodynamically stable, long 
H-aggregated supramolecular polymers. Upon sonication of the isodesmic J-aggregates, 
small H-aggregated seeds, that act as nuclei for seeded polymerizations, were formed.17 
Similar behavior has been shown by groups of Sugiyasu, Würthner, Ogi and Sánchez for 
various other porphyrins18–20 as well as for a wide range of other monomers.21–26 By controlling 
the length of the flexible spacer between the hydrogen-bonding groups at the monomer’s 
periphery and its rigid core, control can be achieved over the time-dependency of such 
living supramolecular polymerizations.27 Aida and co-workers used a similar approach to 
design an initiated living supramolecular polymerization. In this approach, a non-hydrogen 
bonded initiator can activate an intramolecularly hydrogen-bonded dormant monomer 
to form monodisperse supramolecular polymers.28 These results show that by controlling 
the flexibility of the monomers, temporal control over supramolecular polymerization can 
be obtained. However, these systems do not incorporate in situ chemical conversion that 
is required to obtain life-like responses observed in chemical reaction networks and, as a 
result, possible applications of these systems remain limited.

To extend temporal control in supramolecular polymerizations from polymer structure 
to additional chemical functionality, the polymerization process has to be combined with 
chemical reactions.29 By enabling the combination of supramolecular polymerizations with 
control over chemical functionality, many new material behaviors, including feedback, 
adaptation and regulation can be obtained. However, only a handful of these systems have 
been reported. The first examples by the groups of Ulijn and van Esch and Eelkema showed 
that the propensity of monomers to polymerize supramolecularly can be controlled in situ by 
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reversible esterification and hydrolysis, giving rise to transient supramolecular networks.6,7,30 
The groups of Hermans and George showed that also redox reactions can be used to control 
supramolecular aggregation.10–12,31–33 The subtle temporal control over the aggregation 
state that these aqueous systems offer comes often at the cost of a decrease in control over 
polymerization mechanism and polymer morphology,7 which renders complete control 
over the material properties more challenging. 

Since complex material responses in supramolecular systems can only be realized when 
both structure and chemical conversion are precisely controlled, there is a need to realize 
a connection between controlled chemical reactivity and supramolecular structure. In the 
past, our group has shown that the interaction between basic amines and Zn-1 (Scheme 1a) 
can induce counterintuitive behavior in these multicomponent systems, such as dilution 
induced self-assembly,34 photo-induced depolymerization35 and microfluidic separation 
of various aggregate morphologies.36 Encouraged by these previous results, where the 
interactions between the amine and zinc center were employed to switch the aggregation 
of the porphyrin and the pyridines, we here expand the supramolecular system with an 
amine-catalyzed Michael reaction. In our attempts to realize such a system, we aim to 
combining supramolecular polymers of Zn-1 with a chemically relevant and biologically 
interesting base-catalyzed Michael reaction between thiols and maleimides. In this system, 
the zinc metallated porphyrin  molecule is particularly interesting, since the metal center 
offers the ability to sequester amine-based organocatalysts, thus forging a connection 
between supramolecular structure and chemical reactivity. 

Interestingly, we found that in the absence of dissolved water in the MCH solvent, no 
interference of the amine catalyzed reaction with the supramolecular polymer is observed. 
Surprisingly, when the system is studied in ambient environments, we found that small 
amounts of water in MCH can dramatically impact the polymer stability. With light 
scattering and atomic force microscopy (AFM) experiments and titrations, we show that 
the polymer length and rigidity are decreased when water, the reaction substrates and 
catalyst are complexed to supramolecular polymers. We propose that this effect arises from 
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the binding of these additives to the macrodipole of the polymer. Several other Michael 
substrates illustrate the generality of this effect.

2. Results and discussion
2.1. A base-catalyzed Michael reaction and water 
depolymerize Zn-1 polymers
To combine supramolecular polymers of Zn-1 with a chemical reaction, we set out to 
identify chemical conversions that occur at reasonable timescales in apolar media such as 
MCH. Ultimately, we identified the base-catalyzed Michael addition of thiophenol, PhSH, 
to N-propyl maleimide, NPrMal as a promising reaction for the desired system (Scheme 1b). 
Because the apolar MCH solution does not stabilize the charged reaction intermediates, no 
reaction occurs without the use of an organic base as catalyst. To study the effect of the 
catalyst on the rate of the reaction, we studied the Michael reaction with various catalysts 
by monitoring the decrease in absorbance of the conjugated system of NPrMal as the 
reaction proceeds (Scheme 1c and Figure 1). Interestingly, pyridine is not sufficiently basic 
to catalyze the Michael reaction and the non-nucleophilic 2,2,6,6-tetramethylpiperidine, 
Me4Pip, is too bulky to show high rates of conversion. By decreasing the steric bulk 
around the aliphatic amine, good catalytic activities were obtained, with piperidine and 
2methylpiperidine, MePip, being the most active catalysts. 

To control the effect of the amine on the (de)polymerization of Zn-1 by its binding to 
the zinc core, the association constant of the catalyst should not be too high or too low. 
Therefore, an ideal catalyst has an intermediate association constant, between 103 and 
104 M−1, similar to the functional ligands reported earlier.34,35 The association constants 
of all four investigated aliphatic amine catalysts to the non-polymerizing Zn-Me model 
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 │Figure 1 Absorbance of NPrMal at 350 nm over time of reaction mixtures containing 10 mM NPrMal 
and 10 mM PhSH with 0.5 mM of the various catalysts at 20 °C. The solution containing pyridine as catalyst 
and the solution without catalyst show no decrease in absorbance of NPrMal, indicating no conversion, 
whereas the solutions with aliphatic amines show conversion with varying rates.
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compound were determined through UV-Vis titrations. We found that the association 
constant of MePip (Ka=2.06⋅104 M−1) is in the range of the previously reported functional 
ligands, while the association constant of piperidine (Ka=9.49⋅105 M−1) is too high and 
those of Me2Pip and Me4Pip (Ka=6.63⋅103 and 168 M−1, respectively) are too low. Hence, 
MePip does not depolymerize the polymers at the concentrations of both Zn-1 and MePip 
used in this work while still showing catalytic activity and is thereby an interesting candidate 
for the proposed multicomponent system.

After identifying a suiTable chemical reaction and amine catalyst, we performed the Michael 
reaction in the presence of Zn-1 polymers. When studying the Zn-1 polymers in the 
reaction medium containing PhSH, NPrMal and MePip, the initial results obtained were 
irreproducible and inexplicable. Similar to an earlier report,37 however, we serendipitously 
found that ppm-levels of water, which amount to millimolar concentrations, play a crucial role 
in controlling the stability of the Zn-1 polymers in the reaction medium. This observation, 
which hints at a ubiquitous, yet poorly understood role of water in supramolecular polymers, 
prompted us to investigate in detail this role of water in Zn-1 polymers. 

The low solubility of Zn-1 polymers necessitated the use of small amounts (<0.5 vol%) 
of CHCl3 in the MCH solvent to retain the polymers in solution. We denote this solvent 
mixture with MCH*. Consequently, all further experiments were performed in the presence 
of a small amount of CHCl3 co-solvent. When Zn-1, the NPrMal and PhSH reagents 
together with MePip catalyst are dissolved in dry MCH*, the Michael reaction occurs and 
the MA product is formed, as indicated by the decrease in absorbance of NPrMal at 300 nm 
(Figures 2a, b). During the reaction, no change is observed in the CD-active absorption 
peak at 392  nm, which originates from the helically ordered, H-aggregated Zn-1. The 
absence of a change in the absorption of the Zn-1 aggregates indicates that the polymers are 
stable structures under these conditions.38 Hence, reaction substrates and catalyst do not 
interfere with the supramolecular polymer in dry MCH*.

Conversely, upon preparing a reaction mixture in the presence of Zn-1 in ambient MCH* 
containing 12.5 ppm of monomerically dissolved water,39 a strong influence of the reaction 
on the polymer is observed. In the ambient environment, the Michael reaction proceeds 
with a slightly higher, rate, as indicated by the slightly sharper decrease in absorbance of 
the maleimide at 300 nm (Figures 2c, d). The absorption band at 392 nm, however, shows 
a rapid decrease in intensity, coinciding with a strong decrease in CD intensity and an 
increase of the absorbance at 425  nm. These spectral changes indicate that the helical, 
H-aggregated supramolecular polymers of Zn-1 depolymerize to free monomers, dimers 
or small aggregates in the presence of the reaction substrates and catalyst.34 Interestingly, 
control experiments, in which one or more of the components of the Michael reaction 
are absent, no destabilization of the supramolecular polymers was observed at substrate 
concentrations of 4 mM and a catalyst concentration of 0.5 mM (data for NPrMal shown 
in Figures 2e, f). Combined, these results show that unexpected additive effects between 
water and several of the components of the Michael reaction rapidly destabilize the Zn-1 
supramolecular polymers. Since these cooperative interactions crucially impact the stability 
of the supramolecular polymer, they must be fully understood before any additional  
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 │Figure 2 Absorbance spectra (a, c, e) and time dependencies at selected wavelengths (b, d, f) of 10 μM 
solutions of Zn-1 with 4 mM NPrMal, 4 mM PhSH and 0.5 mM MePip in dry MCH* (a, b) and ambient 
MCH* (c, d) and a control experiment, where only NPrMal is present in the Zn-1 solutions (e, f). 
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complexity through switching of the supramolecular system can be introduced. Therefore, 
we set out to investigate the effect of water and the additional components on the 
supramolecular polymers

2.2. Scattering and microscopy show that water and 
substrates reduce bundling
Although in the absence of one of the reaction components, no change in the absorbance of 
the polymers is observed, this merely indicates that the number of polymerized monomers 
remains the same. The interactions of water and the substrates may still lead to destabilization 
of the polymers and a reduction in polymer length.40,41 To probe changes in polymer length 
and morphology, we first investigated the effect of water on the polymers through AFM 
experiments (Figure  3). Here, large, bundled aggregates are observed for samples that 
are drop casted from 10 μM solutions of Zn-1 in dry MCH*. Conversely, only small and 
ill-defined particles could be observed for samples drop casted from ambient solutions, 
indicating that in ambient solutions, the polymers are present as dynamic single fibers 
or small bundles which cannot be measured with AFM. Similar observations have been 
made for benzene-1,3,5-tricarboxamides, suggesting that water-induced flexibility may be 
a general phenomenon in supramolecular polymers.37 Thus, water appears to considerably 
increase the flexibility and solubility of the supramolecular polymers in the MCH* solvent.

The increased rigidity and size of the Zn-1 polymers in the absence of water, as suggested 
by the AFM results, is corroborated by static light scattering (SLS) experiments on ambient 
and dry solutions of Zn-1 (Figure 4). The results show that the samples in ambient MCH* 
show a weaker angle dependency of the scattering intensity, compared to the samples in 
dry MCH*. Since no plateau could be observed in the q-region measured, we unfortunately 
cannot determine the absolute length of the polymers from the SLS results. However, a 
comparison of the UV-Vis spectra of unfiltered solutions of Zn-1 with solutions that are 
filtered through various filters of various pore sizes does suggest that a considerable fraction 
of the polymers is longer than 1 μm (Figure 4c), as has previously been observed.38 

Dry Ambient
a) b)

 │Figure 3 AFM micrographs of samples drop casted from solutions of 10 μM Zn-1 in dry MCH* with 
[H2O] = 20.0 ppm (a) or ambient MCH* with [H2O] = 48.9 ppm (b).
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The change in slope observed in the scattering results suggests that water induces flexibility 
and dynamics in the supramolecular polymers. The induction of flexibility is additionally 
supported by the poor solubility of the Zn-1 supramolecular polymers of Zn-1 in dry, 
pure MCH without CHCl3. In the absence of water, precipitation occurs within hours, 
necessitating the use of a small amount of CHCl3 co-solvent in the stock solutions. In 
contrast, solutions of Zn-1 prepared in ambient, pure MCH are stable for weeks, which can 
be attributed to the better solubility of the more flexible aggregates when water is present.

Combined, the SLS and AFM results strongly suggest that water plays a pivotal role in 
breaking up polymer bundles to form more flexible single polymer chains. The breaking up 
of the polymer bundles potentially allows the complexation of the reaction components to 
lead to a destabilization of the polymers and a reduction of the polymer length. To further 
study the destabilization of the polymers by the components of the reaction, titrations in 
which these components are added to the polymers in varying amounts were performed.

2.3. Cooperative interactions between water and reaction 
substrates decrease rigidity and length
To identify which interactions are causing the depolymerization of Zn-1 by the substrates of 
the Michael reaction, we performed titrations of Zn-1 with either the NPrMal or PhSH in 

 │Figure 4 a) SLS ount rates of 10 μM solutions of Zn-1 solutions in ambient (circles) and dry (squares) 
MCH. In the case of the ambient samples, [H2O]  =  28.8 ppm and in the case of the dry samples, the 
concentration of water was below the detection limit of the Karl-Fisher titrator. b) The concentration 
dependency of the scattering intensity shows a linear dependency in both dry and ambient MCH*. 
c) Absorption spectra of solutions of Zn-1 filtered over various polyvinylidene fluoride (PVDF) and 
polytetrafluoroethene (PTFE) filters which were either presoaked with the porphyrin solution or not.

a) c)

b)

300 350 400 450
0.0

0.1

0.2

0.3

Ab
so

rb
an

ce

Wavelength (nm)

 0.2 µm PVDF filter
 0.45 µm PTFE filter
 1 µm PTFE filter
 1 µm PTFE filter - Presoaked
 5 µm PTFE filter
 5 µm PTFE filter - Presoaked
 Unfiltered

1 2 3

2

4

6
8

Ambient
DryC

ou
nt

 ra
te

 (k
H

z)

q × 10-5 (cm-1)

0 5 10 15 20

0

4

8

12  Ambient
 Dry

C
ou

nt
 ra

te
 (k

H
z)

Concentration (µM)



how water In alIphatIC solvents dIreCts the InterferenCe of ChemICal reaCtIvIty In a 
supramoleCular system

57

the absence and presence of MePip in both dry and ambient MCH* (Figure 5). In all four 
cases, the CD signal at 392 nm, which indicates the presence of the polymeric H-aggregates 
of Zn-1, is probed at varying substrate concentration. The results show that in the absence 
of the catalyst, the polymers are stable in the presence of the reaction substrates (Figure 5, 
hollow symbols). However, in the presence of 0.5 mM MePip, the addition NPrMal or 
PhSH leads to depolymerization (Figure  5, solid symbols). Moreover, the degree of 
depolymerization by the additives is strongly influenced by water. In ambient MCH*, 
containing 13.9 ppm water, the supramolecular polymers are completely destabilized when 
more than 8 mM NPrMal or 100 mM PhSH is present. In contrast, in dry MCH*, containing 
trace amounts of water that are not detecTable by Karl-Fisher titration, the polymers are 
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 │Figure 5 Titrations of 10 μM solutions of Zn-1 with NPrMal (a) PhSH (b), MA (c) and NPrMal with 

5 mM PhSH (d) in dry (squares) and ambient (circles) MCH. Hollow symbols indicate the absence of 
0.5 mM MePip and solid symbols indicate the presence of 0.5 mM MePip in the solutions. In the case of 
the ambient titrations, [H2O] = 13.8 ppm. In the case of the dry titrations, the concentration of water was 
below the detection limit of the Karl-Fisher titrator. 
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still stable  in the presence of more than 10 mM NPrMal and destabilization by PhSH is 
considerably less effective. Similar results are also obtained for titrations with MA. In the 
combined presence of PhSH and NPrMal, but absence of MePip, Zn-1 polymers only 
depolymerize when water is present (Figure 5c, d). Together, the titrations show that water 
is prerequisite for the depolymerization of the supramolecular polymers by the substrates 
of the Michael reaction. However, the titrations with the reaction substrates do not clearly 
indicate a mechanism via which depolymerization occurs. To further probe the mechanism, 
several control experiments are required.

2.4. Nucleophilicity and bulkiness of catalyst and 
reagents control depolymerization
To investigate whether the basicity or nucleophilicity of the MePip catalyst causes the 
destabilization, we performed control titrations in dry MCH* of Zn-1 with NPrMal 
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 │Figure  6 Titrations of (a) 10 μM solutions of Zn-1 with NPrMal with 0.5 mM of either Me4Pip or 
pyridine in the system and (b) 10 μM solution of H2-1 with NPrMal with 0.5 mM MePip present in the 
system. In the titration of H2-1, the CD maximum at 390 nm is probed. c) Absorption spectra of 10 μM 
solutions of H2-1 in CHCl3 and MCH. Titrations of NPrMal (data taken from Figure 3) and tBuMal (d) 
and PhSH and tBuMal (e). The titrations were performed in dry MCH* with [H2O] below the detection 
limit of the Karl-Fisher titrator. 
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in the presence of either non-nucleophilic, basic Me4Pip or nucleophilic, weakly basic 
pyridine (Figure 6a). These titrations show that when 0.5 mM pyridine is present, a similar 
destabilization of the polymers by NPrMal is observed as when 0.5 mM MePip is used 
(Figure 6a).34 The results obtained for PhSH and MA show similar trends (data not shown). 
In contrast to pyridine, the weaker nucleophile Me4Pip does not induce depolymerization 
by NPrMal as measured by CD spectroscopy. This difference indicates that nucleophilicity 
rather than basicity of the MePip causes the depolymerization of the Zn-1 polymers. 

The role of the nucleophilic amine in the depolymerization of Zn-1 polymers is further 
illustrated by a titration of H2-1, which does not contain the Zn-center that can complex 
nucleophiles. When H2-1 is titrated with NPrMal, PhSH or MA in the presence of 
MePip, no decrease in CD intensity is observed (Figure  6b). The absorption spectra of 
H2-1 in CHCl3

 and MCH* (Figure 6c) indicate that the H-aggregates of H2-1 have a lower 
absorption coefficient, which is accompanied by a lower molar CD intensity. The absence 
of any change in CD intensity upon addition of the additives in the presence of the amine 
catalyst indicates that all monomers remain fully polymerized. Thus, complexation of 
the nucleophilic amine of the MePip catalyst to the zinc center of Zn-1 is an additional 
crucial factor in the destabilization of Zn-1 polymers upon addition of the substrates of the 
Michael reaction. Together with the water-enhanced interaction of the substrates with the 
polymers, the nucleophilic complexation of MePip to the zinc core of Zn-1 induces the 
depolymerization

Lastly, the influence of substrate structure on the depolymerization is illustrated by 
titrations of Zn-1 in ambient MCH* with the bulkier N-tert-butylmaleimide, tBuMal, and 
4-tert-butylthiophenol, tBuPhSH, substrates in the presence of 0.5 mM MePip. These 
titrations show that the bulkier substrates destabilize the supramolecular polymer to a lesser 
extent. (Figures 6d, e). Together with the decreasing angular dependency of the scattering 
intensity in the presence of the substrates (Figure 4a), the decreased destabilization of the 
bulky substrates hints at a molecular interaction of the substrates close to the porphyrin core 
of the supramolecular polymers. As such, the decreased destabilization upon increasing the 
steric bulk of the substrates corroborates that the substrates, water and the catalyst act in 
concert during the destabilization of the polymers.

The requirement of a nucleophilic site in the catalyst and low steric hindrance in the 
substrates allows us to speculate on the molecular picture of the interaction that causes the 
destabilization of the polymers. The SLS results observed indicate that the polymers become 
more flexible and shorter in the presence of water. This suggests that water can induce defects 
in the hydrogen bonded backbone of the polymer. This proposed chain breakage leads to 
the generation of dynamic and free chain ends, where the supramolecular polymer presents 
polar amides to the bulk solution. The polar substrates of the Michael reaction can then bind 
at these chain ends, stabilizing the shorter polymer chains. Interestingly, the macrodipoles 
of the chain ends42 of the helical peptides are well known to bind polar molecules,43–45 while 
water and the helix macrodipole are also known to play a role in collagen bundling.46,47 

We hypothesize that in an analogous fashion, the polar and monomerically dissolved 
water molecules39 greatly enhance the complexation of the substrates to the chain ends of 
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the Zn-1 polymers. This interaction stabilizes the free chain ends of short oligomers and 
monomers, while in turn destabilizes the long polymers. The affinity of water and the 
additives to the macrodipoles at the chain end also explains bundling of the polymers in 
the absence of water. The bundling may shield the non-stabilized macrodipole from the 
aliphatic solution in the absence of water or reaction substrates. Alternatively, antiparallel 
alignment of the polymers in the bundles may cancel the dipoles. In the presence of the 
amine catalyst, the free chain ends are additionally stabilized by the complexation of the 
amine to the Zn-center of the porphyrin core (Figure 7a). Consequently, the cooperative 
interactions between water, amine catalyst, polar substrates and the helix macrodipole lead 
to the depolymerization of the Zn-1 polymers in the Michael reaction.

2.5. Interference of the reaction in polymer stability 
observed for various substrates
The results above show that water plays a crucial role in controlling the interference of a 
chemical reaction in the supramolecular polymerization of Zn-1. Changing the amount 
of water present in the system, which has only a marginal effect on the covalent Michael 
reaction, results in a strong effect on the supramolecular polymers (Figure  7b). Thus, by 
controlling the amount of water in the multi-component supramolecular system, chemical 
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 │Figure 7 Cartoon representation of a possible scenario in which the cooperative interactions between 
water, NPrMal and the complexation of MePip to the Zn-center in the porphyrin stabilize the free chain 
end of the supramolecular polymer. This stabilization eventually leads to the gradual breakdown of the 
supramolecular polymer. b,c) Time dependent changes in absorbance of the maleimide (b) and Zn-1 (c) in 
the presence of various amounts of water in the system. In the dry experiment, the concentration of water 
was below the detection limit of the Karl Fisher titrator, in the ambient experiment, [H2O] = 12.5 ppm and 
in the wet experiment, [H2O] = 56.3 ppm.
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reactivity can be coupled to or decoupled from the structural integrity of the polymer 
material

Lastly, we show the generality of the influence of polar substrates of covalent reactions on 
the stability of non-covalent aggregates. For this, we performed Michael reactions between 
PhSH and 2cyclohexen-1-one, CycHex (Figure 8a). Although the base-catalyzed Michael 
reaction occurs with lower rates (Figure 8b), a strong effect of water on the destabilization of 
Zn-1 polymers is also observed in this reaction mixture (Figure 8c). In ambient MCH, rapid 
depolymerization occurs when 10 mM of the CycHex and PhSH reaction substrates and 0.5 
mM MePip catalyst are present, while in dry solutions, no effect is observed, while control 
experiments where one or more of the components of the reaction is omitted, no changes 
are observed (data for control experiment with Zn-1 and CycHex shown in Figure  8d). 
In addition, the spectral changes during the depolymerization are identical to the changes 
observed with NPrMal, suggesting that the molecular features of the interactions are also 
identical. Furthermore, the chemical nature of the reagents allows to control both the extent 
of polymer destabilization as well as the kinetics of the chemical conversion (Figure 8b). As 
such, water in alkane solvents seems to play a pivotal role in the design of multicomponent 
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 │Figure  8 a) The MePip catalyzed Michael reaction between PhSH and CycHex in MCH*. b)  Time 
dependent absorption at 350  nm of solutions containing 30 mM CycHex with 30 mM PhSH, 10  mM 
tBuMal with 10 mM PhSH, 10 mM tBuMal with 10 mM PhSH, all with and without 0.5 mM MePip 
catalyst and 10 mM tBuMal with 10 mM tBuPhSH with 0.5 mM MePip. The reactions were performed 
in ambient MCH* with [H2O] = 35.0 ppm and the negative controls were performed in ambient MCH* 
with [H2O] = 21.4 ppm. c) The time-dependent absorption changes of 10 μM solutions of Zn-1 containing 
10 mM PhSH, 10 mM CycHex and 0.5 mM MePip. In the ambient sample, [H2O] = 30.0 ppm and in the 
dry sample [H2O] = 11.4 ppm. d) Time dependent absorption of a solution containing 10  μM Zn-1 and 
10 mM CycHex.
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systems that not only display supramolecular structure but are also coupled to covalent 
chemical synthesis. 

3. Conclusions
Here, we have shown that minute amounts of water can play a crucial role in porphyrin-based 
multicomponent supramolecular systems in alkane solutions. In apolar MCH* solutions, 
supramolecular polymers of Zn-1 are highly stable  against every separate component 
of a base-catalyzed Michael reaction of NPrMal with PhSH. However, in the combined 
presence of all components, including the product of the reaction, the polymers are readily 
destabilized and form small aggregates. Serendipitously, we found that the presence of water 
in the apolar solvent crucially regulates this destabilization of the polymers by the reaction 
substrates. 

A combination of spectroscopic titrations, light scattering and AFM experiments indicates 
that water induces flexibility in the supramolecular polymer and breaks up bundled 
polymers. We propose that the destabilization of the supramolecular polymers is due to 
cooperative binding of both the catalyst to the metal center of the polar substrates and water 
to the chain ends. This destabilization consequently depolymerizes the polymers into small 
aggregates.

The effect of water on the interference of chemical reactions in supramolecular 
polymerizations is not limited to maleimides but has also been shown for other reactions. 
The observation of this effect for various substrates highlights the general role of water in 
these supramolecular systems.

We anticipate that the incorporation of chemical reactivity in supramolecular polymers will 
lead to a new and exciting area of adaptive materials. To accelerate the design of such materials, 
it is of paramount importance that all interactions in these systems are understood. As other 
results37 have recently shown, water seems very likely to play a crucial and ubiquitous, yet 
poorly understood role. By taking the interactions of water with supramolecular systems 
into account, it will be possible to combine great control over supramolecular polymers in 
apolar environments with the diversity of chemical reactions. 

Nature is an inexhaustible source of inspiration for complex systems where assembly 
processes and chemical reactions are operating in in great harmony. It will take long before 
the stellar performance of nature can be observed using non-natural structures. However, 
the aim to unravel this complexity using artificial molecular systems is an important next 
step in chemistry. We hope the approach proposed here will enable the design of increasingly 
adaptive and responsive materials that may rival the complexity of natural systems.

4. Materials and Methods
4.1. General procedures
All starting materials were obtained from commercial suppliers and used without prior purification. Zn-1 
was synthesized according to a previously reported procedure.34 MCH and CHCl3 used in the spectroscopic 
measurements were of spectroscopic grade and purchased from VWR and TCI respectively. 1H and 
13C NMR spectra were collected on a Bruker Avance 3 HD NanoBay spectrometer (1H NMR 400 MHz, 
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13C NMR 100 MHz) and measured in CDCl3. 1H and 13C shifts are reported relative to the residual CHCl3 
signals at 7.26 ppm and 77.23 ppm, respectively. MALDI-ToF mass spectrometry was performed with a 
Bruker autoflex Speed. CD spectroscopy was performed on a Jasco J-815 CD spectrometer equipped with 
an MPTC-490 multicell holder. UV-Vis results were obtained with the JASCO J-815 CD spectrometer or a 
Jasco V-650 UV-Vis spectrometer. All measurements with the porphyrins were performed in screw-capped 
cuvettes (Hellma Analytics). UV-Vis measurements on the Michael reactions without porphyrins were 
performed in Teflon capped cuvettes without N2 flow in the UV-Vis spectrometer. SLS data were collected in 
homemade air-tight, Teflon sealed screw-capped tubes. Water concentrations were determined in triplicate 
using a Mettler-Toledo C30 Coulometric KF Titrator with CombiCoulomat Frit KF reagent. Average values 
of the triplo are reported. SLS experiments were performed on an ALV Compact Goniometer System 
(CGS-3) Multi-Detector (MD-4) that was equipped with an ALV-7004 Digital Multiple Tau Real Time 
correlator, using a wavelength of 532 nm. Scattering angles between 35 and 150° were probed in steps of 
5°. All SLS measurements were performed at 20 °C. AFM measurements were performed with an Asylum 
Research MFP-3D system in non-contact tapping mode. The obtained micrographs were processed with 
Gwyddion 2.52.

Column chromatography was performed a Biotage Isolera Spektra One Flash Chromatography system 
using KP-Sil Silica Gel SNAP column cartridges. HPLC-MS was performed with a Thermo Finnigan LCQ 
Fleet ion trap mass spectrometer equipped with a Surveyor PDA detector and Surveyor autosampler. 
Before analysis, the samples were separated on a reverse phase C18 column with an acetonitrile/water 
gradient with 0.1% formic acid with a flow speed of 0.2 mL⋅min−1 using Shimadzu SCL-10A pumps.

Association constants were determined using the Matlab code provided by Thordarson.48 A 1:1 binding 
model was assumed.

Preparation dry solvents: Dry MCH and CHCl3 were prepared by storing ambient MCH and CHCl3 
over 4 Å molecular sieves in a glove box for a minimum of 18 hours.

Preparation wet solvents: Wet MCH was prepared by stirring ambient MCH over a layer of water 
overnight. The MCH used for the sample preparation was pipetted from the phase-separated mixture.

Sample preparation titrations: A known amount between 1 and 2 mg of Zn-1 or H2-1 was dissolved in 
100 μL CHCl3 and 900 μL MCH was added after the pink solid was dissolved. NPrMal, PhSH, MA and 
MePip stocks were prepared in MCH by dissolving a known amount of material in a known amount of 
solvent. These stocks were used to prepare samples of 10 μM Zn-1 or H2-1 and the desired concentration of 
the additives. The samples were kept in Teflon-sealed vials and equilibrated overnight before measurement. 
Cuvettes with a path length of 1 mm were used for the experiments with Zn-1 and H2-1. All dry samples 
were prepared and transferred to the screw-capped cuvettes in a nitrogen filled glove box. 

The titrations of Zn-Me were performed in MCH without CHCl3 by sequentially adding aliquots of a stock 
solution containing a known amount of the piperidine catalyst and 1 μM Zn-Me to a 2.5 mL 1 μM solution 
of Zn-Me to achieve a desired host-guest ratio. Spectra were collected immediately. Cuvettes with a path 
length of 1 cm were used.

Sample preparation SLS experiments: Samples were prepared in a similar way as described for the 
titrations. In addition, all solvents and stock solutions, except the porphyrin stock solution, were filtered 
through a 100 nm PTFE syringe filter before preparing the samples. After preparation of the samples in 
the desired compositions, the samples were filtered through a Whatman Puradisc 13 PTFE syringe filter 
with a 5.0 μm pore size. The first 1.5 mL of the filtrate was discarded, after which the remaining filtrate was 
collected in sample tubes. Samples were equilibrated overnight and measured in home-made Teflon-sealed, 
screw-capped sample tubes. Dry samples were prepared and transferred to the sample tubes in a nitrogen 
filled glove box.
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4.2. Synthetic procedures
Synthesis Zn-Me
This procedure was adapted from a previous report.49

Zn-1 (49.5 mg, 16 μmole) and MeI (41 μL, 0.659 mmole) were dissolved in THF (10 mL) under an argon 
atmosphere and cooled to 0 °C. Then, sodium hydride (30.3 mg, 0.758 mmole) in mineral oil (60 %) was 
added slowly to the reaction mixture. The mixture was left to stir and heat up to room temperature for 24 
hours, after which the reaction was quenched with water (3 mL). Subsequently, the product was extracted 
into CHCl3 (50 mL), after which the organic layer was washed with water and brine. The combined organic 
layers were then dried over MgSO4, filtered and the solvent was evaporated to yield a purple solid. After 
column chromatography (SNAP KP-Sil 10g, CHCl3-EtOAc, 0-100%), the product was obtained as a 
purple solid (35 mg, 69%). 
All NMR and MALDI-ToF data was in accordance with the previously reported results.34

Synthesis H21
Zn-1 (51.9 mg, 17 μmole) was dissolved in 20 mL CHCl3 in a separatory funnel. The organic layer was 
washed with 10 mL 37% hydrochloric acid, upon which the solution turned green. The layers were 
separated, and the aqueous layer was extracted with CHCl3 until no green color could be observed in the 
aqueous phase anymore. Then, the combined organic layers were washed with saturated aqueous Na2CO3 
solution, upon which the solution turned red. The organic layers were separated and the aqueous layer was 
extracted with CHCl3 until no color could be observed in that layer anymore. Subsequently, the combined 
organic layers were dried over MgSO4, filtered and evaporated to yield the product as a purple solid (48.9 
mg, 96%). 
1H NMR (400 MHz, CDCl3) δ: 8.86 (s, 8H, β-pyrrolic protons), 8.33 (d, 8H, ArH, J = 8.2 Hz), 8.28 (d, 
8H, ArH, J = 8.2 Hz), 8.06 (s, 4H, NH), 7.11 (s, 8H, ArH), 4.12 (m, 16H, OCH2), 4.02 (m, 8H, OCH2), 
1.98–1.12 (m, 120H, CH2/CH), 0.99 (d, 24H, CH3, J = 6.5 Hz), 0.96 (d, 12H, CH3, J = 6.8 Hz) 0.90 (d, 
72H, CH3, J = 6.5 Hz), −2.76, (s, 2H, NH). 
13C NMR (100 MHz, CDCl3) δ: 165.74, 153.69, 145.75, 135.67, 135.05, 134,94, 133.75, 125.69, 119.51, 
99.67, 72.09, 67.85, 39.64, 37.82, 37.64, 36.69, 30.13, 30.00, 28.24, 25.00, 22.96, 22.87, 22.85, 19.86.  
MALDI-ToF analysis: Mass calc. 2964.21, mass observed: 2965.18 (M+H+). 

Synthesis Michael adduct
N-propylmaleimide (400 mg, 2.9 mmole), thiophenol (317 mg, 2,9 mmole) and Et3N (9 mg, 72 μmole) 
were dissolved in 20 mL MeOH. The reaction was stirred at room temperature for 4 hours, after which 
the solvent was evaporated. After purification by column chromatography (KPSil 25g), the product was 
obtained as a yellow oil in quantitative yield. 
1H NMR (400 MHz, CDCl3) δ: 7.51 (m, 2H, ArH), 7.35, (m, 3H, ArH), 4.00 (dd, 1H, CH2, J = 4.1 Hz, 
J = 9.1 Hz), 3.38 (t, 2H, NCH2, J = 7.5 Hz), 3.13 (dd, 1H, CH2, J = 9.1 Hz, J = 18.7 Hz), 2.70 (dd, 1H, CH2, 
J = 4.0 Hz, J = 8.7 Hz), 1.53–1.40 (m, 2H, CH2), 0.81 (t, 3H, CH3, J = 7.4 Hz). 
13C  NMR (100 MHz, CDCl3) δ: 175.68, 174.73, 134.72, 130.50, 129.55, 129.50, 44.14, 10.91, 36.25, 
21.05, 11.37. 
LC-MS: Mass calc. 249.08, mass observed: 250.18 (M+H+).
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Chapter 4

Computational and experimental approaches 
reveal distinct pathways in thermally 
bisignate supramolecular polymerizations

Abstract: In general, supramolecular polymers are thermally labile in solution and easily 
depolymerized upon heating. This dynamic nature is beneficial in many aspects but limits 
certain applications. Recently, a novel thermally bisignate supramolecular polymerization 
was developed by the Aida group, where a polymer is formed upon heating as well as 
cooling in a hydrocarbon solvent containing a small amount of an alcohol. Here, a detailed 
mechanistic picture is presented based on both spectroscopic and computational studies. 
For this unique supramolecular polymerization, we mainly employed a copper porphyrin 
derivative ((S)PorCu) as a monomer with eight hydrogen-bonding (H-bonding) amide 
units. Because of its strong multivalent interaction, the resulting supramolecular polymer 
displayed an extraordinarily high thermal stability in a hydrocarbon medium such as 
methylcyclohexane (MCH)/chloroform (CHCl3) (98/2 v/v; denoted as MCH*). 
However, when a small volume (< 2.0 vol%) of ethanol (EtOH) as a H-bond scavenger was 
added to this solution at ambient temperatures, the supramolecular polymer dissociated 
into its monomer. Here it should be noted that, both upon cooling (clustering of EtOH) and 
heating (lower-critical-solution-temperature behavior, LCST), the monomer was liberated 
from the H-bond scavenger and underwent supramolecular polymerization. In the present 
chapter, we conducted detailed spectroscopic studies, analyzed the results using theoretical 
models, and eventually succeeded in supporting the pathways for why the monomer turns 
active both upon heating and cooling and is deactivated by the H-bond scavenger. 

This chapter has been adapted from:
Distinct Pathways in “Thermally Bisignate Supramolecular Polymerization”: Spectroscopic 
and Computational Studies
K. Venkata Rao*, M. F. J. Mabesoone*, D. Miyajima, A. Nihonyanagi, E. W. Meijer, T. Aida
J. Am. Chem. Soc., 2019, 142, 598–605.
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1. Introduction
Intricate effects of solvents on the structures of covalent macromolecules have been 
recognized for decades.1,2 Meticulous investigations on the interactions between solvents 
and covalent macromolecules enabled physical understanding of the behaviors of polymer 
solutions and led to the establishment of Flory–Huggins theory,3,4 Zimm theory,5 and also 
their extended theoretical subsets.6 In these theories, physical models enabled to explain a 
variety of phenomena commonly significant in polymer science. Examples include particular 
behaviors of the lower critical-solution temperature (LCST) of poly(N-isopropylacryl-
amide) and upper critical-solution temperature (UCST) of polymethacrylamide derivatives 
in aqueous media.7 Green and Yashima et al. showed peculiar effects of chiral solvents on the 
helicity8–11 and stiffness11 of polyisocyanates and polyacetylenes. Suginome and coworkers 
reported a similar effect on poly(quinoxaline-2,3-diyl) derivatives.12,13 However, molecular 
descriptions of solvent–polymer interactions have yet to be established, although their 
physical descriptions have already been made.14

Compared with covalent polymers, supramolecular polymers have been much less studied 
for their interaction with solvents, because their dynamic nature makes the observed 
solvent effects very challenging to understand. Recently, however, similar solvent effects as 
observed in covalent polymers have been observed for supramolecular polymers.15 Through 
a myriad of non-covalent interactions, solvents can affect the solubility, conformation, 
degree of polymerization, and many other properties of supramolecular polymers that 
are important in their processing and functioning. Particularly when their constituent 
monomers are held together with the same secondary interactions as they have with 
solvents, the behavior of monomers and solvents are even more difficult to discriminate 
from each other. Nonetheless, some reports on their solvent-dependent behaviors, such 
as self-assembling kinetics,16,17 pathway selection,18–22 aggregation morphologies,23–26 and 
solvent-induced helical chirality27–33 have been reported. Furthermore, reports on rationally 
designed interactions of supramolecular polymers with solvents have recently emerged.16,20 
Several examples of such interactions can also be found in Chapters 3, 6 and 7.

HeatingCooling
Cooling

Heating

Free EtOH

Monomers
H-bonded with EtOH

Supramolecular polymerSupramolecular polymer

H-bonded EtOH

Clustered EtOH

 │Figure 1 Schematic representation of the thermally bisignate supramolecular polymerization, where a 
discotic monomer with H-bonding side chains is liberated from an H-bond scavenger (EtOH), both by 
heating and by cooling, which then stacks into a one-dimensional assembly.
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Meanwhile, the dynamic nature of supramolecular polymers essentially affects their 
elongation temperatures.34 Why are supramolecular polymers more dynamic in better 
solvents? This can be interpreted by the enhanced stabilization of the monomeric form by 
solvation, which can shift the polymer–monomer equilibrium toward the monomer side 
and increase the on-off rate of the supramolecular polymerization. In general, solvent-induced 
destabilization behaviors of supramolecular polymers have mostly been described using 
linear free energy relationships.16,34–36 However, their precise molecular interactions have yet 
to be understood.20,37,38 Very recently, Aida and co-workers reported a thermally bisignate 
supramolecular polymerization,39 where a monomer self-assembles not only upon cooling 
but also upon heating, affording a 1D supramolecular polymer (Figure  1). Although 
supramolecular polymers containing oligo(ethylene glycol) chains are known to show 
UCST behavior in water, those displaying LCST-like behavior, where polymers aggregate 
upon heating rather than cooling, are very limited.40–42 The monomer in the previous report 
on thermally bisignate supramolecular polymerizations39 was very special; a copper 
porphyrin derivative ((S)PorCu) carrying eight hydrogen-bonding (H-bonding) amide units 
in its side chains (Figure  2). Because of a strong multivalent nature of (S)PorCu for the 
H-bonding interaction, the supramolecular polymer barely depolymerizes upon heating in 
dodecane even up to 100 °C. However, when a small amount (approximately 5.0 vol%) of a 
higher alkanol such as 1-hexanol was added to this solution as a H-bond scavenger, this 
thermally stable supramolecular polymer readily dissociated into its monomer. The exciting 
finding in this work was that the supramolecular polymer formed not only upon cooling, 
which generally promotes  molecular assembly, but also upon heating the depolymerized 
mixture. It was proposed that (S)PorCu forms competitive H-bonded aggregates with the 
1-hexanol co-solvent, destabilizing the polymer state.39 Upon cooling, 1-hexanol preferably 
forms H-bonded clusters in hydrocarbon solvents, which decreases its ability of scavenge 
H-bond of the (S)PorCu monomer, thereby allowing (S)PorCu to be liberated for supramolecular 
polymerization. On the other hand, upon heating, the H-bonding of 1-hexanol to (S)PorCu 
becomes entropically disfavored just like the case of LCST, again allowing (S)PorCu to be 
liberated for supramolecular polymerization. Obviously, the thermally bisignate nature thus 
unveiled has large potentials for expanding the scope and applications of supra-molecular 
polymerization.

 │Figure  2 Schematic structures of monomers used for the thermally bisignate supramolecular 
polymerization of porphyrin derivatives (R)PORM and (S)PORM (M = 2H, Cu, and Zn). 
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In this chapter, detailed spectroscopic studies on thermally bisignate supramolecular 
polymerization, which were conducted in collaboration with Dr. K. Venkata Rao from 
the RIKEN, Japan, are described. We subsequently theoretically analyzed the results using 
thermodynamic models (cartoon depiction in Figure  1) and elucidated the existence 
of two distinct pathways in the heating-induced and cooling-induced supramolecular 
polymerization.

2. Results and discussion
2.1. Description of the system
In the report of Aida and co-workers on the thermally bisignate supramolecular 
polymerization of (S)PorCu,39 dodecane containing 2 vol% of chloroform (CHCl3) was 
used as the solvent and a higher alkanol such as 1-hexanol was used as the hydrogen bond 
(H-bond) scavenger. For the purpose of expanding the available conditions, we used 
methylcyclohexane (MCH) instead of dodecane, i.e., MCH/CHCl3 98:2 v/v, denoted 
hereafter as MCH*, and ethanol (EtOH) instead of 1-hexanol as the H-bond scavenger. 
Similar to the previous observations,39 (S)PorCu (50 µM) formed a supramolecular polymer 
in MCH*, as evidenced by a characteristic blue shift from its Soret absorption band in 
CHCl3, where (S)PorCu prefers to stay in the monomeric form (Figure  3a).39 In MCH*, 
the supramolecular polymer displayed a strong circular dichroism (CD) band with a 
negative Cotton effect, indicating that the chiral side chains of the constituent (S)PorCu units 
uniquely dictate the helical handedness of its polymer (Figure 3b). As expected from the 
multivalent nature of (S)PorCu carrying eight H-bonding amide units in its side chains, the 
supramolecular polymer of (S)PorCu was highly thermally stable and did not display any sign 
of depolymerization upon heating up to 100 °C (Figure 3a).

Atomic force microscopy (AFM) images confirmed the 1D assembly of (S)PorCu in MCH* 
(Figure  3d). Due to the high thermal stability of the supramolecular polymers, VT-CD 
measurements measured at very low (0.1 μM) concentrations were necessary to elucidate 
the polymerization mechanism (Figure 3e). The sigmoidal dependency of the CD intensity 
on the temperature indicates that (S)PorCu polymerizes via an isodesmic mechanism.

2.2. EtOH shows temperature dependent aggregation in 
H-bonded clusters
The clustering of EtOH (2 vol%) in MCH* upon lowering the temperature43 was 
experimentally supported by Fourier-transform infrared (FT-IR) spectroscopy (Figure 3f). 
At 20  °C, the majority of EtOH  molecules appeared to be clustered via H-bonding and 
displayed a characteristic broad vibrational band at around 3300 cm–1.43,44 When the MCH* 
solution of EtOH was heated stepwise from 20 °C to 80 °C, a new vibrational band centered 
at 3640 cm–1 due to free EtOH gradually appeared at the expense of the 3300 cm–1 vibrational 
band due to the EtOH cluster. As shown in Figure 3g, the amount of free EtOH changed  
sigmoidally with a given temperature change, indicating that the clustering of EtOH 
upon lowering the temperature can be described via an isodesmic mechanism in the 
thermodynamic model. To test whether the clustering of EtOH can indeed be described by a 
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 │Figure 3 Absorption (a) and CD (b) spectra for a MCH*solution of (S)PorCu (50 μM) in CHCl3 at 25 °C 
(purple) and in MCH* at 25 °C (blue), 80 °C (green), and 100 °C (red) without EtOH. The spectra at 80 
and 100 °C are nearly identical and hard to discern. Pathlength: 1 mm. c) a schematic representation of the 
intrinsic thermal stability of the supramolecular polymer, which does not depolymerize upon heating. d) 
AFM images of a (S)PorCu dip coated from a 25 μM MCH* solution onto a silicon wafer. e) VT-CD curve 
of a 0.1 μM solution of (S)PorCu (green squares) and the fit of an isodesmic model to the experimental data 
(solid line). Pathlength: 1 cm. (f) FT-IR spectra for a MCH* solution of EtOH (2.0 vol %) between 20 °C 
(blue) and 80 °C (red). g) Temperature dependency of the IR absorbance at 3641 cm-1 (green squares) 
and fit of an isodesmic model to the experimental data (solid line). h) A schematic representation of the 
clustering and dissociation equilibrium of EtOH.



Chapter 4

72

simple isodesmic model, the data was fitted to obtain the enthalpy and entropy of clustering, 
which were determined at –103 kJ⋅mol−1 and –306 J⋅mol−1⋅K−1, respectively. Although the 
considerable enthalpic and entropic contributions that are obtained from the fit indicate 
that the description is somewhat simplistic,45 these results do indicate that EtOH clustering 
can indeed be described by an isodesmic aggregation mechanism. 

2.3. Addition of EtOH to (S)PorCu induces thermally 
bisignate supramolecular polymerization
A small amount of EtOH (1.4 vol%) added at 25  °C to the above solution containing a 
supramolecular polymer of (S)PorCu (50 µM) depolymerized the polymers, as indicated 
by a red shift of its Soret absorption band and disappearance of its CD band (Figures 4a 
and 4b, green). Analogous to the previous report on thermally bisignate supramolecular 
polymerizations, the supramolecular polymer was successfully reproduced when the 
depolymerized mixture was heated above 40 °C or cooled below 8 °C (Figures 4a and 4b, red 
and blue). The net helicity value, obtained from the CD, displayed a U-shaped temperature 
dependency with a plateau region between 8 °C and 40 °C (Figures 4c and 4d, blue). In 
this temperature range, (S)PorCu remains as monomer Hbonded to EtOH. As the volume 
fraction of EtOH was increased from 1.4 vol% to 1.9 vol% at a fixed concentration of (S)PorCu 
(50 µM), this plateau region became wider (Figure 4c). A similar result was observed when 
the concentration of (S)PorCu was decreased from 50 µM to 20 µM at a fixed amount of 
EtOH (1.4 vol%) (Figure 4d). We dip-coated an MCH* solution of (S)PorCu (50 µM) with 
1.4 vol% of EtOH onto a silicon wafer at three different temperatures; –10 °C, 25 °C, and 
80 °C and analyzed the samples obtained by atomic force microscopy (AFM). The samples 
prepared at –10  °C (Figure  4e) and 80  °C (Figure  4g) clearly showed one-dimensional 
fibers, whereas those prepared at 25 °C displayed only ill-defined agglomerates (Figure 4f). 
These AFM images are consistent with the spectral data described above and represent the 
thermally bisignate nature of the supramolecular polymerization of (S)PorCu in MCH* with 
EtOH (1.4 vol%).

2.4. Mass-balance models provide quantification of and 
insight into the bisignate polymerizaton
In order to further understand the actual role of alcohols in the thermally bisignate 
supramolecular polymerization, a thermodynamic model similar to that described by 
Markvoort and ten Eikelder was designed.46,47 This model incorporates three  molecular 
events; self-assembly of (S)PorCu for its supramolecular polymerization, competitive 
complexation of EtOH with (S)PorCu, and clustering of EtOH. We assume that these 
three  molecular events occur competitively with each other to furnish the thermally 
bisignate nature of the supramolecular polymerization. In the model, the supramolecular 
polymerization of (S)PorCu as well as the EtOH clustering are both described by an isodesmic 
mechanism, which is supported by experimental results (Figure 3e and g). We suppose in  
 
the model that (S)PorCu being H-bonded to EtOH cannot be incorporated into the polymer 
chain. Furthermore, we assume that (S)PorCu can accommodate up to eight EtOH molecules 
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 │Figure 4 Electronic absorption (a) and circular dichroism (CD) (b) spectra for an MCH* solution of (S)

PorCu (50 μM) with 1.4 vol% of EtOH at −10 °C (blue), 25 °C (green), and 80 °C (red). c) Net helicity 
values for MCH* solutions of (S)PorCu (50 μM) with 1.4 vol% (blue), 1.5 vol% (red), 1.75 vol% (green), 
and 1.9 vol% (orange) of EtOH, monitored at 388 nm upon cooling at a rate of 0.5 °C⋅min−1. d) Net helicity 
values for MCH* solutions of (S)PorCu at [(S)PorCu] = 50 μM (blue), 35 μM (red), 30 μM (green), and 20 
μM (orange) with 1.4 vol% of EtOH, monitored at 388 nm upon cooling at a rate of 0.5 °C⋅min−1. e−g) 
Tapping-mode atomic force microscopy (AFM) images of dip-coated samples for a MCH* (1.4 vol% 
EtOH) solution of (S)PorCu (50 μM) prepared at (e) −10 °C, (f) 25 °C, and (g) 80 °C on a silicon wafer. 
Lower panels represent the height profiles along the white lines.
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at its side-chain amide units. Using a global fitting algorithm that treats the entire dataset 
with a single set of thermodynamic parameters, we fitted the experimental data at varying 
concentrations of EtOH with the thermodynamic model incorporating the three molecular 
events described above (Figures 5a and 5b). As shown in Table 1, we successfully obtained 
the enthalpies and entropies of the molecular events, which allows us to calculate the Gibbs 
free energies at 293 K of these three  molecular events. The Gibbs free energy at 293 K, 
determined for the addition of (S)PorCu to the growing polymer end, was −47  kJ⋅mol−1, 
which is typical of a supramolecular polymerization. Note that the Gibbs free energies at 
293 K obtained for the complexation of EtOH with (S)PorCu (−13 kJ⋅mol−1) and clustering 
of EtOH (−8  kJ⋅mol−1) indicate that these H-bonded assemblies are obviously more 
labile than the supramolecular polymer of (S)PorCu. Gratifyingly, the energies obtained for 
the complexation of EtOH with the side-chain amide groups of (S)PorCu are in excellent 
agreement with the model developed by Hunter, where H-bond energies in such complexes 
are predicted between −13 and −18 kJ⋅mol−1.48 The simulated curves, which were constructed 
with the thermodynamic parameters obtained from the fits, are also in excellent agreement 
with the experimental data (Figure  5a). In particular, the heating-induced feature of the 
supramolecular polymerization was well reproduced. In contrast, for the cooling-induced 
supramolecular polymerization, we noted some deviations between the experimental data 
and simulated curves. This may be caused by the fact that our model treats the clustering 
of EtOH as a simple isodesmic process. Since the alcohols in the clusters are more polar 
than the monomerically dissolved monomers, cooperative effects will likely play a role in 
the clustering of EtOH (vide infra).45,49–53 The simple isodesmic description of the alcohol 
aggregation does not take these more complex interactions fully into account.

The results shown in Figures 5c and 5d give an interesting insight into the mechanism of 
decomplexation of EtOH from (S)PorCu. Our calculations indicate that, at low temperatures, 
the average number of EtOH molecules complexed to non-polymerized (S)PorCu remains 
high; i.e., the eight amide groups of (S)PorCu are all H-bonded to EtOH. Upon cooling 
the system from 20  °C to –20  °C, the non-polymerized (S)PorCu is incorporated into 
the supramolecular polymer chain, and the number of EtOH  molecules H-bonded 
to (S)PorCu averaged over both polymerized and non-polymerized (S)PorCu sharply 
decreased (Figure  5d). Thus, in the cooling-induced supramolecular polymerization, all 
the EtOH  molecules H-bonded at the amides in the side chains of (S)PorCu are released 
synchronously (Figure 6a). Therefore, the system contains only a single (S)PorCu species that 
is fully H-bonded with EtOH, in equilibrium with the supramolecular polymer of (S)PorCu. 
A clear isosbestic point upon cooling in the electronic absorption spectra (Figure  6b) 

Table 1 Thermodynamic parameters obtained from the global fit of the thermally bisignate 
supramolecular polymerization with varying amounts of EtOH. 

ΔH (kJ·mol−1) ΔS ( J·mol−1·K−1) ΔGa
 (kJ·mol−1)

Polymerization of (S)PorCu −73.2 −79.8 −47

Complexation of EtOH with (S)PorCu −27.9 −50.8 −13

Clustering of EtOH −37.9 −103 −8
aGibbs free energy determined at 293 K.
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 │Figure  5 (a) Net helicity values for MCH* solutions of (S)PorCu (50 μM) with 1.4 vol% (blue), 
1.5  vol  % (red), 1.75 vol% (green), and 1.9 vol% (orange) of EtOH, monitored at a wavelength of 
388  nm upon cooling at a rate of 0.5  °C⋅min−1. Open circles represent experimental data points, 
while solid curves represent the best-fitted results. (b) Speciation plots for the data with 1.4 vol% 
of EtOH obtained from the curve fitting in (a). (c,d) Computationally obtained average number of 
EtOH molecules H-bonded to (S)PorCu when averaged over (c) only nonpolymerized (S)PorCu and (d) all  
(S)PorCu in MCH* solutions of (S)PorCu (50 μM) with 1.4 vol% (blue), 1.5 vol% (orange), 1.75 vol% (gray), 
and 1.9 vol% (yellow) of EtOH. e) Comparison between the experimental VT-IR data (green squares, see 
also Figure 3f and g) and the calculated VT-IR curve, based on the thermodynamic parameters obtained 
from the fit. f) Speciation plot for EtOH obtained with the thermodynamic parameters from the fit.
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supports the synchronous dissociation behavior of EtOH. Our simulations also indicated 
that the heating-induced supramolecular polymerization occurs via a different mechanism. 
Here,(S)PorCu sequentially (gradually) releases its H-bonded EtOH molecules before being 
incorporated into the supramolecular polymer chain (Figure  6c). We calculated that the 
number of H-bonded EtOH  molecules averaged over only non-polymerized (S)PorCu is 
nearly equal to that averaged over all polymerized and non-polymerized (S)PorCu in the 
system. Further to note, these two averaged numbers of H-bonded EtOH molecules were 
calculated to be both decreasing in a similar fashion upon heating.

Together with the absence of any isosbestic point in the electronic absorption spectral 
change upon heating (Figure  6d), these results indicate that (S)PorCu species which are 
H-bonded to different numbers of EtOH  molecules coexist in the system and they are 
equilibrated with the supramolecular polymer of (S)PorCu (Figure  6b). The sequential, 
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 │Figure  6 A schematic representation of the decomplexation of EtOH  molecules from (S)PorCu 
synchronously upon cooling (a), which is experimentally corroborated by the presence of an isosbestic 
point in the VT-UV spectra of a 50 μM (S)PorCu solution in MCH* with 1.4 vol% EtOH. b) A schematic 
representation of the sequential decomplexation of EtOH molecules upon heating, which is experimentally 
corroborated by the absence of an isoesbestic point in the VT-UV spectra (b), indicating the presence of 
multiple aggregation states of the chromophore.



ComputatIonal and experImental approaChes reveal dIstInCt pathways In thermally 
bIsIgnate supramoleCular polymerIzatIons

77

gradual release of EtOH molecules from H-bonded (S)PorCu results in a gradual increase in 
the amount of (S)PorCu eligible for the supramolecular polymerization. Hence, we conclude 
that the heating-induced process occurs more gradually than the cooling-induced process in 
the thermally bisignate supramolecular polymerization of (S)PorCu. 

To confirm that the above mechanistic conclusions are not affected by our simplistic 
description of the EtOH aggregation, we performed additional simulations in which the 
VT-IR data was taken into account. To ensure that the thermodynamic parameters obtained 
from the global fits of the VT-CD data can indeed predict the aggregation of the alcohol 
in the experimental temperature range with the thermodynamic parameters obtained 
from the fit, we first simulated the variable temperature IR (VT-IR) trace (Figure  5e). 
In these simulations, the VT-IR trace of 2 vol% EtOH in MCH was calculated using the 
thermodynamic parameters for the solvent aggregation obtained from the global fit (Table 1) 
of the normalized CD data. The simulations reveal that in the experimental temperature 
range, the thermodynamic values obtained from the fits of the normalized CD data predict 
both almost completely non-aggregated alcohols at high temperature and the near complete 
aggregation of the alcohols in clusters at low temperature. Thus, the isodesmic model 
can qualitatively describe the behaviour of the alcohols during the thermally bisignate 
polymerization using the thermodynamic values obtained from the fits. 

As can be seen from Figure  5e and f, the fitting algorithm overestimates the amount 
of aggregated alcohols at high temperature, while at low temperature, this amount is 
underestimated. To ensure that this difference in concentration of aggregated alcohols in the 
experimental and simulated data is not the cause for our observation of two distinct pathways 
in the thermally bisignate polymerization, the bisignate polymerization was simulated with 
the thermodynamic parameters obtained from the fits of the normalized CD values, but the 
alcohol aggregation was described with the thermodynamic parameters obtained from the 
fit of the IR data. As such, the experimentally observed amount of free alcohols can complex 
to the monomers in the calculations of the thermally bisignate polymerizations. The results 
of these simulations are given in Figure 7a and b.

As a result of using the IR-derived parameters for the alcohol aggregation, the polymerization 
temperatures in the simulation of the thermally bisignate polymerization have slightly 
shifted. However, the sharp decrease of the number of EtOH  molecules H-bonded to 
polymerized and non-polymerized monomers is still observed for the higher volume 
fractions of EtOH (Figure  7a, bottom panel). For all volume fractions measured, the 
number of EtOH  molecules being H-bonded to all monomers drops sharply before the 
average number of EtOH molecules H-bonded to non-polymerized monomers decreases 
(Figure 7a, top panel). This difference indicates that the synchronous decomplexation of 
EtOH upon cooling is maintained in the simulation. Conversely, during the heating-induced 
supramolecular polymerization, the number of EtOH molecules H-bonded to all monomers 
and only non-polymerized monomers decreases gradually. The gradual decrease confirms 
that also the sequential decomplexation of EtOH upon heating is preserved. As a result, our 
mechanistic conclusions of the synchronous and sequential shedding of EtOH during the 
cooling and heating-induced supramolecular polymerization is not affected by the simplistic 
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 │Figure  7 a) Computationally obtained average number of alcohols complexed to non-polymerized 
as well as the polymerized monomers and non-polymerized monomers (a) and speciation plots (b) of 
(S)PorCu (50 µM) with 1.4 vol% (blue), 1.5 vol% (red), 1.75 vol% (green), and 1.9 vol% (orange). For these 
simulations, the thermodynamic values that were obtained from the fits were used for the polymerization 
and monomer-solvent aggregation and the solvent aggregation was described with the parameters that were 
obtained from the fit of the temperature-dependent FT-IR data (Figure 3g). c) Experimental data (squares) 
and fits (solid lines) of the thermally bisignate polymerization with 1.4 vol% EtOH with varying maximum 
number of EtOH molecules that can complex to (S)PorCu. d) Gibbs free energies for the various binding 
events at 20 °C as obtained from the global fits of the thermally bisignate supramolecular polymerization 
with various maximum numbers of EtOH molecules complexed to (S)PorCu.
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description of the EtOH aggregation.Our final concern was the validity of our assumption in 
the model that (S)PorCu can bind up to 8 EtOH molecules. Therefore, we performed global 
fits by varying the maximum numbers of H-bonding EtOH molecules per (S)PorCu from 8 to 
24 (fits obtained for the 1.4 vol% EtOH data given in Figure 7c). The results allowed us to 
confirm that our above assumption does not affect the Gibbs free energies evaluated for the 
supramolecular polymerization of (S)PorCu and its complexation and decomplexation events 
with EtOH (Figure 7d).

The two distinct pathways in MCH* for the participation of EtOH-bound (S)PorCu into 
the cooling- and heating-induced supramolecular polymerization events are due to the 
temperature-dependent competition between the clustering of EtOH and its complexation 
with (S)PorCu: At lower temperatures in hydrocarbon media such as MCH*, these two 
processes compete strongly, since free hydroxyl groups are highly unfavorable. Consequently, 
a small temperature change gives rise to a marked effect on the composition of the system, 
thereby giving a sharp onset for the supramolecular polymerization upon cooling from 
25  °C. Conversely, at higher temperatures, the competition between these two processes 
is much less pronounced, resulting in a relatively broader temperature dependency of the 
system composition upon heating from 25 °C.

3. Conclusions
By combining experimental results with theoretical simulations, we unveiled that the thermally 
bisignate supramolecular polymerization proceeds via two distinct thermodynamic pathways. 
Although the systems studied consist of only two major components, we are confident 
that the use of theoretical models and simulations can also elucidate novel mechanisms 
in systems comprised of more and different components. The insights obtained from our 
theoretical simulations can contribute to the understanding of other multicomponent 
systems. For example, Sada et al. reported unique temperature-dependent profiles of 
particular covalent polymers,54 which are similar to thermally bisignate supramolecular 
polymerization.39 This suggests that our finding of two distinct thermodynamic pathways 
can be rationally translated into conventional covalent polymer systems and can be readily 
applied to other supramolecular polymer systems. Incorporation of rationally designed 
competitive H-bonding interactions into polymerization processes, regardless of whether 
they are covalent or supramolecular, in general, would enable unprecedented control over 
their thermal behaviors and possibly create new applications.

4. Materials and Methods
4.1. General procedures
Experimental measurements were performed by Dr. Venkat Rao at RIKEN, Japan. Electronic absorption 
spectra were recorded using a JASCO model V-760 UV/VIS spectrophotometer with a screw capped 
quartz cell of 1 mm or 10 mm optical path length. Circular dichroism (CD) spectra were recorded using a 
JASCO model J-1500 CD spectrophotometer with a screw capped quartz cell of 1 mm or 10 mm optical 
path length. Infrared spectra were recorded using a JASCO model FT/IR-610 Plus Fourier Transform 
Infrared spectrometer. Tapping-mode atomic force microscopy (AFM) images were recorded using an 
Asylum Research type CypherS AFM microscope, where all samples were deposited on a silicon wafer by 
dip coating at designated temperatures and dried under air before the measurement. 
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4.2. Derivation of the thermodynamic model and 
numerical implementation
The supramolecular polymerization of (S)PorCu is modelled as an isodesmic polymerization in which 
monomer addition and dissociation only occurs at the chain ends. The aggregation process is described 
via a series of monomer additions to the chain ends of growing isodesmic polymers, as already described in 
Chapter 2. The total mole fraction of monomers in the polymeric assemblies can be obtained by summing 
he concentration of all possible i-mers and using standard expression for converging series:
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In addition to forming supramolecular polymers, (S)PorCu can also form complexes with the alcohol 
co-solvent, S, through hydrogen bonding with the amides. The complexation of up to eight alcohols to the 
eight amide groups per monomer is described via:

       S M M

M M

M

S

S S S

S S

c

c

c

K

K

K
2

2 MM

M M

S

S S Sc

3

7 8
K

 

(2)

 
with Kc the equilibrium constant for complexation of one alcohol to one amide group. The total  mole 
fraction of monomers in monomer-alcohol assemblies is then given by:
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and the total mole fraction alcohols in the monomer-alcohol assemblies is given by:
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 with [S] the mole fraction of free, uncomplexed alcohol.

Lastly, the alcohols can also aggregate with themselves to form larger aggregates. Based in the trends 
observed in the VT-IR measurements, the aggregation of alcohol molecules is modelled as an isodesmic 
process. Similar to the isodesmic polymerization of (S)PorCu, the total mole fraction of aggregated alcohols 
is given by:
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with [S] the mole fraction of free alcohols and Kagg the equilibrium constant for addition of one alcohol to 
the alcohol aggregate. 

The system composition is then determined by the two mass balance equations that describe the equilibrium 
state. The mass balances are obtained through summation of all the relevant species. The mass balance for 
1, which is a function of both the mole fraction of free monomer and the mole fraction of free alcohol, is 
obtained by summing Eqs. (1), (3) and the free monomer mole fraction:
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The mass balance equation for the alcohol co-solvent is obtained by summing Eqs. (4) and (5) and the free 
alcohol mole fraction:
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The above mass balances are solved numerically in Matlab using a custom written algorithm involving two 
nested binary searches to obtain the free monomer and solvent concentrations. In short, the algorithm 
solves Eq (6) for [M] with set [S] using a binary search and uses that solution for [M] to solve Eq. (7) for 
[S] with a binary search. Through iteration over these binary searches, the mole fractions of (S)PorCu and 
alcohol are found that satisfy both Eqs. (6) and (7).

In the fitting algorithm, the temperature variation is introduced via the Van ’t Hoff expression:
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with ΔGi the Gibbs free energy of process i, ΔHi and ΔSi the enthalpy and entropy changes of process i, 
respectively, R the gas constant and T the absolute temperature.

The model is fitted to the normalized data that is obtained via the method described in section 4.2. In 
the fitting routine, the normalized  molar ellipticity of the monomers and solvent aggregates are set 
0  mdeg⋅M–1⋅mm–1 and the supramolecular polymers are assigned a normalized  molar ellipticity of c–1 
mdeg⋅M–1⋅mm–1, which is equal to 2⋅104 mdeg⋅M−1⋅mm−1. Using the mathematical model as described 
above, the  molar concentrations of monomers are calculated and multiplied by their respective  molar 
ellipticities to obtain the simulated normalized CD signal:

CDsim polymer polymer complex complex monomer monome= + +⋅ ⋅ ⋅θ θ θc c c rr polymer= ⋅ ⋅2 104 c
 

(9)

with θi the molar ellipticity of species i and ci the molar concentration of species i. The simulated signal was 
compared with the experimental data to obtain a cost vector:
Cost = −CD T CD Tsim( ) ( )  (10) 

The minimization of the cost vector is performed using the Matlab lsqnonlin function with the 
Levenberg-Marquardt algorithm to obtain the optimal values for the thermodynamic parameters of the 
various aggregation processes. To ensure that the solutions is at the global minimum, the optimization was 
performed on a minimum of 250 initial parameter sets. These parameter sets were randomly sampled using 
a Latin hypercube sampling method, implemented using the Matlab lhsdesign function. In the sampling, 
ΔGiso was sampled between −40 and −80  kJ⋅mol−1, ΔSiso between −60 and −80  J⋅mol−1⋅K−1, ΔGcomplex 
between −8 kJ⋅mol−1 and −25 kJ⋅mol−1 and ΔScomplex between −20 and −100 J⋅mol−1⋅K−1 and ΔGagg between 
−8 kJ⋅mol−1 and −25 kJ⋅mol−1 and ΔSagg between −10 and −300 J⋅mol−1⋅K−1. From the sampled values of ΔGi 
and ΔSi, reasonable values of the entropy of process i, ΔHi, were calculated. The optimal fit parameters were 
determined as those parameters of which the fit has the lowest norm of the residual cost vector.

4.3. Data normalization
The model is fitted to the normalized cooling curves. Data normalization is done by correcting for baseline 
signals by subtracting the minimal CD intensity of a cooling curve from the data. The polymerization at 
temperatures below the temperature at which minimal CD intensity is observed is normalized by dividing 
with the molar ellipticity in 2 vol% CHCl3 in MCH, which is −349.4 mdeg⋅M−1⋅mm−1:

CD
CD CD

c
CD CD

cnorm, low T
min min

 
( ) ( )

. 349 4  
(11)

with CDnorm, low T the normalized CD intensity at temperatures below the temperature with minimal CD 
intensity, CD the measured CD intensity, min(CD) the observed CD intensity with lowest absolute value, 
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Δϵ the molar ellipticity in 2 vol% CHCl3 in MCH, which is −394.4 mdeg⋅M−1⋅mm−1 and c the concentration 
of (S)PorCu, which is 50 μM.

Since the model does not incorporate a temperature dependent molar ellipticity, which is experimentally 
observed, the CD intensity at temperatures above the temperature with minimal CD intensity is corrected 
for the temperature dependency of the CD signal. For this temperature range, the maximum fraction of 
monomers in polymers is calculated by dividing the maximum absorbance at that temperature range with 
the molar absorption coefficient of the polymer:

polymer
monomer

polymer monomer

A c
c c

A c
 

9995 7
26650

.
.. .4 9995 7c c  

(12)

with A the absorption, ϵpolymer and ϵmonomer the molar absorption coefficient of the polymer and monomer 
respectively, which are equal to 26650.4 M−1⋅mm−1 and 9995.7 M−1⋅mm−1, respectively, and c the 
concentration of (S)PorCu, which is 50 μM.

After taking the thermal destabilization into account, the normalized CD intensity at temperatures above 
the temperature with minimal CD intensity is calculated by dividing the signal by the molar ellipticity of the 
polymer and correcting for the difference in molar ellipticity per polymer fraction:

CD
cTnorm.,high 

polymer,max,1.4vol%EtOH

polymer, ma

CD
 xx,high 

max,1.4 vol% EtOH

max,high 

CD

CD�  
(13)

with ϕpolymer, max, 1.4 vol% EtOH the maximum fraction of monomers in polymers in the cooling curve with 1.4 vol% 
EtOH, ϕpolymer, max, high T the maximum fraction of monomers in polymers in the cooling curve at temperatures 
above the temperature with minimal CD intensity, CDmax, 1.4 vol% EtOH the maximum CD signal in the cooling 
curve with 1.4 vol% EtOH and CDmax, high T the maximum CD signal in the cooling curve at temperatures 
above the temperature with minimal CD intensity. 
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Chapter 5

On competitive hydrogen bonding in 
supramolecular polymerizations of tribenzyl-
benzene-1,3,5-tricarboxamides

Abstract: Despite numerous reports on nucleated supramolecular polymers, the origin 
of the cooperativity in these supramolecular polymerizations remains elusive and such 
cooperativity remains challenging to introduce rationally. Here, the formation of fibers 
formed by self-assembly of N,N’,N’’-tris(alkoxybenzyl)benzene-1,3,5-tricarboxamides 
(BTAs) has been studied using various experimental techniques and molecular dynamics 
(MD) simulations. A library of ten tris(alkoxybenzyl) BTAs has been synthesized and 
their supramolecular polymerizations in the bulk and in apolar solvents have been studied 
extensively. We show that the ability of the monomers to polymerize and the cooperativity 
of the polymerization strongly depends on the number and position of the alkoxy 
substituents. MD simulations rationalize the experimental results and show that the fibers 
exhibit a dynamic behavior with stacking defects that appear and propagate on a timescale 
that depends on the BTA  molecular structure. Moreover, the MD simulations identify 
competitive hydrogen bonding of peripheral ether moieties with the central amides, which 
causes defects in the fibers. By combining experimental results with MD simulations, we 
show that competitive hydrogen bonding between the central amides and peripheral ether 
moieties is at the molecular origin of cooperativity in supramolecular polymerizations of 
BTAs. Our finding opens up avenues towards a rational introduction of cooperativity in 
supramolecular systems by careful design of the monomers.

 
This chapter has been adapted from:
On competitive hydrogen bonding in supramolecular polymerizations of tribenzylben-
zene-1,3,5-tricarboxamides
M. F. J. Mabesoone, S. Kardas, H. Soria-Carrera, J. Barberá, J. M. de la Fuente, A. R. A. 
Palmans, M. Fossépré, M. Surin, and R. Martín-Rapún, Mol. Sys. Des. Eng., 2020, 5, 820–828
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1. Introduction
To accelerate the application of supramolecular polymerizations in various technological 
applications, control over the molecular organization in these soft materials is of paramount 
importance.1 Since various material properties, such as conductivity and processability 
strongly rely on the microscopic structure of the polymers, the molecular structure of the 
monomers directly affects the material properties.2,3 Unfortunately, an a priori prediction of 
the structure and stability of a supramolecular polymer remains challenging. The presence 
of pathway complexity,4 multiple polymer states5–7 and kinetic trapping8 pose significant 
challenges in the rational design of material properties. Despite the challenges posed by these 
facets of supramolecular polymerizations, the competition between several polymerization 
pathways has given rise to very interesting systems, such as living supramolecular 
polymers,9–11 thermally bisignate polymerizations12,13 and kinetically trapped states.14,15 
Nonetheless, general design principles for monomers for such systems remain lacking.

An understanding of complex supramolecular polymerizations has not only come from 
experimental studies. The development of numerical models by among others van der 
Schoot,16,17 ten Eikelder and Markvoort,18–20 and Würthner21,22 has given great insights 
into the thermodynamic properties of these complex systems and provided rationales 
for some of their counterintuitive behavior.23,24 In addition,  molecular dynamics (MD) 
simulations have given unrivalled atomistic insights into the dynamics of hydrogen bonded 
supramolecular polymers in organic solvents25–29 and hydrophobically collapsed structures 
in aqueous media.30–32 These simulations enable a correlation of molecular features to the 
properties of the macroscopic materials. However, approaches that correlate microscopic 
insights from simulations with experimentally obtained material properties to arrive at 
general structure-property relationships are not commonplace. Such approaches, however, 
could be an efficient strategy to arrive at structure-property relations and guide the design 
of supramolecular systems.

In the past, we and others have studied in detail the self-assembly properties of ben-
zene-1,3,5-tricarboxamides (BTAs) 1 and of methylene bridged analogues 2 (Scheme 1) 
by a combination of experimental and computational studies. Computational studies 
on 1 have shed light on the  molecular principles underlying its strongly cooperative 
supramolecular polymerization.25,33,34 Combined experimental and computational studies 
have revealed furthermore a subtle influence of the solvent on the geometry and stability 
of the supramolecular polymers of 1.35 In contrast, when a methylene spacer is installed 
between the central benzene core and the amides in the conformationally flexible derivative 
2, a strong dependency on solvent structure has been observed.28 Using a computational 
approach, this strong solvent dependency could be attributed to subtle differences in 
stabilization of various amide conformations. In a third structural variation, the addition 
of a phenyl ring between the soluble alkyl chains and the amide (derivative 3) resulted in a 
complete loss of aggregation, presumably due to the loss in intermolecular hydrogen-bond 
formation.36 The considerable understanding of the  molecular dynamics and how this 
impacts the experimentally observed behavior of BTA derivatives 1–3 prompted us to design  
a library of more conformationally flexible benzyl-BTA derivatives, 4. Due to the 



on CompetItIve hydrogen bondIng In supramoleCular polymerIzatIons of 
trIbenzyl-benzene-1,3,5-trICarboxamIdes

87

methylene group between the central amides and peripheral phenyl group, derivatives of 
4 were anticipated to be more prone to form intermolecular hydrogen bonds than 3 and 
therefore more likely to self-assemble cooperatively. The different effects of the number 
and position of the alkoxy groups on the phenyl rings have been observed before but are 
not well understood for supramolecular polymerizations.37–40 To obtain a more detailed 
understanding of the effect of these substitution patterns on the supramolecular structure, 
we systematically varied the position and number of alkoxy groups on the peripheral phenyl 
ring (Scheme 1b). 

Here, we put forward a comprehensive approach to connect the  molecular structure 
of the  molecules to their self-assembly behavior, by starting from MD simulations and 
subsequently analyzing the systems experimentally. Our results show that the combined 
computational and experimental approach can elucidate counterintuitive, competitive 
hydrogen bonding patterns between the central amides and peripheral ethers, which 
considerably impact the stability of supramolecular polymers. These relationships 
between  molecular structure and properties may provide important guidelines for the 
rational design of functional supramolecular polymers.

2. Results and discussion
2.1. Experimental studies
To investigate whether MD simulations accurately predict different degrees of ordering for 
the different compounds, we extensively studied the ten derivatives shown in Scheme 2 in 
the solid state as well as in solution. All benzyl-BTAs were synthesized in close collaboration 
with Dr. Rafael Martín-Rapún and Héctor Soria-Carrera at the University of Zaragoza 
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Scheme 1 a) Chemical structures of previously studied BTAs 1-3 and the BTA 4 studied in 
this work. b) Library of compounds studied in this chapter.
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 │Figure 1 IR spectra of (a) Cit-3, (b) Cit-9, (c) Cit-6, (d) Sym-Cit-6 and (e) Syr-Cit-3 in the bulk (top 
panel), 250 μM MCH solutions (middle panel) and 250 μM CHCl3 solutions (bottom panel). The spectra 
of the achiral compounds are not shown. The vibrational frequencies of those compounds can be found in 
Table 1. Transmittance of the bulk substrates are in arbitrary values. The absorbance above 1700 cm−1 in 
some samples is due to trace amounts of acetone left from cleaning the cell.
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according to procedures described in Schemes 2-6 in the Experimental Section and obtained 
in excellent purity.

IR spectra of the various benzyl-BTA derivatives in bulk and solution provide the first 
evidence for the presence or absence of supramolecular polymers. The IR spectra of Cit-3 
in the bulk provide support for the presence of a threefold hydrogen bonded helical array, 
with NH-stretch and CO-vibrations around 3230 and 1640 cm−1, respectively, which 
is a signature of the formation of strong, triple helical hydrogen bonds (Figure  1a and 
Table 1). The presence of columnar stacks in the bulk was further confirmed with POM 
and X-ray diffraction (data not shown). Similar absorption bands as observed in the bulk 
IR spectra of Cit-3 are observed in methylcyclohexane (MCH) solution, showing that the 
one-dimensional fibers are stable in MCH. This contrasts to chloroform (CHCl3) solutions 
of Cit-3, in which the hydrogen bonds are disrupted as indicated by the shift of the NH and 
CO stretch vibrations to higher wavenumbers (Table 1). The high degree of ordering that 
is enabled by the aliphatic side chain of C8-3 renders this compound insoluble in MCH. 
Therefore, further investigation of the achiral C8-3 analogue of Cit-3 was not pursued.

Cit-9 and C8-9 exhibit markedly different behavior from Cit-3. C8-9 is obtained as a liquid 
crystal at room temperature while the branching of the side chains renders Cit-9 an isotropic 
liquid. Consistently, IR measurements in the bulk show the formation of supramolecular 
polymers in solid state for C8-9, as indicated by the NH and CO stretch vibrations around 
3240 and 1650 cm−1, but not for Cit-9 (Figure 1b and Table 1). If present, the amide-amide 
intermolecular hydrogen bonds are even weaker in solution as shown by the NH and CO 
stretch vibrations around 3322 and 1666 cm−1 even for C8-9 in MCH (Table 2). 

The symmetrically substituted Sym-Cit-6 and Sym-C8-6, which were obtained as viscous 
liquids, did not show any signs of hydrogen bonding both in the solid state and in MCH 
solutions as shown by the wavenumbers of the NH- and CO-stretch vibrations around 3330 

Table 1 IR frequencies of the NH-stretch and CO-stretch vibrations of the BTAs obtained in the bulk and 
250 μM MCH and CHCl3 solutions.

Compound
νNH-stretch (cm−1) νCO-stretch (cm−1)

Bulk MCH CHCl3 Bulk MCH CHCl3

Cit-3 3231 3229 3448 1637 1640 1666

Cit-9 3317 3315 3447 1662 1665 1666

C8-9 3230 3322 3447 1649 1666 1666

Sym-Cit-6 3331 3321 3445 1667 1667 1665

Sym-C8-6 3329 3331 3445 1664 1666 1666

Cit-6 3237 3326 3443 1636 1663 1663

C8-6 3262 3318 3445 1647 1664 1663

Syr-Cit-3 3317 3232 3447 1645 1631 1667

Syr-C8-3 3312 3239 3447 1645 1631 1667
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and 1665 cm−1, respectively (Figure 1d, Table 1). The absence of the formation of ordered 
arrays of helical hydrogen bonds is in line with the seldomly reported liquid crystallinity of 
discotic compounds with a 3,5-substitution pattern, compared to 3,4,5- or 3,4- substitution 
patterns41 Therefore, we also synthesized the 3,4-disubstituted analogues Cit-6 and C8-6. 
For these compounds, strong hydrogen bonding can be observed in the solid-state IR 
spectra, indicated by the NH- and CO-stretch vibrations for Cit-6 and C8-6 at 3237 and 
3262 cm−1 and 1636 and 1647 cm−1, respectively (Figure  1e, Table  1). The formation of 
columnar arrays was further confirmed by POM and X-ray diffraction studies (data not 
shown). Interestingly however, in MCH solutions, no triple helical hydrogen bonding can be 
observed in the IR spectrum, with the NH- and CO-stretch vibrations for Cit-6 and C8-6 at 
3326 and 3318 cm−1 and 1663 and 1664 cm−1, respectively, indicating a low degree of order 
in the hydrogen bonds. In CHCl3 solutions, Cit-6 and C8-6 are completely  molecularly 
dissolved and no hydrogen bonds are present, as indicated by the NH- and CO-stretch 
vibrations around 3444 and 1663 cm−1, respectively.

Lastly, to study the impact of steric factors over electronic factors on the inability of Cit-9 
and C89 to form ordered arrays of hydrogen bonding, we prepared two final benzyl-BTA 
derivatives, Syr-Cit-3 and Syr-C8-3, starting from syringaldehyde as precursor. The 
aromatic parts of these compounds are electronically similar to Cit-9 and C8-9, while the 
periphery of these monomers is sterically considerably less demanding. The IR spectra show 
the NH- and CO-stretch vibrations in MCH and CHCl3 solutions at similar frequencies as 
the NH- and CO-stretch vibrations observed for Cit-3. In the bulk, the NH-stretch and 
CO-stretch vibrations occur around 3315 cm−1 and at 1645 cm−1, respectively, suggesting 
lateral instead of helical hydrogen bonding in the bulk.42 The observation that Syr-Cit-3 
and Syr-C8-3 have similar NH-stretch and CO-stretch vibrations as Cit-3 suggests that the 
former compounds also form helical hydrogen bonded arrays in the solution.

To gain further insight into the supramolecular polymerization of the various BTA 
derivatives, we performed variable temperature CD (VT-CD) and variable temperature 
UV (VT-UV) experiments at different concentrations. The results obtained for Cit-3, Cit-9 
and C8-9 are given in Figure 2. At high temperatures, Cit-3 shows a CD silent absorption 
spectrum with a shoulder at 275 nm. Upon cooling, two small absorption peaks at 276 and 
283 nm emerge, and a CD spectrum emerges with a maximum at 234 nm and a minimum 
at 276 nm (Figure 1a). The strong hydrogen bonding and highly ordered columnar packing 
of Cit-3 as observed in the IR results is reflected in the VT-CD and VT-UV experiments 
(Figure  1d). At temperatures above 87  °C, Cit-3 is  molecularly dissolved in 50  μM 
solutions in MCH. Upon cooling the solutions below this temperature, a sharp onset of 
the CD signal is observed, indicating that ordered supramolecular polymers are formed via 
a very cooperative process. By fitting the cooling curves of three different concentrations 
simultaneously to a thermodynamic mass-balance model of a nucleated supramolecular 
polymerization,19 we determined the enthalpy of elongation and nucleation of Cit-3 at 
−71  kJ⋅mol−1 and −54  kJ⋅mol−1

, respectively. The entropy of elongation is determined 
at −117  J⋅mol−1⋅K−1 and the cooperativity parameter, σ, at 293  K at 9.3⋅10−4. The strong 
cooperativity in the supramolecular polymerization of Cit-3 is in good agreement with the 
presence of intermolecular hydrogen bonding in solution as shown by IR measurements.
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The absorption spectra of Cit-9 and C8-9 (Figure  2b, c) show a red-shifted shoulder 
with respect to the absorption spectra obtained for Cit-3 due to the increased number of 
electron-donating alkoxy substituents on the peripheral phenyl rings. Upon cooling, the 
shoulder changes slightly in intensity and a CD signal emerges with a maximum around 
282 nm. Due to the absence of chirality, the CD signal is not observed for C8-9. VT-UV 
and VT-CD experiments of Cit-9 and C8-9, in which the wavelength where the difference 
between the absorption spectrum of the monomers and polymers is maximum is monitored, 
indicate that supramolecular polymers are formed in a weakly cooperative manner 
(Figure 2d, e). By fitting the data to the model, the enthalpy and entropy of elongation of 
Cit-9 are determined at −72  kJ⋅mol−1 and −144  J⋅mol−1⋅K−1. For C8-9, the enthalpy and 
entropy of elongation are determined at −61 kJ⋅mol−1 and −100 J⋅mol−1⋅K−1 for C8-9. The 
cooperativity parameter, σ, at 293  K of both compounds is determined at 0.04 and 0.03 
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 │Figure 2 a-c) VT-UV (top panel) and VT-CD (bottom panel) spectra of 50 μM MCH solutions of Cit-3 
(a), Cit-9 (b) and C8-9 (c). Spectra were collected between 100 °C (red spectrum) and -10 °C (blue spectra) 
at regular intervals. d-f) VT-UV (top panel) and VT-CD (bottom panel) traces at specific wavelengths of 
Cit-3 (d), Cit-9 (e) and C8-9 (f) at various concentrations. The symbols indicate the experimental data 
and the solid lines indicates the fits of the VT-CD data of Cit-3, the VT-UV data of Cit-9 and the VT-UV 
data of C8-9 to the thermodynamic mass balance model.
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for Cit-9 and C8-9, respectively. The larger entropic penalty of polymerization of Cit-9 
presumably reflects the loss of entropy resulting from the organization of the larger number 
of alkoxy chains, while the higher value of σ suggests that polymers of Cit-9 are shorter than 
the polymers of Cit-3 under similar conditions.43

The absorption spectra of Sym-Cit-6 and Sym-C8-6 show a broad absorption band below 
250 nm with a small peak at 276 nm (Figure 7 in the Materials and Methods section). Upon 
cooling, the absorption peak merges with the broad band below 250 nm to form a shoulder 
and no CD intensity is observed (data not shown). The inability of the symmetrically 
substituted BTA derivatives to form intermolecular hydrogen bonds, as suggested by IR 
spectroscopy, is reflected in the absence of VT-UV traces that clearly shows the occurrence 
of a supramolecular polymerization upon cooling the solutions (Figure  8a, b). Thus, we 
speculate that the changes in absorption that are observed upon cooling can be attributed 
to changes in the weak intramolecular hydrogen bonds and no supramolecular polymers are 
formed. 
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 │Figure  3 a, b) VT-UV (top panel) and VT-CD (bottom panel) spectra of 50 μM MCH solutions of 
Syr-Cit-3 (a), Syr-C8-6 (b). Spectra were collected between 85 °C (red spectrum) and 15 °C (blue spectra) 
at regular intervals. e-d) VT-UV (top panel) and VT-CD (bottom panel) traces at specific wavelengths of 
Syr-Cit-3 (c), Syr-C8-6 (d) at various concentrations.
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Similar observations are made for Cit-6 and C8-6, which were observed to form helical 
hydrogen bonding arrays in the bulk, but not in MCH solutions. The absorption spectra at 
100 °C show a peak at 280 nm, which strongly increases upon cooling, while concomitantly 
a peak at 317 nm emerges (Figure 7c, d in the Materials and Methods section), while no 
CD intensity is observed (data not shown). In line with the IR results, the VT-UV data 
(Figure 8 c, d) do not show features that can be assigned to a supramolecular polymerization 
which occurs upon cooling. Similar to the interpretation of the spectral changes observed 
for Sym-Cit-6 and Sym-C8-6, the changes in absorption behavior of Cit-6 and C8-6 are 
attributed to the temperature dependent behavior of the intramolecular hydrogen bonds.

Lastly, the supramolecular polymerization of the syringaldehyde derivatives Syr-Cit-3 
and Syr-C8-3 was probed with VTUV and VT-CD spectroscopy. The absorption spectra 
of Syr-Cit-3 and Syr-C8-3 show a broad absorption peak below 250 nm with a shoulder 
around 275 nm, like the spectra observed for Cit-9 and C8-9, confirming similar electronic 
properties of the aromatic systems of the monomers. Upon cooling, no significant changes 
can be observed in the absorption spectra. Below 40 °C, however, the CD spectra of Syr-Cit-6 
show the emergence of a negative Cotton effect below 250  nm. When the solutions are 
cooled below 15 °C, the decreased solubility of the monomers, originating from the shorter 
alkyl spacers on the meta-positions of the peripheral phenyl rings, leads to precipitation 
of the compound. The relatively sharp onset of the CD effect, which coincides with a 
small, yet sharp change in the absorption spectra indicates that Syr-Cit-3 and Syr-C8-3 
can form supramolecular polymers in a moderately cooperative fashion. Unfortunately, 
the precipitation of the compounds below 15  °C precluded the accurate determination 
of the thermodynamic parameters that characterize the supramolecular polymerizations. 
Nonetheless, the relatively sharp onset of the CD intensity upon cooling solutions of 
Syr-Cit-3 below the elongation temperature of 40  °C indicates that the supramolecular 
polymers of the syringaldehyde derivatives are less stable than the polymers of Cit-3, Cit-9 
and C8-9, but their cooperativity is intermediate between the 4-substituted Cit-3 and the 
3,4,5-substituted Cit-9 and C8-9. 

Although the various experimental techniques point to differences in hydrogen bonding, 
which correlate to different stabilities observed in the cooling experiments, a  molecular 
rationale for these differences cannot be inferred from the measurements. Therefore, MD 
simulations were performed in collaboration with Sinan Kardas from the University of 
Mons, Belgium, to gain insight into the molecular origin of the different stabilities.

2.2. MD simulations rationalize polymerization behavior
MD simulations using a top-down approach are employed to rationalize the diverse behavior 
observed for the various benzyl-BTA derivatives. These simulations were performed by 
Sinan Kardas at Mons University. In this top-down approach, a pre-assembled optimized 
structure is initially built for the starting coordinates, and the system is then simulated to 
study the stability and dynamics of the self-assembly. The interest of such top-down MD 
simulations is to understand the assembly/folding of long fibers due to the competition 
between solvophobic effects and hydrogen bond network.44 Such simulations can also 
point to the presence of defects along the self-assembled BTA fibers. In the simulations, 
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the reference compound DO3BTA is compared with Cit-3, Sym-Cit-6 and Cit-9. In 
the simulations, BTA fibers of 12- and 24-units long are built with an intercore distance 
(i.e. between BTAs) of 5 Å. Their geometries are initially optimized to be used as starting 
structures for MD simulations on a 500 ns timescale. After initial energy minimization, the 
intercore distances drop to 3.4 Å and the cores rotate relative to each other due to π-stacking 
and hydrogen bonding between BTA monomers. The fibers become compact and helical. 
During the early steps of the MD simulations, the fibers organize in short ordered segments 
of stacked BTAs with structural defects between these segments. These defects appear in the 
form of minor misalignments and important kinks that propagate along the MD simulations 
and are characterized by large distances between adjacent BTAs (> 4 Å) and small angles 
(i.e. far below 180°) between the centers of mass of consecutive triads (Figure 4). 

The kinks in the supramolecular polymers are localized in sections of the fibers with large 
bending angle values compared to the helix axis (Figure 4b). The deviations from the local 
bending angle of a sliding window of 4 monomers from the global helix axis are given in 
Figure 5a-d. When the local bending angle deviates less than 90°, the window is aligned with 
the global helix axis, while a bending angle larger than 90° indicates a kink. 

Figure 5 shows two types of information: a sequential information (Y axis indicates where 
a kink appears in the fiber), and a temporal information (the X axis indicates when a kink 
appears during the simulation). Very interestingly, the number of persistent kinks depends 
on the BTA monomer structure. For the model compound 1 (DO3BTA), there is a random 
alternation between straight sections (ordered segments, in red, Figure  5a) and kinked 

Position 1
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Local helix
axis

Global helix
axis

Position 6

Bending
angle

a) b)

MisalignmentKinks

 │Figure 4 a) Snapshot of the MD simulation of the 24 unit long fiber Sym-Cit-6 at 250 ns. The kinks 
and defects are highlighted. Only the benzene cores are shown for clarity. b) The HELANAL software 
allows to extract a global helix axis by fitting a helix to the entire stack of BTAs. The local helix axis, which 
is obtained at every position for a moving frame of 4 BTA cores, of which examples are indicated by the 
position markers, can be obtained in a similar way. The bending angle is then obtained by taking the angle 
between the global and local helix angle. he equilibrated conformation on which the MD simulation of the 
supramolecular polymer of Sym-Cit-6 of 12 units long is shown.
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sections (structural defects, in green, Figure  5a) along the fiber, changing on a timescale 
ranging from a few ns to tens of ns. In contrast, fibers of Cit-3 (Figure 5b) show relatively 
straight (red) sections separated by a persistent kink (a green continuous line) in the middle 
of the fiber. The same kind of behavior is observed for Sym-Cit-6 (Figure 5c), with two 
persistent kinks (positions 1 and 4). The number of persistent kinks in fibers is therefore 
increasing with the introduction of more alkoxy side chains on peripheral phenyl rings. 
However, Cit-9 (Figure  5d), which has the highest degree of alkoxy substitution on the 
peripheral phenyl rings, resembles the model compound DO3BTA, albeit with a lower 
extent of straight sections in total. This shows that the steric hindrance imposed by a high 
number of alkoxy groups on the peripheral phenyl rings reduces the possibility of fibers to 
kink. 

The origin of such important dynamics is encoded into the structure of the BTA units 
and thought to be due to the role of hydrogen bonds in the self-assembly process. Indeed, 
intermolecular hydrogen bonds of DO3BTA units can only occur between amide groups 

 │Figure  5 a-d) Evolution of the local bending angles for the 6 positions, as indicated in Figure  4a, as 
obtained from the HELANAL analysis over the course of the 500 ns MD simulation for DO3BTA (a), 
Cit-3 (b), Sym-Cit-6 (c) and Cit-9 (d).
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in the core region. In contrast, Cit-3, Sym-Cit-6 and Cit-9 units have alkoxy side chains, 
thus there are possibilities of forming amide-ether intermolecular hydrogen bonds between 
amides and ether oxygen atoms. To investigate the origin of kinks in the fibers, we have 
examined persistent hydrogen bonds (those present at least 90% of the MD time). Our 
analysis has revealed that, at a kink site, a fraction of amide-amide hydrogen bonds is broken, 
as a result of persistent amide-ether hydrogen bonds (Figure 6a). The amide-ether hydrogen 
bonds are not necessarily close to the kink position (vide supra), but this trend indicates 
that their presence is likely related to the helix kinking. Figure  6b reports the average 
number of hydrogen bonds in the different BTA fibers (i.e. the total number of persistent 
hydrogen bonds averaged by the number of snapshots taken along the MD simulation). 
Fibers of model compound DO3BTA possess the highest number of internal hydrogen 
bonds: around 32 hydrogen bonds of the maximum of 33 hydrogen bonds in a fiber of 12 
BTA units. Fibers of BTAs with the alkoxyphenyl periphery tend to have less amide-amide 
hydrogen bonds (around 27-28 hydrogen bonds for a fiber of 12 BTA units), but there are 
additional amide-ether hydrogen bonds. Between Cit-3 and Sym-Cit-6 fibers, the number 
of amide-ether hydrogen bonds increases since the peripheral phenyl rings have more 
alkoxy substituents that are well-positioned (3,5-substitution) to interact with the amide 
groups in the core region. This higher number of amide-ether hydrogen bonds correlates 
with the higher number of defects in Sym-Cit-6 fibers. However, fibers of Cit-9, which 
possess the highest number of alkoxy side chains, show the lowest number of amide-ether 
hydrogen bonds. Consequently, fibers of Cit-9 tend to have less defects than the two other 
alkoxyphenyl-BTA derivatives. For 24-units fiber of Cit-9, the average of 5.5 amide-ether 
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 │Figure 6 a) Cartoon representation of the Cit-3 simulation with 24 units at 40 ns, showing the highlighted 
amide-ether hydrogen bond. The aromatic cores of the two BTAs are highlighted in green. b) Average 
number over the entire simulation of amide-amide and amide-ether H-bonds for fibers of 12 BTAs (top 
panel) and 24 BTAs (bottom panel).
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intermolecular hydrogen bonds is much higher than the double value obtained for a fiber of 
12 units (2 x 0.7 on average). In other words, when a fiber is sufficiently long, amide-ether 
intermolecular hydrogen bonds occur at a higher extent. This increase in number of defects 
and kinks as the fibers of Cit-9 become longer is remarkable, given the experimentally 
observed intermediate cooperativity in the supramolecular polymerization of Cit-9, 
which suggests that these supramolecular polymers are of intermediate length. However, 
since only a single fiber, rather than many different ones, were simulated and no statistical 
analysis on the behavior of various fibers can be performed, a quantitative conclusion on 
the behavior of Cit-9 cannot be drawn. Conversely to the apparent discrepancy between 
the simulations and experiments for Cit-9, the presence of many kinks and defects in the 
stacks of Sym-Cit-6 coincides with the inability of this monomer to form supramolecular 
polymers.

2.3. Comparison of computational and experimental 
results
Together, the results obtained from the bulk and solution state experiments confirm the 
various trends between the different monomers that are observed in the MD simulations. 
Most notably, the MD simulations show that the central amides form hydrogen bonds 
with the ethers at the periphery. This behavior introduces kinks between ordered segments 
within the fibers. However, the increasing steric bulk at the periphery of BTA units reduces 
the possibility of fibers to kink. 

The trends observed in the computational results help to explain the experimental data. 
Cit-3 shows a relatively low number of amide-ether hydrogen bonds as well as a low number 
of persistent kinks throughout the simulation. This observation of highly ordered fiber is in 
line with the strong CD signal observed for this compound, as well as the high elongation 
temperature and cooperative behavior. In addition, the IR spectra show that the amides 
form strong hydrogen bonds organized in a triple helical fashion in both bulk and MCH 
solutions, which corroborates the computational results. 

In contrast, Cit-9 shows considerably more amide-ether hydrogen bonds in the simulations 
of the fibers of 24 units, which introduce highly dynamic regions in the supramolecular 
polymer. The IR spectra of Cit-9 do not indicate that strong, helically organized hydrogen 
bonds are formed in either solution or the solid state, indicating that the ether groups may 
indeed interfere in the formation of the helical hydrogen bonding pattern that leads to 
disordered supramolecular polymers. The observation that, despite the absence of helical 
hydrogen bonds, supramolecular polymers are formed, indicates that the solvophobic 
π-stacking also considerably contributes to the stability of the supramolecular polymers. 
Moreover, the large number of kinks observed in the MD simulations should preclude 
the formation of large, ordered supramolecular polymers. Consequently, a low degree of 
cooperativity, illustrated by a value of σ close to unity, is obtained, implying to the formation 
of relatively short supramolecular polymers.43 Thus, the computational predictions of a 
low degree of ordering are reflected in the experimentally observed absence of helically 
organized hydrogen bonds and low degree of cooperativity.
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Furthermore, the simulations of Sym-Cit-6 show the highest number of amide-ether 
hydrogen bonds and the highest number of defects of all compounds simulated. The lower 
inability of the disubstituted compound to form ordered segments in the fiber is reflected 
by the complete absence of supramolecular polymers in solution or bulk in the conditions 
measured. This inability illustrates that despite of the larger steric bulk of this derivative 
compared to Cit-3, disordering amide-ether hydrogen bonds can occur. Thus, a subtle 
balance between competing hydrogen bonds between amides and ethers as well as steric 
factors is required to tune the cooperativity of these supramolecular polymers.  

This subtle balance is additionally illustrated by Syr-Cit-3 and Syr-C8-9, which form 
weakly ordered supramolecular polymers at lower temperatures than Cit-9 and C8-9 
under similar conditions. This destabilization suggests that the decreased steric bulk at the 
periphery of the polymer introduces more kinks in the supramolecular polymer. However, 
our observation that supramolecular polymers are formed nonetheless also indicates that 
the increased number of amide-ether hydrogen bonds does not result in a similar degree of 
disorder as is observed for Cit-6 and C8-6.

The competitive hydrogen bonding of peripheral alkoxy groups with the central 
supramolecular interactions has been observed before, but mostly for polar, flexible ethylene 
glycol-based substituents, which are rich in ether moieties.45,46 Interestingly, although a 
reduction in association strength for benzene-1,3,5-tricarboxamides (BTAs) decorated 
with ethylene glycol directly at the central amides has been observed,45 similar BTAs with a 
phenylene ethynylene spacer between the central amides and oligoethylene glycols did not 
show competitive hydrogen bonding due to backfolding of the ethylene glycol.47 In the latter 
report, Sánchez and co-workers propose that the hydrophobic aliphatic spacer prevents 
backfolding of the polar ethylene glycols. In line with their findings, our results suggest 
that backfolding of more apolar ether groups is not inhibited by a polar spacer. As such, 
balancing the hydrophobicity of the peripheral ethers may provide an additional handle to 
tune the competition between central and peripheral hydrogen bonding.

3. Conclusions
Despite the progress achieved in understanding the formation of supramolecular polymers, 
which can give long, ordered fibrous materials, robust relationships between the molecular 
features of monomers and stabilities of the supramolecular polymers remain elusive. To 
arrive at design rules for tunable stability in supramolecular polymerizations, insights 
gained from molecular simulations are to be combined with experimental studies. Here, we 
performed MD simulations on a series of benzene-1,3,5-carboxamide derivatives decorated 
with variously substituted benzyl moieties. The MD simulations show that, in comparison to 
the previously well studied 1,3,5-trialkyltricarboxamides, the alkoxybenzyl-BTAs organize 
in dynamic fibers with stacking defects such as kinks. These kinks appear and propagate at 
an extent and on a timescale that depend on the monomer structure.

Taken all together, our results show that competitive hydrogen bonding events predictably 
affect the molecular organization of monomers in supramolecular polymers. The degree of 
order along the fiber is a result of the competition between hydrogen bonding along the 
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backbone of the polymer with groups at the monomer periphery. The disordering effect due 
to amide-ether hydrogen bonds shown by the MD simulations was experimentally observed 
through differences of supramolecular polymerizations for the various compounds, in 
both the bulk and in methylcyclohexane solutions. By combining MD simulations with 
experimental measurements, we shed light on the likely role of competitive hydrogen 
bonding effects in the stabilization and destabilization of supramolecular polymerizations. 
The combination of calculation and experiments enables an understanding of the 
experimental data on a  molecular level while the simulations are tested against the 
experiment. This combined approach is of paramount importance to arrive at design 
principles and a complete understanding of supramolecular polymerizations. We hope our 
results will pave the way for such systematic studies of supramolecular polymers and other 
non-covalent systems both in water and organic media.

4. Materials and methods
4.1. General procedures
1H and 13C NMR (400 and 100 MHz respectively) spectra were recorded on a Bruker AV-400 spectrometer 
and a Bruker Avance 3 HD NanoBay spectrometer. 1H and 13C shifts are given in ppm relative to the solvent 
residual CHCl3 peak at 7.26 ppm and 77.23 ppm. Coupling constants are given in Hertz. MALDI-ToF 
mass spectrometry was performed on a Bruker Autoflex Speed spectrometer. ESI-MS was performed on 
a Thermo Finnigan LCQ Fleet ion trap mass spectrometer. FTIR spectroscopy was performed in a Jasco 
FT-IR 4100 instrument with an ATR accessory, in which samples were measured without any preparation, 
or a PerkinElmer Spectrum Two spectrometer. Solution state IR measurements were performed using NaCl 
cells. All frequencies of characteristic bands are reported in cm−1. CD spectroscopy was measured on a Jasco 
J-815 spectrometer with a temperature-controlled PTC-742 or MPTC-490 sample holder. Samples were 
prepared by dissolving the solid material in MCH in an air-tight vial and heating and sonicating the mixture 
until no solid material could be observed anymore. Samples were measured in screw-capped cuvettes and 
cooled at a rate of 1 °C⋅min−1. 

4.2. Synthetic procedures
The syntheses were performed in close collaboration with the University of Zaragoza, where compounds 
C8-3, Cit-3, C8-6, Cit-6, C8-9 and Cit-9 were prepared.

General procedure for the synthesis of the C3-symmetrical compounds
To a solution of the appropriate benzylamine derivative (0.39 mmol) and trimethylamine (0.42 mmol) 
in anhydrous dichloromethane or chloroform (10 mL) at 0  °C, 1,3,5-benzenetricarbonyl chloride 
(0.12 mmol) was added and the reaction mixture was then allowed to reach room temperature (or heated 
to reflux temperature if the solution was not homogeneous). After 14–18 h the mixture was diluted with 
dichloromethane (10 mL) and washed with aqueous HCl (1 M, 2 x 10 mL). The organic layer was then 
dried over anhydrous Na2SO4, filtered and the solvents were removed under reduced pressure. The crude 
product was purified by column chromatography.

Synthesis of 1
(S)-(−)-β-Citronellol (5 g, 31 mmol) was dissolved in ethyl acetate (20 mL) and palladium catalyst (Pd/C 
10% w/w, 250 mg) was added. The suspension and the headspace were deaerated by bubbling nitrogen 
gas through the suspension. The same operation was then performed with hydrogen. The reaction took 
place under H2 atmosphere (1 atm) using a balloon which was refilled with hydrogen when needed. When 
the reaction was complete nitrogen gas was used to replace hydrogen gas in the system. The mixture was 
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subsequently filtered through celite and the solvent was removed under reduced pressure. The product was 
obtained as colourless liquid (4.14 g, 82 % yield).
FTIR-ATR (neat): 3340, 2954, 2926, 2870, 1457, 1052 cm−1.
1H NMR (400 MHz, CDCl3) δ 3.73–3.60 (m, 2H), 1.67–1.44 (m, 3H), 1.43–1.18 (m, 5H), 1.18–1.01 (m, 
3H), 0.89 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 61.23, 39.93, 39.24, 37.35, 29.49, 27.95, 24.66, 22.67, 22.57, 19.61.

Synthesis of 2
FTIR-ATR (neat): 2954, 2928, 2870, 1353, 1173, 940 cm−1.
1H  NMR (400 MHz, CDCl3) δ 4.32–4.20 (m, 2H), 3.00 (s, 3H), 1.85 (bs, 1H), 1.83–1.72 (m, 1H), 
1.65–1.45 (m, 1H), 1.38–1.21 (m, 3H), 1.21–1.05 (m, 4H), 0.92 (d, J = 6.5 Hz, 4H), 0.86 (d, J = 6.6 Hz, 
6H).
ESI-MS analysis: C11H24O3SNa [M+Na]+, mass calculated: 259.13, mass found: 259.13.

Synthesis of 2b
1 (10.0 g, 63.2 mmol) was dissolved in DCM (50 mL) and Et3N was added (24.3 mL, 174 mmol). Then, 
the reaction mixture was cooled to 0  °C under an Ar atmosphere. Subsequently, tosyl chloride (13.5  g, 
70.9  mmol) in DCM (40 mL) was slowly added dropwise. The mixture was left to heat up to room 
temperature and stirred for 23 hours, after which the mixture was evaporated to dryness. The product was 
obtained as a clear oil after purification through silica gel chromatography using 40% heptane in CHCl3 as 
eluents with a 87% yield.
1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 4.06 (m, 2H), 2.45 (s, 3H), 
1.70–1.63 (m, 1H), 1.52–1.37 (m, 3H), 1.30–1.00 (m, 6H), 0.85 (d, J = 6.7 Hz, 6H, 0.80 (d, J = 6.5 Hz, 
3H).

Synthesis of 3a
4-cyanophenol (0.63 g, 95 %, 5.00 mmol) and potassium carbonate (1.38 g, 10.00 mmol) were suspended 
in butanone (15 mL) and heated to reflux temperature under magnetic stirring. After 15  minutes at 
reflux temperature the 1-bromoctane (0.920 mL, 5.25 mmol) was added dropwise with a syringe. After 
16 h a white suspension had been obtained. Water (50 mL) was added and the layers were separated in a 
separation funnel. The aqueous layer was extracted with ethyl acetate (3x10 mL) and the 4 organic layers 
were combined and washed with 1 M aqueous NaOH (2x10 mL) and brine (10 mL). After drying over 
anhydrous sodium sulfate the solvents were removed under reduced pressure. A yellow oil was obtained 
and used in the next step without further purification. 
FTIR-ATR (neat): 2926, 2856, 2224, 1605, 1508, 1257, 1170 cm−1.
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1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 3.98 (t, J = 6.6 Hz, 2H), 
1.95–1.56 (m, 2H), 1.55–1.09 (m, 10H), 0.96–0.73 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ 162.41, 133.88, 119.27, 115.12, 103.55, 77.00, 68.37, 31.72, 29.22, 29.13, 
28.92, 25.87, 22.58, 14.03.

Synthesis of 3b
S-(+)-Citronellol (1.00 g, 6.32 mmol), 4-cyanophenol (0.75 g, 6.32 mmol) and diisopropyl azodicarboxylate 
(1.27 g, 6.32 mmol) were dissolved in dry THF (30 mL) under N2 atmosphere. Next, the organic solution 
was cooled in an ice bath and triphenylphosphine (1.66 g, 6.32 mmol) was added. The reaction was allowed 
to reach room temperature and further stirred 24 hours. Once the reaction was completed, water was added 
(5 drops) and further stirred 1 hour more. Finally, THF was removed under reduced pressure and the solid 
obtained was redissolved in an ethyl acetate:hexane (3:7) (60 mL) in an ice bath over 1 hour. The white 
precipitate obtained was filtered through silica gel and rinsed several times with the same solvent. Finally, 
the solvent was removed under reduced pressure giving rise to a yellow liquid, which was purified through 
silica gel column using hexane:ethyl acetate 98:2. 3b was obtained as a colourless liquid with 61% yield 
(1.06 g, 4.08 mmol). 
FTIR-ATR (neat): 2953, 2927, 2870, 2224, 1605, 1508, 1257, 1171 cm−1.
1H NMR (400 MHz, CDCl3) δ 7.73–7.42 (m, 2H), 7.07–6.75 (m, 2H), 4.26–3.82 (m, 2H), 1.90–1.77 (m, 
1H), 1.73–1.44 (m, 3H), 1.41–1.05 (m, 5H), 0.94 (d, J = 6.5 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H). 
13C NMR (100 MHz, CDCl3) δ 162.40, 133.91, 119.28, 115.16, 103.61, 66.74, 39.17, 37.18, 35.85, 29.75, 
27.93, 24.60, 22.66, 22.56, 19.57.

Synthesis of 4a
A dry round-bottom flask was flushed with dry nitrogen gas for 20 min and LiAlH4 (1 M in THF, 4.33 mL) 
was added via syringe. The reagent was diluted with dry diethyl ether (10 mL) and the mixture was stirred 
at 0–4 °C under nitrogen for 10 min. Then a solution of 3a (1.00 g, 4.33 mmol) in dry diethyl ether (5 mL) 
was dropwise added. The mixture turned yellow. After overnight reaction the mixture was diluted with 
Et2O (10 mL) and NaOH (3.60 mL) was added in an ice bath to precipitate inorganic salts. After 1 hour 
stirring the suspension was vacuum filtered and the solid rinsed several times with Et2O. The solvent was 
removed under reduced pressure giving rise a yellow oil, which was purified through silica gel column using 
CHCl3:MeOH:NH3 90:9:1 as eluent. 4a was obtained as a white waxy solid with a 64% yield (653 mg, 
2.77 mmol).
FTIR-ATR (neat): 3271, 2918, 2852, 1511, 1242 cm−1.
1H NMR (400 MHz, CDCl3) δ 7.22 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 3.93 (t, J = 6.6 Hz, 2H), 
3.79 (s, 2H), 2.54 (s, 2H), 1.76 (dq, J = 8.1, 6.6 Hz, 2H), 1.50–1.39 (m, 2H), 1.39–1.12 (m, 13H), 0.95 – 
0.78 (m, 3H).
13C NMR (100 MHz, CDCl3) δ 158.21, 134.06, 128.46, 114.54, 68.03, 45.53, 31.79, 29.34, 29.26, 29.22, 
26.03, 22.63, 14.07.
ESI-MS analysis: C15H23O [M-NH2]+, mass calculated: 219.17, mass found: 219.17.

Synthesis of 4b
3b (900 mg, 3.46 mmol) was dissolved in dry Et2O (10 mL) under N2 and cooled down in an ice bath. 
Then, LiAlH4 (4.15 mL, 1 M THF) was dropwise added turning the colourless solution to a pale-yellow 
suspension together with gas release. The reaction was gradually warmed to room temperature and further 
stirred overnight. The crude was diluted with Et2O and NaOH (3.60 mL) was added in an ice bath to 
precipitate inorganic salts. After 1 hour stirring, the suspension was vacuum filtered and the solid rinsed 
several times with Et2O. The solvent was removed under reduced pressure giving rise a yellow oil, which 
was purified through silica gel column using CHCl3:MeOH:NH3 90:9:1 as eluent. 4b was obtained as a 
yellowish liquid with 86% yield (770 mg, 2.94 mmol).
FTIR-ATR (neat): 3277, 2924, 2869, 1513, 1245 cm−1.
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1H NMR (400 MHz, CDCl3) δ 7.25–7.19 (m, 2H), 6.90–6.83 (m, 2H), 4.02–3.88 (m, 2H), 3.80 (s, 2H), 
3.65 (bs, 2H), 1.87–1.74 (m, 1H), 1.74–1.43 (m, 3H), 1.39–1.21 (m, 3H), 1.21–1.06 (m, 3H), 0.93 (d, 
J = 6.5 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 158.45, 132.46, 128.83, 114.62, 66.34, 45.11, 39.23, 37.29, 36.20, 29.84, 
27.95, 24.64, 22.69, 22.59, 19.63.
ESI-MS analysis: C17H27O [M-NH2]+, mass calculated: 247.21, mass found: 247.20.

Synthesis of C8-3
FTIR-ATR (neat): 3244, 3069, 2925, 2854, 1638, 1553, 1511, 1299, 1246, 1232, 1177 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.33 (s, 3H), 7.23 (d, J = 8.6 Hz, 5H), 6.92–6.78 (m, 6H), 6.64 (t, J = 5.5  Hz, 
3H), 4.54 (d, J = 5.5 Hz, 6H), 3.93 (t, J = 6.6 Hz, 6H), 1.84–1.69 (m, 6H), 1.52–1.39 (m, 6H), 1.39–1.17 
(m, 24H), 1.00–0.77 (m, 9H).
13C NMR (100 MHz, CDCl3) δ 165.34, 158.79, 135.05, 129.34, 129.28, 128.22, 114.80, 77.00, 68.09, 43.91, 
31.81, 30.92, 29.35, 29.23, 26.03, 22.65, 14.09. HRMS (ESI): C54H75N3O6 [M+Na]+, mass calculated: 
884.55, mass found: 884.57; [M+K]+, mass calculated: 900.53, mass found: 900.54.

Synthesis of Cit-3
FTIR-ATR (neat): 3231, 3065, 2954, 2925, 2869, 1637, 1556, 1511, 1298, 1246, 1233, 1175 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.34 (s, 3H), 7.26 (s, 6H), 6.87 (d, J = 8.6 Hz, 6H), 6.57 (t, J = 5.6 Hz, 3H), 
4.56 (d, J = 5.4 Hz, 6H), 3.99 (d, J = 7.0 Hz, 6H), 1.90–1.75 (m, 3H), 1.75–1.43 (m, 15H), 1.42–1.21 (m, 
14H), 1.21–1.06 (m, 6H), 0.94 (d, J = 6.5 Hz, 9H), 0.87 (d, J = 6.6 Hz, 18H).
13C  NMR (100 MHz, CDCl3) δ 165.33, 158.79, 135.05, 129.35, 129.28, 128.23, 114.81, 66.41, 43.92, 
39.23, 37.29, 36.16, 29.84, 27.96, 24.64, 22.70, 22.60, 19.62.
HRMS (ESI): C60H87N3O6Na [M+Na]+, mass calculated: 968.65, mass found: 968.65.

Synthesis of 5b
3,4-dihydroxybenzaldehyde (540 mg, 3.90 mmol) was dissolved in 30 mL of DMF in a Schlenk flask under 
argon atmosphere. To the solution were added (S)-3,7-dimethyloctyl-4-methylbenzenesulfonate (2.05 eq., 
2.5 g, 8.0 mmol) and potassium carbonate (3.5 eq., 1.89 g, 13.7 mmol) and the reaction mixture refluxed 
for 16 hours. The solvent was removed under reduced pressure, the mixture dissolved in chloroform and 
extracted with water (3 x 20 mL). The organic phase was dried over magnesium sulfate, filtered and the 
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solvent removed. The material was purified by column chromatography with a Biotage Isolera One and a 
solvent gradient of DCM in heptane (30 to 50%) to yield 5a as a yellow oil (3.19 mmol, yield: 82%) 
FTIR-ATR (neat): 2921, 2851, 1685, 1589, 1510, 1271, 1236, 1133 cm−1.
1H NMR (400 MHz, CDCl3) δ 9.83 (s, 1H), 7.46 – 7.35 (m, 2H), 6.95 (d, J = 8.0 Hz, 1H), 4.16 – 3.98 (m, 
4H), 1.95 – 1.80 (m, 2H), 1.75 – 1.45 (m, 6H), 1.39 – 1.09 (m, 10H), 0.95 (dd, J = 6.4, 1.8 Hz, 6H), 0.86 
(d, J = 6.6 Hz, 12H).
13C  NMR (100 MHz, CDCl3) δ 191.13, 154.77, 149.58, 129.99, 126.76, 111.77, 110.86, 67.65, 67.62, 
39.37, 39.36, 37.43, 36.15, 36.02, 30.11, 30.08, 28.12, 24.86, 24.85, 22.84, 22.74, 19.85, 19.83.
ESI-MS analysis: C27H46O3 [M+H]+, mass calculated: 419.36, mass found: 419.28.

Synthesis of 5b
3,4-dihydroxybenzaldehyde (1 g, 7.24 mmol) was dissolved in 40 mL of DMF in a Schlenk flask under 
argon atmosphere. To the solution 1-bromooctane (2.05 eq., 2.87 g, 14.9 mmol) and potassium carbonate 
(3.5 eq., 3.5 g, 25.3 mmol) were added and the reaction mixture refluxed for 16 hours. The solvent was 
removed under reduced pressure, the mixture dissolved in chloroform and extracted with water (3 x 20 mL). 
The organic phase was dried over magnesium sulfate, filtered and the solvent removed. The material was 
purified by column chromatography with a Biotage Isolera One and a solvent gradient of DCM in heptane 
(30 to 50%) to yield 2.45 g of 5b as a crystalline solid (6.76 mmol, yield: 93%).
FTIR-ATR (neat): 2926, 2869, 1689, 1595, 1508, 1265, 1132 cm−1.
1H NMR (400 MHz, CDCl3) δ 9.83 (s, 1H), 7.45 – 7.37 (m, 2H), 6.95 (d, J = 8.1 Hz, 1H), 4.06 (dt, J = 11.4, 
6.6 Hz, 4H), 1.92 – 1.78 (m, 4H), 1.48 (m, J = 7.2, 2.5 Hz, 4H), 1.40 – 1.21 (m, 16H), 0.94 – 0.83 (m, 6H).

Synthesis of 6a
Aldehyde 5a (1.42 g, 3.91 mmol) was dissolved in dry THF (30 mL), and the mixture was stirred at 0–4 °C. 
After 10 min, NaBH4 (0.30 g, 37.83 mmol) was added. After 2 h the reaction was completed by TLC and 
the mixture was quenched with the addition of aqueous NaHCO3 (5% w/w, 10 mL). After addition of 
water (20 mL) the mixture was extracted with CH2Cl2 (3 x 10 mL). The organic layers were combined, 
treated with brine (10 mL) and dried over anhydrous Na2SO4. After filtration and removal of the solvents 
under reduced pressure, the crude was obtained as a thick oil that slowly solidified to yield a waxy solid. 
The product was purified by flash column chromatography using an eluent gradient from hexanes (100 %) 
to hexanes/ethyl acetate (5/1). 6a was obtained as a yellowish liquid with 85% yield (1.21 g, 3.32 mmol).
FTIR-ATR (neat): 3282, 2921, 2845, 1593, 1518, 1467, 1429, 1263, 1139 cm−1.
1H NMR (400 MHz, CDCl3) δ 7.03–6.89 (m, 1H), 6.89–6.71 (m, 2H), 4.57 (d, J = 19.6 Hz, 2H), 3.99 (t, 
J = 6.6 Hz, 2H), 3.98 (t, J = 6.7 Hz, 2H), 2.02–1.72 (m, 4H), 1.65 (s, 1H), 1.55–1.40 (m, 4H), 1.40–1.05 
(m, 18H), 1.00–0.69 (m, 6H).
13C NMR (100 MHz, CDCl3) δ 149.33, 148.71, 133.69, 119.56, 113.85, 112.97, 69.42, 69.21, 65.36, 31.81, 
29.37, 29.29, 29.27, 26.02, 26.01, 22.65, 14.08.
ESI-MS analysis: C23H40O3Na [M+Na]+, mass calculated: 387.29, mass found: 387.28.

Synthesis of 6b
6b was synthesized according to the procedure described for 6a, using 5b as starting material (1.15  g, 
2.75 mmol), and NaBH4 as reductant (0.21 g, 5.50 mmol). 6b was obtained as a colourless liquid with 84% 
yield (965 mg, 2.31 mmol).
FTIR-ATR (neat): 3372, 2925, 2869, 1512, 1463, 2621, 1135 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.96–6.79 (m, 6H), 4.61 (s, 2H), 4.16–3.80 (m, 8H), 1.96–1.77 (m, 3H), 
1.76–1.42 (m, 13H), 1.42–1.21 (m, 12H), 1.21–1.03 (m, 11H), 0.98–0.90 (m, 8H), 0.90–0.82 (m, 12H).
13C NMR (100 MHz, CDCl3) δ 149.35, 148.72, 133.63, 119.55, 113.70, 112.83, 67.73, 67.53, 65.42, 39.26, 
37.35, 36.26, 36.24, 36.20, 36.16, 29.93, 29.91, 27.98, 24.72, 24.71, 22.70, 22.60, 19.69.

Synthesis of 7a
Alcohol 6a (1.15  g, 3.16  mmol) was dissolved in dry CH2Cl2 (10 mL), and the solution was stirred at 
0–4 °C. After 10 min, thionyl chloride (0.32 mL, 4.42 mmol) was added dropwise. After 2 h stirring in 
a water-ice bath the reaction was still incomplete by TLC and the mixture was allowed to react for 1 h at 
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room temperature before adding another portion of SOCl2 (0.32 mL) at 0–4 °C. After 2 h the solvents were 
removed under reduced pressure and the crude was dried under vacuum. The yellow crude finally solidified 
to a waxy yellowish solid, which was used in the next reaction without any purification.
FTIR-ATR (neat): 2922, 2850, 1603, 1467, 1392, 1270, 1234, 1132 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.94–6.86 (m, 2H), 6.86–6.79 (m, 1H), 4.55 (s, 2H), 4.01 (d, J = 6.6 Hz, 
2H), 3.98 (d, J = 6.7 Hz, 2H), 1.90–1.74 (m, 5H), 1.53–1.41 (m, 4H), 1.41–1.13 (m, 19H), 0.99–0.79 (m, 
7H).
13C NMR (100 MHz, CDCl3) δ 149.37, 149.23, 129.96, 121.23, 114.20, 113.45, 69.26, 46.75, 31.81, 29.36, 
29.26, 29.22, 26.01, 22.66, 14.09.

Synthesis of 7b
7b was synthesized according to the procedure described for 7a, using 6b as starting material (1.00  g, 
2.38 mmol), and SOCl2 (0.48 mL, 6.66 mmol) in two portions.
FTIR-ATR (neat): 2952, 2925, 2868, 1511, 1467, 1262 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.95–6.86 (m, 2H), 6.86–6.77 (m, 1H), 4.55 (s, 2H), 4.10–3.91 (m, 4H), 
1.95–1.80 (m, 2H), 1.79–1.45 (m, 10H), 1.41–1.21 (m, 6H), 1.21–1.05 (m, 7H), 0.95 (d, J = 6.5 Hz, 3H), 
0.94 (d, J = 6.5 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H), 0.87 (d, J = 6.6 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 149.36, 149.22, 129.93, 121.21, 114.06, 113.31, 67.58, 46.78, 39.25, 37.34, 
37.33, 36.21, 36.16, 29.92, 29.91, 27.98, 24.73, 24.71, 22.70, 22.60, 19.70, 19.67.
ESI-MS analysis: C27H47O2 [M-Cl]+, mass calculated: 403.36, mass found: 403.36.

Synthesis of 8a
NaN3 (0.41 g, 6.32 mmol) was added to a solution of 7a (3.16 mmol) in dry DMF (9 mL). The mixture was 
heated to 80 °C and allowed to react overnight (18 h). The mixture was allowed to reach room temperature, 
water (30 mL) was added and the product was extracted with a 7/3 mixture of hexanes and ethyl acetate 
(3 x 20 mL). The organic layers were combined, treated with brine (20 mL), dried over anhydrous Na2SO4, 
filtered and submitted to reduced pressure to remove the solvents.
The product was purified by flash column chromatography using an eluent gradient from hexanes to 
hexanes/ethyl acetate 98/2.
FTIR-ATR (neat): 2955, 2917, 2849, 2107, 1517, 1467, 1430, 1263, 1238, 1137 cm−1.
1H NMR (400 MHz, CDCl3) δ 7.01–6.68 (m, 3H), 4.25 (s, 2H), 4.00 (t, J = 6.7 Hz, 2H), 3.99 (t, J = 6.7 Hz, 
2H), 1.89–1.73 (m, 4H), 1.54–1.41 (m, 4H), 1.41–1.17 (m, 14H), 0.99–0.79 (m, 6H).
13C NMR (100 MHz, CDCl3) δ 149.32, 149.24, 127.79, 120.93, 113.89, 113.64, 69.29, 69.27, 54.78, 31.81, 
29.37, 29.26, 26.01, 22.66, 14.08.

ESI-MS analysis: C23H39N3O2Na [M+Na]+, mass calculated: 412.29, mass found: 412.29.

Synthesis of 8b
8b was synthesized according to the procedure described for 8a, using 7b as starting material (2.38 mmol), 
and NaN3 (0.31 g, 4.76 mmol).
FTIR-ATR (neat): 2953, 2925, 2869, 2095, 1512, 1467, 1429, 1262, 1236, 1138 cm−1.
1H  NMR (400 MHz, CDCl3) δ 6.93–6.72 (m, 3H), 4.25 (s, 2H), 4.14–3.75 (m, 3H), 2.01–1.76 (m, 
2H), 1.75–1.44 (m, 5H), 1.39–1.05 (m, 11H), 0.95 (d, J = 6.5 Hz, 3H), 0.94 (d, J = 6.5 Hz, 3H), 0.87 (d, 
J = 6.6 Hz, 12H).
13C NMR (100 MHz, CDCl3) δ 149.32, 149.23, 127.76, 120.89, 113.75, 113.49, 67.61, 67.58, 54.80, 39.24, 
37.34, 36.21, 36.19, 29.91, 27.98, 24.71, 22.69, 22.59, 19.70, 19.69.
ESI-MS analysis: C27H47N3O2Na [M+Na]+, mass calculated: 468.36, mass found: 468.35.

Synthesis of 9a
Azide 8a (0.50  g, 1.29  mmol) was dissolved in dry THF (10 mL) under N2 atmosphere. After 10 min 
stirring at 0–4  °C LiAlH4 (1 M in THF, 1.54 mL) was added dropwise via syringe. After 2 h stirring at 
0–4 °C no starting material was observed by TLC. The mixture was diluted with diethyl ether (20 mL), and 
water (0.100 mL) and aqueous 1 M NaOH (0.100 mL) were consecutively added at 0–4 °C. After 30 min 
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water (0.100 mL) was added and the mixture was stirred at room temperature for 15 min. The mixture was 
then filtered, and the filter cake was washed with diethyl ether (3 x 5 mL). The filtrate was submitted to 
reduced pressure and the crude was obtained as a waxy yellowish solid after slow solidification. The product 
was used without further purification.
FTIR-ATR (neat): 3321, 2921, 2850, 1512, 1467, 1268, 1253, 1232, 1135 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.88–6.63 (m, 3H), 4.57–4.38 (m, 2H), 4.15–3.73 (m, 4H), 2.09–1.58 (m, 
4H), 1.55–1.38 (m, 4H), 1.38–1.13 (m, 16H), 0.99–0.49 (m, 6H).

Synthesis of 9b
9b was synthesized according to the procedure described for 9a, using 8b as starting material (0.50  g, 
1.12 mmol), and LiAlH4 as reductant (1 M in THF, 1.35 mL). The product, a yellow oil, was used without 
further purification.
FTIR-ATR (neat): 2925, 2869, 1510, 1263, 1136 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.88–6.63 (m, 3H), 4.57–4.38 (m, 1H), 4.15–3.73 (m, 4H), 2.09–1.58 (m, 
4H), 1.55–1.38 (m, 4H), 1.38–1.13 (m, 16H), 0.99–0.49 (m, 6H).
ESI-MS analysis: C27H49NO2 [M]+, mass calculated: 419.38, mass found: 419.37.

Synthesis of C8-6
FTIR-ATR (neat): 3237, 3069, 2924, 2855, 1644, 1515, 1264, 1137 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 2.6 Hz, 3H), 6.87–6.64 (m, 11H), 4.50 (d, J = 3.2 Hz, 3H), 
4.00–3.86 (m, 12H), 1.95–1.70 (m, 14H), 1.70–1.54 (m, 3H), 1.54–1.37 (m, 15H), 1.37–1.01 (m, 51H), 
0.97–0.73 (m, 18H).
13C NMR (100 MHz, CDCl3) δ 165.18, 149.34, 148.74, 134.97, 129.99, 128.34, 120.65, 114.04, 113.98, 
69.42, 69.34, 44.36, 31.81, 29.37, 29.37, 29.30, 29.26, 26.02, 26.00, 22.65, 14.08.
HRMS (ESI): C78H123N3O9 [M+Na]+, mass calculated: 1268.92, mass found: 1268.93. C78H123N3O9K 
[M+K]+, mass calculated: 1284.89, mass found: 1284.90.

Synthesis of Cit-6
FTIR-ATR (neat): 3237, 3066, 2954, 2926, 2869, 1636, 1514, 1558, 1512, 1468, 1427, 1295, 1263, 1232, 
1137 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.37 (s, 3H), 6.83 (s, 9H), 6.65 (t, J = 5.4 Hz, 3H), 4.53 (d, J = 5.4 Hz, 
6H), 4.17–3.80 (m, 12H), 1.92–1.75 (m, 6H), 1.74–1.42 (m, 13H), 1.42–1.01 (m, 40H), 0.93 (dd, J = 6.5, 
2.7 Hz, 18H), 0.86 (dd, J = 6.6, 2.4 Hz, 36H).
13C NMR (100 MHz, CDCl3) δ 165.13, 149.45, 148.88, 135.04, 129.91, 128.24, 120.65, 114.01, 113.95, 
67.76, 67.68, 44.40, 39.26, 37.38, 37.35, 36.30, 36.24, 29.91, 27.98, 24.71, 22.70, 22.60, 19.67, 19.66.
HRMS (ESI): C90H147N3O9 [M+Na]+, mass calculated: 1438.10, mass found: 1437.11.

Synthesis of 10a
Methyl-3,4,5-trihydroxybenzoate (0.74 g, 4 mmol) and anhydrous potassium carbonate (3.32 g, 24 mmol) 
were suspended in anhydrous DMF (20 mL). The suspension was heated to 80 °C and after 1 h stirring, 
1-bromooctane (2.3 mL 13.2 mmol) was added dropwise via syringe. After 66 h the mixture (dark color) 
was allowed to reach room temperature and then poured into water (60 mL). The product was extracted 
with a 70/30 mixture of hexanes and ethyl acetate (3 x 30 mL). The combined organic layers were treated 
with brine (30 mL), dried over anhydrous Na2SO4, filtered and submitted to reduced pressure. The product 
was then purified by flash column chromatography using an eluent gradient from hexanes (100 %) to a 
mixture of hexanes and ethyl acetate (95/5). 10a was obtained as a colourless oil in 71% yield (1.47 g, 
2.82 mmol).
FTIR-ATR (neat): 2924, 2855, 1722, 1587, 1429, 1335, 1217, 1111 cm−1.
1H NMR (400 MHz, CDCl3) δ 7.27 (d, J = 4.6 Hz, 3H), 4.03 (t, J = 6.6 Hz, 2H), 4.02 (t, J = 6.5 Hz, 4H), 
3.90 (s, 3H), 1.90–1.69 (m, 6H), 1.55–1.42 (m, 6H), 1.42–1.16 (m, 24H), 0.99–0.78 (m, 9H).
13C NMR (100 MHz, CDCl3) δ 166.92, 152.79, 142.35, 124.63, 107.96, 73.47, 69.15, 52.08, 31.88, 31.82, 
30.31, 29.50, 29.35, 29.33, 29.29, 29.28, 26.06, 26.03, 22.68, 22.66, 14.08.
ESI-MS analysis: C32H57O5 [M+H]+, mass calculated: 521.42, mass found: 521.43.
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Synthesis of 10b
10b was synthesized according to the procedure described for 10a, using methyl 3,4,5-trihydroxybenzoate 
(0.74 g, 4 mmol), potassium carbonate (3.32 g, 24 mmol), and (S)-3,7-dimethyl-1-octyl methylsulfonate 
(4.58 g, 19.4 mmol) in dry DMF (20 mL). The product was purified by flash column chromatography using 
an eluent gradient from hexanes to a 98/2 mixture of hexanes and ethyl acetate, and obtained as a colourless 
oil (1.24 g, 2.05 mmol, 51% yield).
FTIR-ATR (neat): 2953, 2869, 1723, 1587, 1435, 1333, 1212, 1112 cm−1.
1H  NMR (400 MHz, CDCl3) δ 7.26 (s, 2H), 4.24–3.95 (m, 6H), 3.89 (s, 3H), 1.93–1.76 (m, 3H), 
1.76–1.66 (m, 3H), 1.66–1.44 (m, 4H), 1.42–1.22 (m, 6H), 1.22–1.05 (m, 9H), 0.94 (d, J = 6.6 Hz, 6H), 
0.92 (d, J = 6.6 Hz, 3H), 0.89–0.78 (m, 18H).
13C NMR (100 MHz, CDCl3) δ 166.91, 152.80, 142.31, 124.64, 107.90, 71.66, 67.42, 52.06, 39.33, 39.24, 
37.47, 37.31, 36.29, 29.80, 29.61, 27.96, 24.71, 24.69, 22.68, 22.59, 22.57, 19.56, 19.53.
ESI-MS analysis: C38H68O5Na [M+Na]+, mass calculated: 627.50, mass found: 627.50.

Synthesis of 11a
10a (1.43 g, 2.76 mmol) was dissolved in dry diethyl ether (20 mL), and the colourless solution was stirred 
at 0–4 °C for 10 min. LiAlH4 (1 M in THF, 2.8 mL) was then added dropwise via syringe (gas evolution). 
The reaction mixture was allowed to react while the water-ice bath was consumed. After 3 h the mixture was 
diluted with diethyl ether (40 mL), cooled down to 0–4 °C. Deionized water (0.10 mL) and 1 M NaOH 
(0.10 mL) were consecutively added. The mixture was stirred for 30 min and other 0.10 mL deionized 
water were added. The mixture was stirred for 30 min at room temperature and then filtered to remove the 
formed salts. Evaporation of the solvents under reduced pressure afforded 11a as a white waxy solid (1.20 g, 
2.43 mmol, 88% yield).
FTIR-ATR (neat): 3289, 2921, 2852, 1590, 1437, 1228, 1113 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.56 (s, 2H), 4.59 (s, 2H), 3.97 (t, J = 6.5 Hz, 4H), 3.93 (t, J = 6.6 Hz, 2H), 
1.92–1.65 (m, 6H), 1.52–1.39 (m, 6H), 1.39–1.09 (m, 24H), 1.00–0.78 (m, 9H).
13C NMR (100 MHz, CDCl3) δ 153.27, 137.62, 135.98, 109.93, 105.36, 73.43, 69.11, 65.68, 31.91, 31.83, 
30.32, 29.55, 29.41, 29.37, 29.36, 29.36, 29.29, 26.12, 26.09, 22.69, 22.67, 14.09.
ESI-MS analysis: C31H57O4 [M+H]+, mass calculated: 493.43, mass found: 493.42.

Synthesis of 11b
11b was prepared according the same procedure as 11a using 10b (1.15 g, 1.90 mmol) as starting material 
and LiAlH4 (1 M in THF, 1.90 mL). The product was purified by flash column chromatography using an 
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eluent gradient from hexanes to hexanes/ethyl acetate (95/5). The product was obtained as a colorless oil 
(0.93 g, 1.61 mmol, 85% yield).
FTIR-ATR (neat): 3357, 2953, 2925, 2869, 1590, 1457, 1437, 1232, 1114 cm−1.
1H  NMR (400 MHz, CDCl3) δ 6.57 (s, 2H), 4.59 (s, 2H), 4.15–3.86 (m, 6H), 1.93–1.76 (m, 3H), 
1.76–1.64 (m, 3H), 1.64–1.43 (m, 6H), 1.43–1.21 (m, 9H), 1.21–1.04 (m, 9H), 0.93 (d, J = 6.6 Hz, 9H), 
0.86 (d, J = 6.6 Hz, 18H).
13C NMR (100 MHz, CDCl3) δ 153.27, 137.52, 136.04, 105.24, 71.65, 67.36, 65.65, 39.36, 39.27, 37.52, 
37.35, 36.41, 29.82, 29.69, 27.98, 27.96, 24.72, 24.71, 22.70, 22.59, 19.63, 19.57.
ESI-MS analysis: C37H68O4Na [M+Na]+, mass calculated: 599.50, mass found: 599.50.

Synthesis of 12a
11a (1.14 g, 2.32 mmol) was dissolved in dry dichloromethane (10 mL) and stirred for 10 min at 0–4 °C 
under nitrogen. Thionyl chloride (0.24 mL, 3.25 mmol) was added dropwise followed by DMF (3 drops). 
The colourless solution turned yellow. After 1 h stirring 0–4 °C the solvents were removed under reduced 
pressure. Additional dichloromethane was used to favour distillation of the excess of thionyl chloride. 12a 
was obtained as a yellow oil and directly used in the next reaction.
FTIR-ATR (neat): 2924, 2854, 1591, 1506, 1437, 1335, 1235, 1113 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.57 (s, 2H), 4.51 (s, 2H), 3.97 (t, J = 6.5 Hz, 4H), 3.94 (t, J = 6.6 Hz, 2H), 
1.88–1.67 (m, 6H), 1.53–1.40 (m, 6H), 1.40–1.10 (m, 24H), 0.98–0.75 (m, 9H).
13C NMR (100 MHz, CDCl3) δ 153.19, 138.24, 132.30, 106.98, 71.66, 67.39, 46.99, 39.35, 39.26, 39.17, 
37.50, 37.33, 37.31, 37.06, 36.45, 36.36, 29.80, 29.67, 27.98, 24.73, 24.70, 22.70, 22.59, 19.58.
ESI-MS analysis: C31H55ClO3Na [M+Na]+, mass calculated: 533.37, mass found: 533.37.

Synthesis of 12b
The product was prepared following the same procedure as for 12a using 11b (0.88 g, 1.53 mmol), thionyl 
chloride (0.16 mL, 2.14 mmol), DMF (3 drops) and dry dichloromethane (10 mL).
FTIR-ATR (neat): 2953, 2925, 2869, 1591, 1505, 141464, 1440, 1236, 1114 cm−1.
1H  NMR (400 MHz, CDCl3) δ 6.58 (s, 2H), 4.52 (s, 2H), 4.28–3.80 (m, 6H), 1.95–1.76 (m, 3H), 
1.75–1.40 (m, 9H), 1.40–1.21 (m, 9H), 1.21–1.03 (m, 9H), 1.00–0.89 (m, 9H), 0.87 (d, J = 6.6 Hz, 12H), 
0.86 (d, J = 6.4 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 153.19, 138.24, 132.30, 106.98, 71.66, 67.39, 46.99, 39.35, 39.26, 37.50, 
37.34, 37.34, 37.31, 36.36, 29.80, 29.67, 27.98, 24.73, 24.70, 22.70, 22.61, 22.59, 19.58.
ESI-MS analysis: C37H67ClO3 [M+Na]+, mass calculated: 617.47, mass found: 617.46.

Synthesis of 13a
The product was prepared following the same procedure as for 8a using 12a (2.32  mmol) and NaN3 
(0.30 g, 4.64 mmol). The product was purified by flash column chromatography using an eluent gradient 
from hexanes to hexanes/ethyl acetate 99/1. 13a was obtained as a colourless liquid with 76% yield (0.93 g, 
1.79 mmol).
FTIR-ATR (neat): 2924, 2855, 2097, 1590, 1507, 1436, 1335, 1234, 1113 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.49 (s, 2H), 4.24 (s, 2H), 3.97 (t, J = 6.5 Hz, 4H), 3.94 (t, J = 6.6 Hz, 2H), 
1.91–1.67 (m, 6H), 1.53–1.40 (m, 6H), 1.40–1.13 (m, 24H), 1.01–0.76 (m, 9H).
13C NMR (100 MHz, CDCl3) δ 153.32, 138.08, 130.32, 106.57, 73.40, 69.13, 55.17, 31.90, 31.82, 30.31, 
29.54, 29.37, 29.35, 29.28, 26.09, 26.08, 22.69, 22.67, 14.09.
ESI-MS analysis: C31H55N3O3Na [M+Na]+, mass calculated: 540.41, mass found: 540.41.

Synthesis of 13b
The product was prepared following the same procedure as for 8a using 12b (1.39  mmol) and NaN3 
(0.18 g, 2.78 mmol). The product was purified by flash column chromatography using an eluent gradient 
from hexanes to hexanes/ethyl acetate 98/2. 13b was obtained as a colourless liquid with 71% yield 
(0.60 g, 0.99 mmol).
FTIR-ATR (neat): 2953, 2925, 2869, 2097, 1590, 1507, 1437, 1236, 1114 cm−1.
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1H  NMR (400 MHz, CDCl3) δ 6.50 (s, 2H), 4.25 (s, 2H), 4.12–3.86 (m, 6H), 1.94–1.77 (m, 3H), 
1.77–1.64 (m, 3H), 1.64–1.44 (m, 6H), 1.44–1.21 (m, 9H), 1.21–1.05 (m, 9H), 0.98–0.90 (m, 9H), 0.87 
(d, J = 6.6 Hz, 18H).
13C NMR (100 MHz, CDCl3) δ 153.34, 138.10, 130.36, 106.54, 71.64, 67.44, 55.19, 39.36, 39.26, 37.52, 
37.34, 37.33, 36.37, 29.81, 29.69, 27.98, 24.73, 24.71, 22.70, 22.61, 22.60, 19.58.
ESI-MS analysis: C37H67N3O3Na [M+Na]+, mass calculated: 624.51, mass found: 624.51.

Synthesis of 14a
13a (665 mg, 1.28 mmol) was dissolved in anhydrous diethyl ether (10 mL) under N2 atmosphere. After 
10 min stirring at 0–4 °C, LiAlH4 (1 M in THF, 1.54 mL) was added dropwise via syringe. After 2 h stirring 
at 0–4 °C no starting material was observed by TLC. The mixture was diluted with diethyl ether (20 mL), 
and water (0.660 mL) and aqueous 1 M NaOH (0.660 mL) were consecutively added at 0–4 °C. After 1 h 
water the mixture was filtered and the filter cake was washed with diethyl ether (3 x 5 mL). The filtrate 
was submitted to reduced pressure and the crude was obtained as a colorless oil. The product was purified 
by flash column chromatography using an eluent gradient of ethyl acetate/methanol/NH4OH (aq) from 
10/0/0 to 9/1/0 and finally 9/1/0.1. 14a was obtained as a waxy white solid with a 48% yield (0.31 g, 
0.61 mmol).
FTIR-ATR (neat): 2920, 2850, 1641, 1591, 1502, 1466, 1435, 1330, 1230, 1115 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.54 (s, 2H), 3.96 (t, J = 6.5 Hz, 4H), 3.91 (t, J = 6.6 Hz, 2H), 3.79 (s, 2H), 
3.17 (bs, 2H), 1.85–1.65 (m, 6H), 1.54–1.39 (m, 6H), 1.39–1.13 (m, 24H), 1.04–0.53 (m, 9H).
13C NMR (100 MHz, CDCl3) δ 153.25, 137.31, 135.79, 105.84, 73.39, 69.12, 46.04, 31.89, 31.82, 30.32, 
29.55, 29.43, 29.37, 29.29, 26.11, 26.11, 22.67, 22.65, 14.07.
ESI-MS analysis: C31H37NO3Na [M+Na]+, mass calculated: 514.42, mass found: 514.41.

Synthesis of 14b
14b was prepared following the same procedure as for 14a using 13b (396 mg, 0.66 mmol) and LiAlH4 
(1 M in THF, 0.79 mL). 14b was obtained as a yellow oil with a 61% yield (229 mg, 0.40 mmol).
FTIR-ATR (neat): 2953, 2925, 2869, 1589, 1463, 1436, 1232, 1114 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.56 (s, 2H), 4.08–3.86 (m, 6H), 3.83 (s, 2H), 3.21 (bs, 3H), 1.94–1.76 (m, 
3H), 1.76–1.62 (m, 3H), 1.62–1.43 (m, 6H), 1.43–1.20 (m, 10H), 1.20–1.03 (m, 8H), 0.93 (d, J = 6.4 Hz, 
6H), 0.91 (d, J = 6.2 Hz, 3H), 0.86 (d, J = 6.6 Hz, 18H).
13C NMR (100 MHz, CDCl3) δ 153.32, 137.42, 135.06, 105.89, 71.64, 67.40, 45.92, 39.36, 39.27, 37.54, 
37.39, 37.34, 36.45, 29.81, 29.71, 27.97, 24.73, 24.70, 22.70, 22.61, 22.59, 19.56, 19.55.
ESI-MS analysis: C37H67O3 [M-NH2]+, mass calculated: 559.51, mass found: 559.50.

Synthesis of C8-9
FTIR-ATR (neat): 3230, 3067, 2955, 2922, 2854, 1646, 1628, 1554, 1505, 1440, 1329, 1252, 1231, 1112 
cm−1.
1H NMR (400 MHz, CDCl3) δ 8.39 (s, 3H), 6.82 (s, 3H), 6.50 (s, 6H), 4.50 (d, J = 4.9 Hz, 6H), 4.13–3.79 
(m, 19H), 1.87–1.63 (m, 19H), 1.55–1.39 (m, 19H), 1.39–1.12 (m, 78H), 0.99–0.70 (m, 29H).
13C  NMR (100 MHz, CDCl3) δ 165.20, 153.42, 137.88, 134.85, 132.23, 128.38, 106.81, 77.00, 73.46, 
69.20, 31.90, 31.82, 30.32, 29.55, 29.42, 29.37, 29.28, 26.10, 22.68, 22.66, 14.08.
HRMS (ESI): C102H171N3O12Na [M+Na]+, mass calculated: 1654.28, mass found: 1654.28. C102H171N3O12K 
[M+K]+, mass calculated: 1670.25, mass found: 1670.25.

Synthesis of Cit-9
FTIR-ATR (neat): 3317, 2953, 2925, 2869, 1662, 1591, 1535, 1504, 1463, 1438, 1230, 1113 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.37 (s, 3H), 6.57 (t, J = 5.5 Hz, 3H), 6.53 (s, 6H), 4.53 (d, J = 5.4 Hz, 6H), 
4.13–3.80 (m, 18H), 1.94–1.77 (m, 9H), 1.77–1.63 (m, 8H), 1.63–1.45 (m, 23H), 1.45–1.21 (m, 25H), 
1.21–1.04 (m, 23H), 0.92 (d, J = 6.6 Hz, 18H), 0.92 (d, J = 6.6 Hz, 9H), 0.86 (d, J = 6.7 Hz, 48H).
13C NMR (100 MHz, CDCl3) δ 165.00, 153.50, 137.99, 134.97, 132.18, 128.25, 77.00, 71.70, 67.49, 39.37, 
39.27, 37.54, 37.40, 37.35, 36.44, 29.80, 29.71, 27.98, 24.73, 24.71, 22.71, 22.62, 22.60, 19.58, 19.55.
HRMS (ESI): C120H207N3O12Na [M+Na]+, mass calculated: 1906.56, mass found: 1906.57.
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Synthesis of 15a
3,5-dihydroxybenzyl alcohol (2.01  g, 14.4  mmol), n-octyl bromide (5.33 mL, 30.9  mmol), 18-crown-6 
(741 mg, 2.80 mmol) and K2CO3 (7.87 g, 56.9 mmol) were suspended in dry acetone (50 mL) under an 
argon atmosphere. The mixture was refluxed for 16 hours, after which the mixture was cooled to room 
temperature and subsequently, water (50 mL) was added and the volatile organic solvent was evaporated. 
Then, CH2Cl2 (50 mL) was added and the product was extracted into the organic layer. The organic layer 
was dried over MgSO4, filtered and evaporated. Column chromatography (KP-Sil 100g, heptane to EtOAc) 
afforded the product (4.65 g, 89%). 
1H NMR (400 MHz, CDCl3) δ 6.50 (d, J = 2.2 Hz, 2H), 6.38 (t, J = 2.2 Hz, 1H), 4.62 (d, J = 5.9 Hz, 2H), 
3.93 (t, J = 6.6 Hz, 4H), 1.81–1.73 (m, 4H), 1.46–1.40 (m, 4H), 1.37–1.25 (m, 16H), 0.89 (t, J = 7.1 Hz, 
6H).
13C NMR (100 MHz, CDCl3) δ 160.70, 143.32, 105.21, 100.71, 68.22, 65.65, 31.97, 29.50, 29.41, 29.39, 
26.20, 22.81, 14.25.
MALDI-ToF analysis: mass calculated: 364.30, mass found: 365.38 (M+H+).

Synthesis of 15b
3,5-dihydroxybenzyl alcohol (1.66  g, 11.9  mmol), citronellyl tosylate (7.97  g, 25.5  mmol), 18-crown-6 
(632 mg, 2.39 mmol) and K2CO3 (6.52 g, 47.2 mmol) were suspended in dry acetone (25 mL) under an 
argon atmosphere. The mixture was refluxed for 15 hours, after which it was cooled to room temperature 
and subsequently, the solvent was evaporated. Then, the product was redissolved in DCM (50 mL) and 
washed with water (50 mL). The aqueous layer was extracted with DCM and the combined organic layers 
were dried over MgSO4, filtered and evaporated. Column chromatography (KP-Sil 50, 7 vol% EtOAc in 
heptane) afforded the product (3.43 g, 69%). 
1H NMR (400 MHz, CDCl3) δ 6.47 (d, J = 2.2 Hz, 2H), 6.35 (t, J = 2.2 Hz, 2H), 4.56 (d, J = 5.5 Hz, 2H), 
3.93 (m, 4H), 1.84–1.73 (m, 2H), 1.72–1.61 (m, 2H), 1.59–1.47 (m, 4H), 1.37–1.23 (m, 6H), 1.19–1.12 
(m, 6H), 0.93 (d, J = 6.6 Hz, 6H), 0.87 (d, J = 6.7 Hz, 12H).
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13C NMR (100 MHz, CDCl3) δ 160.50, 143.35, 105.08, 100.56, 66.40, 65.24, 39.33, 37.37, 36.29, 29.93, 
28.0, 24.74, 22.79, 22.69, 19.71.
MALDI-ToF analysis: mass calculated: 420.36, mass found: 421.37 (M+H+).

Synthesis of 16a
15a (4.44 g, 12.2 mmol), phthalimide (2.24 g, 15.2 mmol) and PPh3 (2.96 g, 14.6 mmol) were dissolved 
in dry THF (100 mL) under an argon atmosphere. The solution was cooled to 0 °C using an ice bath and 
a solution of DIAD (2.87 mL, 14.6 mmol) in dry THF (40 mL) was added using a dropping funnel. Then, 
the mixture was left to heat up and stir for 3 hours, after which the solvent was evaporated. Pentane (75 mL) 
was added to the residue to result in the formation of a white precipitate. The supernatant was decanted 
and evaporated. Column chromatography (KP-Sil 100g, 25% EtOAc in heptane) afforded the product in 
quantitative yield. 

1H NMR (400 MHz, CDCl3) δ 7.82–7.87 (m, 2H), 7.68–7.73 (m, 2H), 6.55 (d, J = 2.2 Hz, 2H), 3.90 (t, 
J = 6.6 Hz, 4H), 1.77–1.68 (m, 4H), 1.45–1.37 (m, 4H), 1.34–1.22 (m, 16H), 0.88 (t, J = 7.0 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 168.14, 160.61, 138.46, 134.09, 132.30, 123.48, 106.98, 100.77, 68.18, 
41.83, 31.95, 29.49, 29.38, 29.36, 26.18, 22.83, 22.80, 14.25, 14.24.
MALDI-ToF analysis: mass calculated: 493.32, mass found: 494.45 (M+H+).

Synthesis of 16b
15b (3.43 g, 8.16 mmol) was dissolved in dry THF (100 mL) under an argon atmosphere. Phthalimide 
(1.51 gram, 10.2 mmol) and PPh3 (2.78 g, 10.6 mmol) were added and the mixture was cooled to 0 °C 
using an icebath. Using a dropping funnel, a solution of DIAD (1.93 mL, 9.79 mmol) in dry THF (40 mL) 
was added, resulting in a yellow solution. The mixture was left to heat up to room temperature and stirred 
for 4 hours, after which the solvent was evaporated. Then, pentane (100 mL) was added to the yellow oil to 
precipitate a White solid. The resulting precipitate was filtered off and the filtrate was evaporated. Column 
chromatography (KP-Sil 100g, 25% CHCl3 in heptane) afforded the product as a viscous oil (3.57 g, 80%).
1H NMR (400 MHz, CDCl3) δ 7.84 (m, 2H), 7.72 (m, 2H), 6.55 (d, J = 2.2 Hz, 2H), 6.34 (t, J = 2.2 Hz, 
1H), 4.76 (s, 2H), 3.93 (m, 4H), 1.84–1.72 (m, 2H), 1.68–1.58 (m, 2H), 1.54–1.46 (m, 2H), 1.35–1.22 (m, 
8H), 1.18–1.10 (m, 6H), 0.91 (d, J = 6.6 Hz, 6H), 0.87 (s, 12H).
13C NMR (100 MHz, CDCl3) δ 168.16, 160.61, 138.47, 134.11, 132.32, 123.50, 106.98, 100.77, 66.48, 
41.84, 39.39, 37.44, 36.34, 32.04, 29.94, 28.12, 24.79, 22.86, 22.84, 22.75, 19.78, 14.27.
MALDI-ToF analysis: mass calculated: 549.38, mass found: 550.42 (M+H+).

Synthesis of 17a
16a (5.61  g, 11.4  mmol) was dissolved in 1:1 EtOH:THF (40 mL). Then, hydrazine monohydrate 
(5.52  mL, 0.11  mol) was added and the mixture was refluxed overnight. After coooling down to room 
temperature, CH2Cl2 (50 mL) was added and the solution was washed with 1 M aqueous Na2CO3 solution 
(100 mL). The organic layer was dried over MgSO4, filtered and evaporated to yield the product as a light 
red oil (3.85 g, 93%).
1H NMR (400 MHz, CDCl3) δ 6.44 (d, J = 2.2 Hz, 2H), 6.34 (t, J = 2.2 Hz, 1H), 3.93 (t, J = 6.6Hz, 4H), 
3.79 (s, 2H), 1.80–1.72 (m, 4H), 1.46–1.38 (m, 4H), 1.37–1.22 (m, 16H), 0.89 (t, J = 7.0 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 160.67, 145.88, 105.48, 99.76, 68.17, 46.86, 31.96, 29.50, 29.43, 29.39, 
26.20, 22.80, 14.24.
ESI-MS analysis: mass calculated: 363.31, mass found: 364.17 (M+H+). 

Synthesis of 17b
(3.5 g, 6.37 mmol) was dissolved in 1:1 EtOH:THF (20 mL). Then, hydrazine monohydrate (4.83 mL, 
63.7 mmol) was added. The mixture was then refluxed overnight and left at room temperature for 1 day, 
after which a white precipitate was formed. The suspension was dispersed between CHCl3 (50 mL) and 
0.5 M aqueous Na2CO3 solution (100 mL). The aqueous layer was extracted with CHCl3 (3x25 mL) and 
the combined organic layers were dried over MgSO4, filtered and evaporated to yield the product as a clear 
oil in quantitative yield.
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1H NMR (400 MHz, CDCl3) δ 6.45 (d, J = 2.2 Hz, 2H), 6.34 (t, J = 2.2 Hz, 2H), 3.96 (m, 4H), 3.79 (s, 2H), 
1.86–1.77 (m, 2H), 1.71–1.64 (m, 2H), 1.62–1.53 (m, 4H), 1.37–1.23 (m, 6H), 1.18–1.12 (m, 6H), 0.93 
(d, J = 6.6 Hz, 6H), 0.87 (d, J = 6.7 Hz, 12H).
13C NMR (100 MHz, CDCl3) δ 160.67, 145.91, 105.48, 99.79, 66.48, 46.89, 39.41, 37.44, 36.40, 30.01, 
28.13, 24.8, 22.86, 22.76, 19.81.

Synthesis of Sym-C8-6
FTIR-ATR (neat): 3330, 2925, 2855, 1664, 1596, 1531, 1460, 1291, 1166, 1060 cm-1.
1H NMR (400 MHz, CDCl3) δ 8.35 (s, 3H), 6.73 (t, J = 5.6 Hz, 3H), 6.44 (d, J = 2.2 Hz, 6H), 6.35 (t, 
J = 2.2 Hz, 3H), 4.53 (d, J = 5.5 Hz, 6H), 3.90 (t, J = 6.6 Hz, 12H), 1.85–1.65 (m, 12H), 1.52–1.38 (m, 
12H), 1.38–1.15 (m, 48H), 0.96–0.78 (m, 18H).
13C  NMR (100 MHz, CDCl3) δ 165.31, 160.65, 139.47, 134.99, 128.29, 106.45, 100.46, 68.09, 44.62, 
31.81, 29.36, 29.25, 29.23, 26.04, 22.65, 14.09.
HRMS (ESI): C78H123N3O9 [M+H]+, mass calculated: 1246.93, mass found: 1246.95; [M+Na]+, mass 
calculated: 1268.92, mass found: 1268.92.

Synthesis of Sym-Cit-6
FTIR-ATR (neat): 3332, 3037, 2954, 2927, 2870, 1596, 1532, 1463, 1167 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.36 (s, 3H), 6.65 (t, J = 5.5 Hz, 3H), 6.45 (d, J = 2.2 Hz, 6H), 6.38 (t, 
J = 2.2 Hz, 3H), 4.54 (d, J = 5.5 Hz, 6H), 4.05–3.85 (m, 12H), 1.87–1.72 (m, 6H), 1.72–1.60 (m, 6H), 
1.57–1.45 (m, 6H), 1.39–1.23 (m, 18H), 1.15 (s, 18H), 0.92 (d, J = 6.5 Hz, 18H), 0.86 (d, J = 6.6 Hz, 36H).
13C  NMR (100 MHz, CDCl3) δ 165.20, 160.69, 139.38, 134.99, 128.27, 106.50, 100.52, 66.40, 44.69, 
39.24, 37.31, 36.20, 29.82, 27.97, 24.65, 22.71, 22.60, 19.63.
HRMS (ESI): C90H147N3O9 [M+H]+, mass calculated: 1416.12, mass found: 1415.13; [M+Na]+, mass 
calculated: 1438.11, mass found: 1438.11.

Synthesis of 18a
Syringaldehyde (1,82 g, 10 mmol) and anhydrous potassium carbonate (2.76 g, 15 mmol) were suspended 
in anhydrous DMF (15 mL) and heated to 80  °C. After 10 min 1-bromoctane (2.6 mL, 15  mmol) was 
dropwise added and the mixture was refluxed overnight. After 18 h the reaction mixture was cooled down 
to roon temperature and diluted with water (40 mL). The mixture was then extracted with a mixtures of 
hexanes and ethyl acetate (7:3, 3 x 30 mL). the organic layers were combined and dried over anhydrous 
sodium sulfate. After filtration and removal of the solvents the crude product was obtained. The product 
was purified by flash silica gel column using hexane:ethyl acetate 95:5 as eluent. 18a was obtained as a 
colourless liquid with 85% yield (2.50 g, 8.50 mmol).
FTIR-ATR (neat): 2925, 2854, 1693, 1585, 1325, 1124 cm−1.
1H NMR (400 MHz, CDCl3) δ 9.86 (s, 1H), 7.12 (s, 2H), 4.07 (t, J = 6.8 Hz, 2H), 3.91 (s, 6H), 1.81–1.64 
(m, 2H), 1.53–1.37 (m, 2H), 1.37–1.13 (m, 8H), 1.00–0.67 (m, 3H).
13C NMR (100 MHz, CDCl3) δ 191.09, 153.89, 131.51, 106.78, 73.74, 56.25, 31.81, 30.11, 29.32, 29.25, 
25.75, 22.64, 14.08.
ESI-MS analysis: C17H26O4Na [M+Na]+, mass calculated: 317.17, mass found: 317.17.

Synthesis of 18b
1 (2.77 g, 17.53mmol), syringaldehyde (4.00 g, 21.89 mmol) and triphenyl phosphine (5.97 g, 22.75 mmol) 
were dissolved in dry THF ( mL) under N2 atmosphere. Next, the organic solution was cooled in an ice 
bath and diisopropyl azodicarboxylate (4.24 g, 20.99 mmol) dissolved in dry THF (30 mL) was added. 
The reaction was allowed to reach room temperature and further stirred overnight. Once the reaction was 
completed, water was added (5 drops) and further stirred 1 hour more. Then, THF was removed under 
reduced pressure and the solid obtained was redissolved in a mixture of ethyl acetate:hexane 3:7 (60 mL) 
in an ice bath over 1 hour. The white precipitate obtained was filtered through a plug silica gel and rinsed 
several times with the same solvent. Finally, the solvent was removed under reduced pressure giving rise to a 
yellow liquid, which was purified through silica gel column using hexane:ethyl acetate 90:10 as eluent. 18b 
was obtained as a colourless liquid with 52% yield (2.92 g, 9.05 mmol).
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FTIR-ATR (neat): 2918, 2864, 1685, 1576, 1119 cm−1.
1H NMR (400 MHz, CDCl3) δ 9.81 (s, 1H), 7.04 (s, 2H), 4.11–3.96 (m, 2H), 3.84 (s, 6H), 1.79–1.69 (m, 
1H), 1.68–1.39 (m, 3H), 1.31–1.00 (m, 6H), 0.84 (d, J = 6.7 Hz, 3H), 0.79 (d, J = 6.3 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 191.14, 153.95, 131.56, 106.76, 72.08, 56.25, 39.30, 37.30, 37.19, 29.56, 
27.99, 24.69, 22.72, 22.61, 19.55.
ESI-MS analysis: C19H30O4Na [M+Na]+, mass calculated: 345.20, mass found: 345.18.

Synthesis of 19a
To a solution of 18a (2.35  g, 8.00  mmol) in MeOH (50 mL) cooled in an ice bath, NaBH4 (0.38  g, 
10.0 mmol) was slowly added and the mixture was further stirred for 45 minutes. Then, the reaction was 
quenched with H2O (10 mL) and further diluted with H2O (20 mL). The product was extracted with 
EtOAc (3 x 20 mL) and the organic layers were combined, dried over MgSO4, filtered and submitted to 
reduced pressure. 19a was isolated as colorless oil with 92% yield (2.17 g, 7.38 mmol) and used without 
further purification.
FTIR-ATR (neat): 3411, 2925, 1591, 1505, 1456, 1125 cm−1.
1H NMR (400 MHz, CDCl3) δ 6.56 (s, 2H), 4.59 (s, 2H), 3.93 (t, J = 6.9 Hz, 2H), 3.82 (s, 6H), 1.81–1.64 
(m, 2H), 1.53–1.36 (m, 2H), 1.36–1.14 (m, 8H), 0.93–0.81 (m, 3H).
13C NMR (100 MHz, CDCl3) δ 153.49, 136.54, 136.31, 103.88, 73.48, 65.42, 56.02, 31.79, 30.00, 29.34, 
29.24, 25.79, 22.61, 14.04.
ESI-MS analysis: C17H28O4Na [M+Na]+, mass calculated: 319.19, mass found: 319.19.

Synthesis of 19b
The product was prepared following the same procedure as for 19a using 18b (2.63 g, 8.16 mmol) and 
NaBH4 (0.62 g, 16.32 mmol). 19b was isolated as colorless oil with 92% yield (2.41 g, 7.44 mmol) and 
used without further purification.
FTIR-ATR (neat): 3394, 3011, 2958, 2938, 2856, 1586, 1576, 1128 cm−1.
1H  NMR (400 MHz, CDCl3) δ 6.59 (s, 2H), 4.05–3.92 (m, 2H), 3.84 (s, 6H), 1.90–1.62 (m, 3H), 
1.61–1.45 (m, 2H), 1.41–1.00 (m, 6H), 0.92 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 6H).
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13C NMR (100 MHz, CDCl3) δ 154.44, 153.65, 136.03, 103.97, 71.87, 65.62, 56.10, 39.34, 37.36, 37.16, 
29.64, 27.98, 24.70, 22.72, 22.61, 19.56.
ESI-MS analysis: C19H32NaO4 mass calculated: 347.22, mass found: 347.22 [M+Na]+.

Synthesis of 20a
19a (2.05  g, 6.92  mmol) was dissolved in dry THF (100 mL) under nitrogen. Phthalimide (1.27  g, 
8.65 mmol) and triphenyl phosphine (2.36 g, 9.00 mmol) were added and the mixture was cooled to 0 °C 
using an ice-bath. A solution of DIAD (1.63 mL, 8.30 mmol) in dry THF (25 mL) was dropwise added, 
resulting in a yellow solution. The mixture was allowed to reach room temperature and stirred for 4 hours, 
after which the solvent was evaporated. Then, EtOAc:Hexane 3:7 (100 mL) was added to the yellow oil to 
precipitate a white solid. The resulting precipitate was filtered off through a plug of silica, rinsed with the 
same solvent and the filtrate was evaporated. Flash column chromatography in EtOAc:hexane 8:2 yielded 
the targeted compound 20a as a white solid with 79% yield (2.32 g, 5.46 mmol).
FTIR-ATR (neat): 2923, 2855, 1772, 1707, 1588, 1130 cm−1.
1H NMR (400 MHz, CDCl3) δ 7.90–7.80 (m, 2H), 7.76–7.66 (m, 2H), 6.69 (s, 2H), 4.75 (s, 2H), 3.90 
(t, J = 6.9 Hz, 2H), 3.83 (s, 6H), 1.78–1.65 (m, 2H), 1.40 (s, 2H), 1.35–1.16 (m, 8H), 0.93–0.80 (m, 3H).
13C NMR (100 MHz, CDCl3) δ 168.07, 153.49, 137.04, 133.98, 132.11, 131.64, 123.35, 106.15, 73.49, 
56.15, 41.93, 31.83, 30.03, 29.37, 29.27, 25.81, 22.64, 14.08.
ESI-MS analysis: C25H31NO5Na [M+Na]+, mass mass calculated: 448.21, mass found: 448.21.

Synthesis of 20b
The product was prepared following the same procedure as for 20a using 19b (2.16  g, 6.66  mmol), 
Phthalimide (1.23  g, 8.33  mmol), triphenyl phosphine (2.27  g, 8.66  mmol) and DIAD (1.62 mL, 
8.30 mmol). The targeted compound 20b was obtained as a white solid with 76% yield (2.28 g, 5.03 mmol).
FTIR-ATR (neat): 2929, 2836, 1770, 1699, 1594, 1124 cm−1.
1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 5.4, 3.0 Hz 2H), 7.64 (dd, J = 5.5, 2.9 Hz 2H), 6.62 (s, 2H), 
4.69 (s, 2H), 3.93–3.81 (m, 2H), 3.75 (s, 6H), 1.80–1.52 (m, 3H), 1.51–1.38 (m, 2H), 1.29–0.99 (m, 6H), 
0.82 (d, J = 6.5 Hz, 3H), 0.77 (d, J = 6.5 Hz, 6H).
13C NMR (100 MHz, CDCl3) δ 153.54, 134.00, 132.14, 131.69, 123,37, 106.16, 71.84, 56.15, 41.95, 39.32, 
37.33, 37.13, 29.62, 27.96, 24.66, 22.70, 22.60, 19.55.
ESI-MS analysis: C27H35NNaO5 mass calculated: 476.2400, mass found: 476.2407 [M+Na]+.

 Synthesis of 21a
20a (2.10 g, 4.96 mmol) was dissolved in absolute EtOH (60 mL), then hydrazine monohydrate (2.48 g, 
49.6  mmol) was added and the reaction was refluxed for 2 hours. The heterogeneous reaction mixture 
was allowed to cool at room temperature and filtered. The solid was rinsed thoroughly with Et2O and the 
filtrate was submitted to reduced pressure yielding a yellow oil which was redissolved in Et2O, basified with 
2-3 drops of NH3 (30 %) and washed with half saturated brine twice. The organic layer was dried over 
MgSO4, filtered and submitted to reduced pressure yielding a yellow oil that was purified through column 
chromatography in CHCl3:MeOH:NH3 90:9:1. 21a was isolated as a yellowish oil with 73% yield (1.09 g, 
3.72 mmol). 
FTIR-ATR (neat): 2925, 2855, 2912, 2856, 1586, 1699, 1462, 1110 cm−1.
1H NMR (400 MHz, MeOD) δ 6.65 (s, 2H), 3.89 (t, J = 6.6 Hz, 2H), 3.83 (s, 6H), 3.73 (s, 2H), 1.73–1.61 
(m, 2H), 1.53–1.40 (m, 2H), 1.40–1.26 (m, 8H), 0.96–0.85 (m, 3H).
13C NMR (100 MHz, MeOD) δ 154.77, 139.30, 137.03, 105.72, 74.35, 56.53, 46.87, 33.04, 31.10, 30.50, 
30.47, 27.03, 23.75, 14.47.
ESI-MS analysis: C17H29NO3 [M]+, mass calculated: 295.21, mass found: 294.94.

Synthesis of 21b
The product was prepared following the same procedure as for 21a using 20b (1.39 g, 3.06 mmol) and 
hydrazine monohydrate (1.53 g, 30.60 mmol). 21b was isolated as a yellowish oil with 73% yield (721 mg, 
2.23 mmol)
FTIR-ATR (neat): 3410, 2957, 2912, 2856, 1586, 1699, 1462, 1110 cm−1.
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1H NMR (400 MHz, MeOD) δ 6.67 (s, 2H), 4.00–3.91 (m, 2H), 3.85 (s, 6H), 3.74 (s, 2H), 1.80–1.68 (m, 
2H), 1.64–1.43 (m, 2H), 1.42–1.01 (m, 6H), 0.95 (d, J = 6.6 Hz, 3H), 0.90 (d, J = 6.7 Hz, 6H).
13C NMR (100 MHz, MeOD) δ 154.82, 139.59, 105.74, 72.60, 56.56, 46.94, 40.53, 38.45, 38.25, 30.69, 
29.19, 28.85, 25.85, 23.12, 23.02, 20.03.
ESI-MS analysis: C19H33NO3Na mass calculated: 347.24, mass found: 347.24 [M+Na]+.

Synthesis of Syr-C8-3
FTIR-ATR (neat): 3312, 2958, 2924, 2855, 1645, 1592, 1538, 1506, 1461, 1233, 1129 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.42 (s, 3H), 6.80 (bs, 3H), 6.53 (s, 6H), 4.54 (bs, 6H), 3.93 (t, J = 6.9 Hz, 
6H), 3.81 (s, 18H), 1.88–1.59 (m, 6H), 1.51–1.37 (m, 6H), 1.37–1.12 (m, 24H), 0.96–0.80 (m, 9H).
13C NMR (100 MHz, CDCl3) δ 165.20, 153.76, 134.99, 132.62, 105.52, 77.00, 73.59, 56.21, 31.84, 30.08, 
29.39, 29.29, 25.85, 22.66, 14.09.
MS (MALDI): C60H87N3O12 [M+Na]+, mass calculated: 1064.62, mass found: 1063.5; [M+K]+, mass 
calculated: 1080.59, mass found: 1079.5.

Synthesis of syr-Cit-3
FTIR-ATR (neat): 3317, 2954, 2928, 2870, 1645, 1591, 1506, 1461, 1423, 1329, 1233, 1128 cm−1.
1H NMR (400 MHz, CDCl3) δ 8.43 (s, 3H), 7.00 (bs, 3H), 6.51 (s, 6H), 4.51 (d, J = 4.8 Hz, 6H), 4.07–3.86 
(m, 6H), 3.78 (s, 18H), 1.86–1.72 (m, 3H), 1.72–1.59 (m, 3H), 1.59–1.44 (m, 6H), 1.38–1.19 (m, 9H), 
1.19–1.03 (m, 9H), 0.90 (d, J = 6.6 Hz, 9H), 0.85 (d, J = 6.6 Hz, 18H).
13C  NMR (100 MHz, CDCl3) δ 165.35, 153.70, 137.04, 134.92, 132.71, 128.45, 105.42, 77.00, 71.90, 
56.14, 44.83, 39.31, 37.33, 29.63, 27.95, 24.66, 22.69, 22.58, 19.52.
MS (MALDI): C66H99N3O12 [M+Na]+, mass calculated: 1148.71, mass found: 1147.6; [M+K]+. 

4.3. Brief description of computational details 
All-atom  molecular dynamics (MD) simulations were performed using AMBER 16 software.48 We 
started from prearranged BTA fibers. For this, BTA monomers were built within BIOVIA Discovery 
Studio 4.0 and parametrized with the ‘general AMBER force field (GAFF)’49. Once BTA fibers were built, 
the energy of the system was minimized. After initial energy minimization, the BTA fibers underwent 
500 ns of MD simulations. Particle velocities in each direction were randomly assigned according to 
the Maxwell-Boltzmann velocity distribution function at the specified temperature. MD simulations 
were performed at a temperature of 300 K using a Langevin thermostat with a coupling constant of 1 ps. 
Non-bonded interactions were calculated with a virtual infinite cutoff. All MD simulations used a time step 
of 1 fs and were performed in the gas phase (i.e. no solvent) to reproduce the low dielectric constant of 
MCH in which BTAs self-assemble and to reduce the computational cost. 

4.4. Helical kink identification
The bending and the kinking of helices were computed using the HELANAL-Plus50 software which follows 
the method of Sugeta and Miyazawa.51 It calculates the local axis of the helix by fitting a least square 3D 
line and sphere to local helix origin points. A local helix axis is defined for a window of four consecutive 
BTA centers-of-mass. This window then slides along the length of the helix one BTA unit at a time. Local 
bending angles (one for each window of four consecutive BTA centers-of-mass, except at the ends of the 
helix) are calculated from the angle between local helix axis and the helix axis (Figure 4). To quantify the 
number of kinks for each helix, we applied an angle cutoff of 90° above which a kink is considered as an 
authentic kink, while regions of lower bending angles are considered as straight. This value was chosen for 
consistency with the fact that BTA cores are not uniaxially stacked on top each other.
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4.5. VT-UV and CD spectra and cooling curves of 
Sym-Cit-6, Sym-C8-6, Cit-6 and C8-6
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 │Figure  7 VT-UV spectra of 50 μM MCH solutions of SymCit-6 (a), Sym-C8-6 (b), Cit-6 (c) and 
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Chapter 6

Scope and limitations of mass balance models 
in biphenyl-based supramolecular polymers

Abstract: Water  molecules are essential structural units in both natural and synthetic 
hydrogen-bond-based aggregates, but their role in dictating supramolecular structure in 
apolar organic solvents remains poorly understood. In this chapter, the supramolecular 
polymerization of a chiral monomer derived from biphenyl tetracarboxamides is studied 
in methylcyclohexane (MCH). We observe that the monomers can assemble into three 
different polymer states, of which two are strongly affected by the amount of water dissolved 
in the methylcyclohexane solvent. By combining experimentally measured and theoretically 
derived thermodynamic parameters, the pathway complexity and stoichiometries of 
water in these competing polymerizations could be described. Furthermore, we studied 
the copolymerization of the chiral biphenyl-based monomer with its achiral analogue in 
a sergeants-and-soldiers experiment. Here, water also strongly determines the structure 
of the copolymer obtained. Interestingly, the competition between the two monomers 
in the copolymerization renders the polymer-polymer transitions less responsive to 
temperature changes. Although the experimental difficulty to very accurately determine 
the minute amounts of water in the alkane solvent impairs a quantitative description of the 
copolymerization, we show that our theoretical description of water in the mass-balance 
model gives a good qualitative agreement with the experimental data.

 
This chapter has been adapted from:

Potential enthalpic energy of water in oils exploited to control supramolecular structure
N. J. van Zee, B. Adelizzi, M. F. J. Mabesoone, X. Meng, A. Aloi, R. H. Zha, M. Lutz, I. A. W. 
Filot, A. R. A. Palmans, E. W. Meijer Nature, 2018, 140, 7810–781.
Amplification of chirality in supramolecular co-assemblies featuring multiple helical states
N. J. Van Zee, M. F. J. Mabesoone, B. Adelizzi, A. R. A. Palmans, E. W. Meijer. To be submitted.
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1. Introduction
Water drives the folding of proteins into dynamic yet stable  structures through a 
confluence of hydrophobic effects and hydrogen bonding.1,2 A growing body of research 
indicates that water molecules play analogous roles in directing the structure of synthetic 
supramolecular materials as well.3 Synthetic polypeptide nanofibers, for instance, are 
sheathed in water molecules that exhibit slower translational dynamics compared to those 
of bulk water, closely resembling the hydration shell of proteins.4 The importance of water 
is not limited to aqueous soft materials—water can also play an essential role in dictating 
the higher order structure of supramolecular materials in organic media. Numerous recent 
reports demonstrate that supramolecular aggregates in organic solvents respond to small 
fluctuations in water content by undergoing transformations in shape, size, and helicity.4–15 
Nevertheless, our molecular understanding of the role of water in such systems is incomplete, 
which represents a fundamental constraint in the development of supramolecular materials 
for their use in biomaterials, nanoelectronics, and catalysis.16 In particular, despite the 
widespread use of alkanes as solvents in supramolecular chemistry,17,18 the role of water 
in the formation of aggregates in oils is not clear, probably because water is only sparingly 
miscible in these solvents—typical alkanes contain less than 0.01 per cent water by weight 
at room temperature.19 A notable  and unused feature of this water is that it is essentially 
monomeric, which gives rise to a unique thermodynamic force to interact with co-dissolved 
aggregates.20 It has been determined previously21 that the free energy cost of forming a 
cavity in alkanes that is large enough for a water molecule is only just compensated by its 
interaction with the interior of the cavity; this cost is therefore too high to accommodate 
clusters of water. As such, water molecules in alkanes possess potential enthalpic energy in 
the form of unrealized hydrogen bonds, which can only be realized via the formation of new 
hydrogen bonds with co-dissolved species.

In chapter 3, we already showed that in complex solutions, containing many 
different  molecules with a plethora of functional groups, water can have unexpected 
consequences in supramolecular polymerizations. In that chapter, the effects of water on 
the supramolecular aggregates were only observable through cooperative interactions of 
water with several molecules simultaneously. In this chapter, we show that water can also 
modulate the structure of biphenyl-based supramolecular polymers in the absence of any 
additional components required for cooperative interactions. 

Our initial experiments to study the pathway complexity in the supramolecular 
polymerization of (S)-1 were marred by seemingly inexplicable irreproducibility of the 
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 │Scheme 1 molecular structures of (S)-1 and n-1 used in this chapter.
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critical temperatures at which the transitions between different helical states of the polymer 
occur. We discovered the underlying cause by unexpectedly drying a solution of (S)-1 in 
the nitrogen-purged atmosphere of the sample holder of the CD spectrometer. This dried 
sample no longer exhibited the distinctive helical transitions. In this chapter, we first show 
that enantiopure (S)-1 can form nucleated supramolecular polymers, assigned as A, upon 
cooling in methylcyclohexane (MCH) solutions. Depending on the temperature and 
concentration of co-dissolved water in the alkane solvent, the A polymer state undergoes 
a sharp structural transition into two other kinds of aggregates, B and C, which exhibit 
distinct spectroscopic signatures and incorporate water as a structural co-monomer in their 
structure. 

Such complex supramolecular polymerizations are very challenging to analyze using 
experimental techniques alone. Often, a combination with computational techniques, via 
which details that are impossible to obtain experimentally, is the only way to unravel the 
intricate mechanisms of these competitive aggregation pathways. Thus, to understand the 
pathway complexity exhibited by (S)-1, this Chapter introduces a mass-balance model 
that involves three competing supramolecular polymerizations, of which two incorporate 
water as a structural co-monomer. This mass-balance model successfully describes the 
water-dependent supramolecular polymerization of (S)-1 and sheds unprecedented light on 
the competitive polymerizations. To test the scope and limitations of our incorporation of 
water as a structural co-monomer in the mass-balance models, we subsequently performed 
a copolymerization between chiral (S)-1 and achiral n-1. Also in this sergeants-and-soldiers 
copolymerization, a profound effect of water on the structure of the copolymers is observed. 
Due to the high stability of the supramolecular polymers of n-1, the thermodynamic 
parameters of these polymers could not be accurately determined. Together with the challenge 
to experimentally measure water content in the required accuracy for the modelling, the 
poor thermodynamic description of the homopolymerization of n-1 impaired fitting of the 
copolymerization between (S)-1 and n-1. Nonetheless, a qualitative agreement between 
numerical simulations and the experimental data could be obtained. These simulations 
suggest that the sharp transition in the homopolymerization of (S)-1 between A and B as 
well as B and C become more gradual as a result of the copolymerization. 

The work presented in this Chapter is done in close collaboration with Dr. Nathan Van Zee, 
who synthesized (S)-1 and n-1 and performed the experimental measurements.

2. Results and discussion
2.1. The homopolymerization of (S)-1 is water dependent
The supramolecular polymerization of (S)-1 was first investigated by studying solutions 
of (S)-1 in methylcyclohexane (MCH) with 35 ppm water, as determined by Karl Fisher 
titration with variable temperature UV (VT-UV) and variable temperature circular 
dichroism (VT-CD) spectroscopy. At temperatures higher than 81 °C, (S)-1 exhibits 
an ultraviolet absorption maximum at 221  nm and no CD signal, which indicates that 
it is  molecularly dissolved (Figure  1a). Upon cooling to 81 °C, (S)-1 self-assembles to 
form chiral aggregates, A, which have a positive bisignate Cotton effect at 258  nm along 
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with a blue-shifted ultraviolet spectrum. Cooling from 81  °C  to 29 °C results in a rapid 
increase in intensity of the CD signal, which suggests that A forms through a cooperative 
supramolecular polymerization of (S)-1 (Figure 1b). An unprecedentedly abrupt transition 
is then observed when the solution is cooled from 29 °C to 27 °C, resulting in the conversion 
of A into a second chiral aggregate, B, with a positive Cotton effect at 250 nm and essentially 
the same ultraviolet spectrum as that of A. Continued cooling to 21 °C results in a slight 
decrease in the intensity of the CD signal of B, but cooling just below 21 °C gives rise to the 
rapid transformation of B into a third chiral aggregate, C, which exhibits a negative Cotton 
effect at 238 nm; further cooling does not initiate additional helical transitions (Figure 1c). 

Using VT-CD spectroscopy, we next investigated how the concentrations of both (S)-1 
and water affect the critical temperatures of these transitions. The progress of self-assembly 
was followed by monitoring the intensity of the Cotton effect at 258  nm as solutions 
were cooled from 95  °C  to −5 °C at 60 °C h−1. The formation of A is dependent on the 
concentration of (S)-1, as its critical elongation temperature decreases from 91  °C to 
70 °C as the concentration of (S)-1 decreases from 59 µM  to 10 µM (Figure  2a). A Van 
’t Hoff analysis reveals that the enthalpy of elongation of (S)-1 is −86 kJ·mol−1, consistent 
with this process being driven by the formation of four hydrogen bonds per molecule of 
(S)-1.22,23 The transformations of A→B and B→C are not sensitive to the concentration of 
(S)-1 and take place over a narrow temperature range, indicating that the polymerization 
pathways are in competition. Moreover, these transitions exhibit a marked dependence on 

210 230 250 270 290 310 330 350

0.0

0.5

1.0

1.5

Ab
so

rb
an

ce

Wavelength (nm)

-60

-40

-20

0

20

40

60

80

C
D

 (m
de

g)

210 230 250 270 290 310 330 350
0.0

0.5

1.0

1.5

Ab
so

rb
an

ce

Wavelength (nm)

-60

-40

-20

0

20

40

60

C
D

 (m
de

g)

a) b)

Monomer

State A State AState B

State C

29 °C

29 °C
81 °C

21 °C

17 °C

27 °C

 │Figure  1 VT-CD (top panels) and VT-UV (bottom panels) spectra of an MCH solution containing 
30 μM (S)-1 and 35±2 ppm H2O. The spectra were obtained upon cooling the solution from a) 95 to 29 °C 
and b) 29 °C −5 °C. 
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the concentration of co-dissolved water (Figure 2b). At 47 ppm water, A→B and B→C occur 
at 35 °C and 25 °C, respectively. As the water content decreases, they occur at progressively 
lower temperatures, which suggests that water binds to the structures of B and C. At 8 ppm 
water, only A is formed even after cooling to −5 °C, but it should be noted that water is still 
present in over tenfold molar excess relative to (S)-1. 

The incorporation of water as a structural component of the supramolecular polymer was 
further confirmed by Fourier-transform infrared (FTIR) spectroscopy, which shows a 
shoulder at 3520 cm−1 and an absorption band at 3558 cm−1 in states B and C, respectively. 
On the basis of previous studies,24,25 the frequencies of these bands are consistent with O–H 
stretching vibrations of water molecules that are engaged in hydrogen bonding through both 
of their OH groups. Furthermore, if there is a net increase in the number of hydrogen bonds 
formed, the A→B and B→C transitions are expected to evolve heat assuming minimal thermal 
contributions from changes in solvation. Micro-DSC experiments performed on a 0.51 mM 
solution of (S)-1 showed detected an exothermic A→B transition of −15 kJ⋅mol−1 and a B→C 
transition of −30 kJ⋅mol−1, confirming the release of the potential enthalpic energy of the 
monomeric water upon binding to the supramolecular polymer.

2.2. A mass-balance model describes the (S)-1 
homopolymerization
An important question concerns how much water is bound to B and C. To answer this 
question, we constructed a thermodynamic mass-balance model of the supramolecular 
polymerization. As concluded in Chapter 3, the abrupt and concentration-indepen-
dent A→B and B→C transitions suggest that the aggregation pathways leading to states A, 
B and C are in competition over the limiting monomer pool. Therefore, the three states 
are incorporated as three competing polymerizations. Next, the incorporation of water 
as a structural component of states B and C needs to be described. For this, consider a 
polymer of state B and length i. Upon addition of a monomer to form a polymer of length 

 │Figure 2 VT-CD traces at 258 nm of samples of (S)-1 in MCH with a) various concentrations of (S)-1, 
containing 35±2 ppm H2O and b) samples containing 30 μM (S)-1 with various amounts of water.
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i+1, νB water molecules are also incorporated into the supramolecular polymer. Thus, the 
equilibrium between the polymer of length i and length i+1 is given by:

 
K i

i
e,B

2

B

B M H O B

=

⋅ ⋅

+[

[ ] [ ] [ ]

]1
ν

 
(1)

with Ke,B the equilibrium constant of elongation of polymer state B, [Bx] the equilibrium 
concentration of B-state polymers of length x, [M] the equilibrium concentration of 
free monomer, [H2O] the equilibrium concentration of free water. The concentration of 
polymers of length i+1 is thus given by:
 [ ] [ ] [ ] [ ]B B M H Oe,B 2

B

i iK+ = ⋅ ⋅ ⋅1
ν  (2)

Because the amount of material is finite, Ke,B 2M H O B⋅ ⋅[ ] [ ]ν should be smaller than 1. 
Otherwise, the concentration of an arbitrary i+1-mer is higher than the concentration of 
its preceding i-mer, leading to an infinite number of aggregated monomers in the system. 
For supramolecular polymerizations where no solvent  molecules are incorporated in the 
polymerization, the critical condition is given by:26

 
[ ]M critical

e

=

1

K  
(3)

with [M]critical the critical equilibrium monomer concentration above which the monomers 
start to aggregate. In the case of a water-dependent supramolecular polymerization, this 
critical concentration is given by:
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H O
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=

⋅
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When the concentration of free water is assumed constant, which is valid for the 
polymerization of (S)-1, where water is in large excess over (S)-1, [M]critical can be described 
by:
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with K’e,B an effective elongation constant that takes the water concentration into account. 
As a result of this assumption, the supramolecular polymerization can be described using 
regular mass-balance equations (see Materials and Methods for the mass-balance equations 
and derivation thereof).

The temperature where the system switches between the various polymer states is determined 
by the equilibrium free monomer concentration. When supramolecular polymers are formed, 
the equilibrium free monomer concentration cannot exceed the critical concentration set 
by equation (4) and conversely, when the equilibrium free monomer concentration is below 
this critical concentration, no polymerization occurs. When considering the A→B transition, 
(S)-1 starts to polymerize into B when the equilibrium free monomer concentration, which 
is determined by A, is equal to the critical concentration B:

 
[ ]

[ ]
M

H O
critical

e,B 2 e,A
B

=

⋅

=
1 1

K K
ν

 
(6)

 
with Ke,A the equilibrium constant for the addition of a monomer to an A polymer.
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In terms of Gibbs free energies, Eq. (6) can then be written as:
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Since water is typically present in MCH at low concentrations in the millimolar range or 
lower, ln([H2O])is negative. Therefore, R·T·νB·ln([H2O]) introduces an additional barrier 
that the B polymerization needs to overcome before elongation into this aggregation 
pathway occurs. This energetic inequivalence of the two aggregation pathways is in contrast 
to the relations derived in Chapter 2, where the polymer-polymer transitions were shown 
to occur at the point where the two polymer types are equal in energy. This difference arises 
from the incorporation of water as a structural component in the supramolecular polymer, 
while the solvent in Chapter 2 is proposed not to be a structural component of the polymer 
but merely changes the energies of aggregation.

Using similar arguments, the B→C transition occurs when the equilibrium free monomer 
concentration that is set by B is equal to the critical concentration of the C polymerization:
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with νC the number of water molecules per monomer in C. When expressed in Gibbs free 
energies, this becomes:
 ∆ ∆G G R Te,C e,B C B 2H O= + − ⋅ ⋅ ⋅( ) ln([ ])ν ν  (9)

By substituting Eq. (7) into Eq. (9), we finally obtain:
 ∆ ∆G G R Te,C e,A C 2H O= + ⋅ ⋅ ⋅ν ln([ ])  (10)

Using the relations described above, the mass-balance equations could be derived (see the 
Materials and Methods section for the full equations). The enthalpy of the polymerization 
of (S)-1 into state A could be obtained from the Van ‘t Hoff analysis of the elongation 
temperature at various concentrations and was determined at −86 kJ⋅mol−1. Subsequently, 
using the relation between the critical free monomer concentration and the elongation 
temperature, the entropy of elongation of A was determined at −155  J⋅mol−1⋅K−1. The 
micro-DSC results, from which the difference between the enthalpies of the A and B states 
and the B and C states was obtained, together with the enthalpy of elongation of A, gave 
enthalpies of the B and C states of −101 and −131 kJ⋅mol−1, respectively. After the enthalpies 
of all states and the entropy of state A is known, the entropies and stoichiometries of water of 
the elongation of states B and C could be obtained by substituting ΔG=ΔH−T·S into Eqs. (7) 
and (10). Solving the thus obtained equations for the several transition temperatures that 
were obtained at different concentrations of water simultaneously is done by writing these 
equations in their matrix form:
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with Te,x,i the transition temperature to state x in sample i, [H2O]i the concentration of water 
in sample i and ΔHe,x the enthalpy of elongation of state i. From these equations, the entropy 
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of state B and C was determined at −176 J⋅mol−1⋅K−1 and −201 J⋅mol−1⋅K−1, respectively. 
The stoichiometries of water for states B and C was determined at 0.54 and 2.0, respectively. 
Lastly, from the asymmetry in the A→B and B→C transitions, it can be concluded that the 
nucleation penalties of A and B are comparable, while the nucleation penalty of the C state 
is small.27 Unfortunately, the nucleation of the supramolecular polymers does not influence 
the stability of the elongated aggregates and as a result, no relations between elongation 
or transition temperatures and nucleation penalties could be derived. To obtain a good 
agreement between the experimental and simulated data, the nucleation penalties of the 
respective A, B and C states are set at 18, 15 and 4 kJ⋅mol−1, respectively.

2.3. Comparison between experimental data and 
simulated results
The thus determined thermodynamic parameters were used to simulate the VT-CD 
experiments at various concentrations (additional details in the Materials and Methods 
section). The results of these simulations are compared with the experimentally obtained 
results in the top panels of Figure 3a and b. The simulated results are in good agreement 
with the experimentally obtained data, showing that the mass-balance model can properly 
describe the pathway complexity of the supramolecular polymerization of (S)-1. 

Although the mass-balance model can quantitatively describe the polymerization of (S)-1, 
some small deviations between the experimental and simulated results can be observed. 
Most importantly, the B→C transition temperatures as obtained in the simulations are slightly 
different from the experimentally observed transition temperatures. As a result of the low 
cooperativity of the C state, which is the equilibrium state at low temperatures, the apparent 
B→C transition shifts to lower temperatures than the transition temperature where Eq. (8) 
holds.27 To further optimize the agreement between the obtained experimental results and 
the numerical simulations, the mass-balance model was fitted to the experimental data. In 
this fit, the thermodynamic parameters as obtained above were used as constants, except for 
the B→C transition temperature, the stoichiometry of water in the C state and the nucleation 
penalties. The results of the fit are given in the bottom panels Figure 3a and 3b and a full 
overview of the thermodynamic parameters of the homopolymerization of (S)-1 is given in 
Table 1. Gratifyingly, the values obtained from the fit are in good agreement with the values 
determined from the thermodynamic relations. 

The fitted results accurately describe the various polymer-polymer transitions at 
constant concentration of water (Figure 3a), but deviations can be observed between the 
experimentally observed and calculated polymer-polymer transition temperatures when 
the concentration of water is varied (Figure  3b). We speculate that these deviations may 
be due to a temperature dependency of the chemical activity of water, which renders 
the νB and νC parameters in the model temperature dependent. A second indication of a 
temperature dependent chemical activity of water is in the gradual water-associated B→C 
transition. The gradual transition from state B to state C as the samples are cooled indicate 
that C is weakly cooperative.27 Speciation plots, which show the distribution of monomers 
over the various aggregate types at various temperatures (Figure 3c), indicate, however, that 
the lower nucleation penalties of states B and C when compared to state A lead to a small 
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fractional population of B and C at temperatures above the A→B transition temperature. 
The population of the B and C states at high temperatures explains why the model is 
unable to accurately describe the gradual B→C transition: when the nucleation penalty of 
state C is further decreased, the model predicts the formation of significant amounts of 
C at high temperature, which in turn results in a negative CD intensity in the calculated 
VT-CD trace. The population of C at these temperatures, however, is highly dependent on 
the concentration and chemical activity of water. Thus, a possible temperature-dependent 
chemical activity of water may improve the ability of our model to describe these detailed 
features of the polymerization of (S)-1. Indeed, it has experimentally been confirmed that 
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 │Figure 3 Comparison between the experimentally obtained VT-CD traces at 258 nm (see also Figure 2) 

and the calculated VT-CD traces as obtained from the mass-balance relations (top panels) or the global 
fit (bottom panels) for a) samples containing various concentrations of (S)-1 with [H2O] =  35±2 ppm 
or b) samples containing 30 μM (S)-1 with various concentrations of H2O. c) Speciation plots showing 
the distribution of the (S)-1 monomers over the various states at different temperatures for the sample 
containing 30 μM (S)-1 and 35 ppm water. The plot is obtained using the thermodynamic values obtained 
from the global fit of the data.



Chapter 6

128

the chemical activity of water in oils is not independent of temperature.21 However, since a 
quantitative description of this temperature dependency is, to our knowledge, not available, 
the temperature dependent chemical activity of water cannot be meaningfully incorporated 
into the model.

The speciation diagrams of the homopolymerization of (S)-1 shed light on an additional 
feature of competitive nucleated supramolecular polymerizations. The competition 
between the various polymer states leads to a concentration independence of the 
polymer-polymer transitions, as outlined in Chapter 3 and indicated by Eqs. (7) and (10). 
When the polymers between which the system switches are both cooperative, rather than 
isodesmic and cooperative, as was the case in Chapter 3, these transitions are not only 
concentration independent, but become also extremely responsive. The speciation plot of a 
sample containing 30 μM (S)-1 and 35 ppm water (Figure 3c) shows that by changing the 
temperature from 22 to 19 °C, the population of B is completely depleted and all monomers, 
which first formed polymers of state B, are all aggregated in polymers of state C. Thus, the 
competition between nucleated polymerizations makes the system very robust against 
perturbations in concentrations, but it can show extremely sensitive responses to other 
parameters, such as temperature.

2.4. Homopolymers of n-1 are very stable
After having successfully characterized the pathway complexity in the homopolymerization 
of (S)-1, we challenged our understanding of the role of water in supramolecular 
polymerizations by studying the copolymerization of (S)-1 with its achiral analogue 
n-1 in a sergeants-and-soldiers experiment. For this, we first aimed to characterize the 
homopolymerization of n-1.

Although (S)-1 was readily soluble in MCH and concentrated solutions could be prepared, 
homogeneous mixtures of n-1 could not be prepared at micromolar concentrations 
even not after vigorous heating and sonication. We found, however, that homogeneous 
mixtures can be formed at micromolar concentrations by adding 1  mol% of (S)-1. The 
enhanced solubility of n-1 in the presence of 1 mol% (S)-1 in MCH qualitatively indicates 

Table 1 Thermodynamic parameters of the homopolymerization of (S)-1 as obtained from 
theoretical analysis and fitting of the experimental data and micro-DSC experiments.

Parameter Value Parameter Value

ΔHA
a −86 kJ·mol−1 NPA

d 15.4 kJ·mol−1

ΔSA
a −155 J·mol−1·K−1 NPB

d 7.1 kJ·mol−1

ΔHB
b −101 kJ·mol−1 NPC

d 4.9 kJ·mol−1

ΔSB
c −167 J·mol−1·K−1 νB

d 0.69

ΔHC
b −131 kJ·mol−1 νC

d 1.91

ΔSC
c −204 J·mol−1·K−1 TB→C

d 21.1 °C
aValue obtained from the Van ‘t Hoff analysis of the homopolymerization of (S)-1 and Eq. 3. bDetermined 
from micro-DSC experiments. cObtained using the fitted values for the stoichiometries of water and the 
polymer-polymer transitions temperatures. dObtained from the global fit of the experimental data. 
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that these  molecules interact with each other, rendering n-1 and (S)-1 as a promising 
couple for sergeants-and-soldiers’ experiments. However, to effectively characterize the 
supramolecular copolymerization of (S)-1 and n-1, a thermodynamic description of the 
homopolymerization of n-1 is desired.

To obtain this description, we studied the polymerization of n-1 with 1 mol% (S)-1 at a 
total concentration of 30 µM in MCH by variable temperature UV spectroscopy (filled 
red points, Figure  4). Full UV spectra were acquired at 2  °C intervals as the sample was 
cooled from 95 to 5  °C at 60  °C⋅h−1. The sample was equilibrated for 5 min before each 
acquisition. Although a homopolymerization of n-1 could not be measured due to solubility 
problems, the copolymerization of n-1 with 1 mol% (S)-1 can be assumed to approximate 
the homopolymerization of n-1 and thereby gives some insight into the behavior of the 
n-1 homopolymers. At 30 μM, the elongation temperature of the copolymer is evidently 
higher than 95 °C as no typical transition due to nucleation of the polymers is observed. 
This high elongation temperature is consistent with the low solubility of n-1. The absence 
of a monomerically dissolved state in the temperature range probed impairs an accurate 
determination of the thermodynamic parameters of the homopolymerization of n-1. 
Using an extrapolated elongation temperature of 108  °C and the assumption that the 
entropies of elongation of (S)-1 and n-1 are identical, which is also assumed in other 
reported supramolecular copolymerizations,28–30 we used Eq. (3) to estimate the enthalpy 
of elongation of the n-1 homopolymerization at −92 kJ⋅mol. Furthermore, the mixture of 
1 mol% (S)-1 and n-1 exhibits two sharp transitions in the same temperature ranges as the 
transitions A→B and B→C that were previously observed for 100 mol% (S)-1 in MCH. The 
presence of these transitions strongly suggests that n-1 shows similar pathway complexity 
as (S)-1.
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 │Figure 4 Comparison between the VT-UV traces at 225 nm for 30 μM samples containing 100 mol% 
(S)-1 (green squares) or 99 mol% n-1 and 1 mol% (S)-1 (blue circles). [H2O] = 31±2 ppm.
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2.5. Copolymerization of (S)-1 and n-1 in dry MCH
Next, we proceeded to investigate the copolymerization of a range of samples of (S)-1 
containing between 60 and 0 mol% of n-1 and 40 and 100 mol% (S)-1 at a total concentration 
of 30 μM. To first characterize the water-independent homopolymerization into A, the 
initial copolymerizations were performed in dry MCH. The results of these experiments are 
given in Figure 5. Upon cooling the samples from high temperature, similar spectral features 
can be observed as were observed in the homopolymerization of (S)-1 (representative 
spectra for a sample containing 30  mol% (S)-1 shown in Figures 5a and b). Since n-1 
strongly aggregates even at high temperatures, the absorption maximum around 227 nm, 
indicative of the presence of polymerized 1 is present at 95 °C. The small CD intensity at 
95 °C indicates that a small fraction of (S)-1 is already polymerized and induces a preferred 
helicity into the polymers. Upon cooling below 81 °C, the absorption maximum increases 
in intensity due to the incorporation of (S)-1 into the already formed polymers and the CD 
intensity strongly rises. The shape of the CD spectra of the copolymers is identical to the 
spectra observed for polymers of state A in the homopolymerization of (S)-1, indicating 
that the morphology of the A homopolymers of (S)-1 and the copolymers of (S)-1 and n-1 
are identical. 

To obtain thermodynamic values of the hetero-interactions between (S)-1 and n-1, 
the experimental data of the copolymerization of samples containing 40 to 100  mol% 
(S)-1 were fitted to a mass-balance model of supramolecular copolymerizations (see 
Materials and Methods for details).30 In this model, the thermodynamic values of the 
homopolymerizations as obtained above are used as constants and the entropies of all 
elongation events are taken similar to the entropy of elongation of (S)-1. The enthalpy of 
the interaction between (S)-1 and n-1, ΔH(S)-1—n-1, A, as well as a mismatch penalty, MMP, 
which introduces an enthalpic penalty for (S)-1 to go into polymers of its unpreferred 
helicity, are used as fit parameters. The results of the fit are given in Figure 5c. The value of 
the enthalpy of the hetero-interaction is determined at −82.7 kJ⋅mol−1. The enthalpy of the 
hetero-interaction is slightly lower than the enthalpies of (S)-1 homo-interaction, which 
is in line with previous observations.28,29,31 All optimized hetero-interaction enthalpies 
found during the fitting algorithm are spread over a narrow range around −82.7 kJ⋅mol−1, 
indicating that the fitting algorithm can uniquely identify this parameter (Figure 5d). This 
is in strong contrast to the mismatch penalty, which is determined at 85.7  kJ⋅mol−1. This 
is considerably larger than typically observed for supramolecular copolymerizations.32,33 
Inspection of the optimized parameter sets during the fit reveal a large spread in optimized 
values for the mismatch penalty (Figure 5d). The optimized values of MMP, however, are 
spread over 4 orders of magnitude, indicating that varying the mismatch penalty does not 
result in a change in fit quality. As a result, the mismatch penalty is not identifiable, but the 
hetero-interaction enthalpy is accurately determined.34

At high temperatures, the fit accurately describes the emergence of the CD signal arising 
from polymerization of polymers with a preferred helicity. At lower temperatures, the 
simulated VT-CD curve for the lowest amount of (S)-1 sergeant and highest amount of 
n-1 soldier shows deviations from the experimentally measured results. The inability of 



sCope and lImItatIons of mass balanCe models In bIphenyl-based supramoleCular polymers

131

the model to reproduce the behavior of the samples at high soldier fractions likely arises 
from an inaccurate description of the n-1 homopolymerization. Nonetheless, the ability of 
the model to accurately describe the elongation temperatures of the copolymerizations as 
well as the VT-CD curves of the samples containing higher amounts of the (S)-1 sergeants 
indicate that the obtained value for ΔH(S)-1—n-1, A is a reasonable estimate for the enthalpy of 
the hetero-interaction between (S)-1 and n-1 in state A.

2.6. Copolymerization of (S)-1 and n-1 in ambient MCH 
shows limits of mass-balance models
After obtaining a reasonable description of the copolymerization of (S)-1 and n-1 into 
copolymers of state A in dry MCH, we proceeded with the copolymerization of (S)-1 and 
n-1 in ambient MCH. To study the sergeants-and-soldiers copolymerization in ambient 

 │Figure 5 VT-UV (a) and VT-CD (b) spectra between 95 °C (red spectrum) and 9 °C (blue spectrum) of 
a sample containing 70 mol% (S)-1 and 30 mol% n-1 with an overall concentration of 30 μM in dry MCH. 
c) Experimentally obtained data (squares) and fit of the copolymerization of (S)-1 and n-1. [H2O] = 20±2 
ppm. d) Correlation plot showing the optimized values of the enthalpy of the (S)-1—n-1 hetero-interaction 
and the corresponding mismatch penalty, MMP. Each circle in this correlation plot represents an optimized 
parameter set with a norm of the residual cost vector (see Materials and Methods for details) that is less 
than 1% larger than the optimal fit.
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MCH, samples were prepared at a total monomer concentration of 30 μM in MCH. The 
samples were prepared in the glove box in MCH dried over molecular sieves to ensure a 
dry environment or conditioned in a humidifying chamber charged with brine and MCH 
to ensure that all samples contained approximately the same concentration of water. Based 
on Karl Fischer titrations, these samples contained 31 ± 2 ppm of water. After conditioning, 
the samples were rapidly sealed and analyzed by variable temperature UV and circular 
dichroism (CD) spectroscopy.

Representative VT-UV and VT-CD spectra of the sample containing 70  mol% (S)-1 are 
shown in Figure  6a, respectively. The spectral responses of all samples show comparable 
characteristics as were observed for the homopolymerization of (S)-1 into states A, B and 
C. Upon cooling from 95  °C, the absorption maximum at 223 nm decreases in intensity 
and a CD spectrum with a maximum at 257  nm emerges. Further cooling results in a 
gradual slight broadening and increase in the intensity of the absorption band with a slight 
change in the CD spectrum upon cooling below 35 °C, corresponding to the formation of 
supramolecular copolymers of state B. Further cooling below 23 °C results in a dramatic 
inversion of the CD intensity characteristic of polymers of state C. Together, the VT-UV 
and VT-CD spectra indicate that the copolymers of (S)-1 and n-1 have similar structural 
characteristics as the (S)-1 homopolymers.

The population of the three different states in the copolymerization of (S)-1 and n-1 of is also 
apparent when analyzing the VT-CD traces at 258 nm for the samples containing varying 
ratios of (S)-1 and n-1 (Figure 6b). The VT-CD traces show that in ambient environments, 
the elongation temperature at which a preferred helicity of the copolymers arises is similar 
to the elongation temperature observed for the copolymers in dry solvent. The observed CD 
intensity in the temperature regime where A is the most stable copolymer state, however, is 
less than the intensity that is observed in a similar temperature regime in dry MCH. Since 
polymerization into A is not affected by water, the decrease in CD intensity must arise from 
a fractional population of state B and C, which have a lower or inverse CD intensity. The 
population of these states then results in a decreased CD intensity in the temperature regime 
where A is the most populated state. Additionally, the A→B transitions are more gradual and 
for the samples containing the lowest amounts of (S)-1, the transitions are shifted to higher 
temperatures. The B→C transitions have also become slightly more gradual for the samples 
with the lowest amount of (S)-1. 

We initially attempted to fit the VT-CD traces to a mass-balance model of a supramolecular 
copolymerization that involves the formation of the two helicities of states A, B and C, where 
the copolymerization into states B and C are dependent on the concentration of water as 
described in section 2.2 of this Chapter. Unfortunately, no satisfactory results could be 
obtained from these fitting procedures. The inability to accurately describe the experimental 
data by fitting the model to the data is likely due to small but important variations in the 
water content of the solvent. Although the samples are equilibrated in an environment with 
controlled humidity, resulting in MCH with a water concentration of 31 ppm, the VT-CD 
trace of the sample containing 100 mol% (S)-1 shows an A→B transition at 31 °C, while the 
samples that were measured for the homopolymerization of (S)-1 and contained 35 ppm 
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of water showed an A→B transition at 28 °C (Figure 2a). Since an increase in the amount of 
water stabilizes the water associated states and results in an increase in the A→B transition 
temperature, the difference between the determined water concentrations is smaller than the 
experimental error of the Karl Fisher titrations. This variability in determination of the water 
content poses considerable challenges for the fitting algorithm to reproduce the behavior, 
since small changes in the water content have considerable effects on the polymer-polymer 
transition temperatures (Figure 2c). Since fitting of the model to the data was unsuccessful, 
we attempted to qualitatively reproduce the copolymerization using numerical simulations. 

Again, initial attempts to reproduce the behavior by simulating the system, using the 
assumption that the entropies of all the equilibria in the copolymerization are equal, did 
not result in calculated VT-CD curves that showed a resemblance to the experimentally 
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 │Figure 6 a) VT-UV (top panel) and VT-CD (bottom panel) spectra of the copolymerization of 70 mol% 
(S)-1 and 30 mol% n-1 with a total concentration of 30 μM in ambient MCH with [H2O] = 31±2 ppm. 
The spectra between 95 °C (black spectrum) and 35 °C (red spectrum) are given in light gray, the spectra 
between 35 °C and 23 °C (green spectrum) in gray and the spectra between 23 and 5 °C (blue spectrum) 
are shown in dark gray. b) The measured (top panel) and simulated (bottom panel) VT-CD intensity 
at 258  nm of all samples containing between 30 and 100  mol% (S)-1. c)  Speciation plots showing the 
temperature dependent distribution of the combined (S)-1 and n-1 monomers over the various aggregate 
types in the system.
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observed traces. When not only enthalpies but also the entropies of the hetero-interactions 
and homo-interactions of n-1 are varied, a reasonable agreement between experimental data 
and simulation could be observed (Figure 6c and d). The full thermodynamic values for this 
simulation are given in Table 2.

From the simulation of the copolymerization of (S)-1 and n-1, the speciation plots are 
obtained (Figure 6e). These plots show that a small fraction of the monomers polymerizes 
into state B in the entire temperature range where A is the most stable structure, corroborating 
our observation that the decreased CD intensity in the VT-CD traces in the temperature 
range where A is most stable in ambient MCH is due to the population of the other polymer 
states. Intriguingly, the speciation plots also show that the competition between the various 
homo-interactions and hetero-interactions results in more gradual transitions that depend 
on the concentrations of the two monomers. Thus, while competition between various 
aggregates renders the supramolecular systems insensitive to concentration changes and 
very responsive to small temperature changes, the competition between various monomers 
in a copolymerization leads to more gradual transitions which show a dependency on the 
concentration of the respective monomers.

3. Conclusion
Water and alkanes are typically considered to be immiscible. Nonetheless, we found 
that minute amounts of water can dramatically impact the structure and stability of 
supramolecular polymers formed from biphenyl-based monomers (S)-1 and n-1. The 
homopolymerization of (S)-1 shows that (S)-1 can aggregate into three different polymer 
morphologies. At high temperatures, polymer state A is most stable. At intermediate 
temperatures and in the presence of water, the system undergoes a very sharp and 
concentration independent transition to form B type polymers, while at low temperatures, 

Table 2 Thermodynamic parameters used to simulate the S&S experiments.
Parameter State A State B State C

ΔHe, (S)-1→(S)-1 (kJ·mol−1) −86a −101a −131a

ΔS(S)-1→(S)-1 ( J·mol−1·K−1) −155b −167c −204c

NP(S)-1→(S)-1 (kJ·mol−1) 15.4c 7.13c 0.487c

ΔHe, (S)-1→n-1 (kJ·mol−1) −83c −96d −129d

ΔS(S)-1→n-1( J·mol−1·K−1) −155b −156e −200e

ΔHe, n-1→n-1 (kJ·mol−1) −92d −100d −134d

ΔSn-1→n-1 ( J·mol−1·K−1) −155d −145d −198d

NPn-1→n-1 (kJ·mol−1) 15.4 7.13 0.487

Mismatch penalty (kJ·mol−1) 85c,f 0.5d 0.2d

aExperimental value based on calorimetry and Van’t Hoff analyses. bValue calculated using free energy 
relationships. cValue determined through fitting of experimental VT-CD curves using a thermodynamic 
mass-balance model. dEstimated values. eCalculated as the average of ΔS(S)-1→(S)-1 and ΔSn-1→n-1. fThe 
nucleation penalty of the (S)-1 and n-1 homopolymerization are taken equal. gThe mismatch penalty for 
state A could not be determined accurately, see Figure 2. 
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supramolecular polymerization into state C occurs. By combining experimentally 
determined with theoretically derived thermodynamic parameters, we could successfully 
describe the pathway complexity of the supramolecular polymerization of (S)-1. From our 
theoretical analysis, we were able to determine that B incorporates 1 molecule of water per 
2 monomers and C incorporates 2 molecules of water per monomer. 

To further investigate the structural effect of water on supramolecular polymerizations and 
to investigate the scope and limitations of our water-dependent mass-balance model, we 
performed a sergeants-and-soldiers copolymerization of the chiral (S)-1 and its achiral 
n-1 analogue. In dry environments, the absence of water leads to the sole formation of 
copolymers of state A as the solutions are cooled from high temperature. In the presence 
of water, copolymers of states B and C are also formed at low temperatures, analogous to 
the (S)-1 homopolymerization. The low solubility of n-1 and experimental uncertainty 
in the exact water concentration impaired an accurate quantitative description of the 
copolymerization process. Nonetheless, a qualitative agreement between the experimental 
data and numerical simulations could be obtained. These simulations strongly suggest that 
the thermodynamic parameters for the various interactions in the polymerization of each 
respective polymer state are considerably different. Moreover, the ability of our model to 
achieve a reasonable qualitative agreement with the experimental data indicates that the 
water-dependent mass-balance model can be employed to investigate complex co-solvent 
dependent supramolecular copolymerizations. 

4. Materials and methods
4.1. General procedures
(S)-1 and n-1 are synthesized by Dr. Nathan Van Zee. The synthesis is of (S)-1 is reported elsewhere.35 The 
synthesis of n-1 will be published in due course. All solvents used for spectroscopic measurements were 
of spectroscopic grade and obtained from Sigma-Aldrich. All samples for CD and UV spectroscopy were 
measured in screw-capped quartz cuvettes with a Teflon-lined septum. Measurements were performed 
on Jasco J-815 spectrometer equipped with a Jasco PTC-348WI Peltier-type temperature controller. 
The sample holder was purged with nitrogen at a flow rate of 20 L⋅min−1. Before all cooling and heating 
traces were acquired, samples were equilibrated at 95 °C for 15 min and cooling rates of 1 °C⋅min-1 were 
used. Karl Fischer titrations were performed using a Mettler-Toledo C30 Coulometric KF Titrator loaded 
with CombiCoulomat Frit KF reagent (for cells with diaphragm, contains methanol, purchased from 
Merck). Approximately 1 g of sample was used for a typical single Karl Fischer titration. Infrared spectra 
were acquired using a Perkin Elmer Spectrum Two spectrometer. Micro-DSC was performed on a TA 
Instruments Multicell DSC using a liquid cell (KBr, l = 0.5 mm) and a slide holder module.

4.2. Details on the thermodynamic model for the (S)-1 
homopolymerization
The supramolecular polymerization of (S)-1 are modelled using a thermodynamic mass balance model in 
which the monomer can form several different types of cooperatively formed A, B and C. The polymers are 
assumed to grow through monomer addition and dissociation at the chain ends and a nucleus size of 2 is 
assumed, as introduced in Chapter 2. From this, the total number of monomers in A is given by:
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The second and third aggregation process can be expressed in similar ways. The concentration of monomers 
in j-mer aggregates of B and k-mer aggregates of C can be expressed by:
[ ] [ ],B M  for j B e B

j jj K j= ⋅ ⋅ ⋅ ≥
−

σ
1

1
 

(13)
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1 1
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in which Ke,B and Ke,C are the equilibrium constants of the elongation phases of B and C respectively and σB 
and σC are the cooperativity parameters of B and C, respectively.

The total concentration of monomers in B and C is given by:
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which can be solved with the standard expressions for converging sums:
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The total concentration of (S)-1 in the model that involves three competing pathways is obtained by the 
addition of monomer, A, B and C: 
[M] =[M]+[A] +[B] +[C]
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The free monomer concentration is obtained by solving this equation in Matlab using a custom binary 
search algorithm. 

The temperature dependency of the equilibrium constants is introduced in the model by varying the 
equilibrium constants according to the Van ‘t Hoff equation:
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In the model, the enthalpy of the nucleation process, ΔHnuc, is defined by:
∆ ∆H H NPnuc e= +  (21)

with NP the nucleation penalty. The nucleation penalty is set to an arbitrary value by visually comparing 
the cooperativity of the simulated curve with the experimentally obtained results. The entropy of the 
nucleation process is set equal to the entropy of the elongation process.

Incorporation of water into the model
Since water is in large excess over the monomers, we assume the concentration of free water molecules 
to be constant. This allows us to obtain the mass balance equations similar to those obtained for 
water-independent systems:

K K i

i

’
[ ]

[ ] [ ]
e,B e,B 2[H O]

B

B M
B= =⋅

⋅

+ν 1

  
(22)

Using this equation, the nucleation and elongation equilibrium constants are modified in the model and the 
mass balance equations for the water independent system (Eq. (19)) can be used to simulate the system. 
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Simulation of the signal
CD traces are simulated by appointing an arbitrary molar ellipticity to every aggregate type. The CD signal 
is generated by multiplication of the concentration of (S)-1 in the respective aggregate types by the molar 
ellipticity of that aggregate type. The molar ellipticity of A, B and C are set at 2.5∙106, 1.9∙106 and −8.3∙105 

mdeg⋅M−1, respectively. The monomer has no CD activity and hence the molar ellipticity of the monomer 
is set at 0.

Additional thermodynamic intpout for the model
The enthalpy of elongation of B and C is also obtained from the DSC-experiments, using Eqs. (23) and 
(24):
∆ ∆ ∆ ∆ ∆H H H H HA B,DSC M B A M M B M A→ → → → →= + = −  (23)

∆ ∆ ∆ ∆ ∆H H H H HB C,DSC M C B M M C M B→ → → → →= + = −  (24)
with ΔHI→J,DSC being the measured enthalpy change at the transition of state I to state J and ΔHI→J the entropy 
change of the individual processes (i.e., depolymerization of one state and polymerization of the other 
state). The enthalpies used in the simulations are ΔHe,B=−101  kJ⋅mol−1, ΔHe,C=−131  kJ⋅mol−1 and the 
nucleation penalties for the A, B, and C are set at 18, 15 and 4 kJ, respectively. The entropies of nucleation 
of all polymerizations are set equal to the entropies of elongation. 

Fitting details
In the fitting algorithm, the nucleation penalties, NPA, NPB and NPC, of all states and water stoichiometries, νB 
and νC, of states B and C and the B→C transition temperature were used as fitting parameters. The sharpness 
of the A→B transition at both the high and low temperature end indicates that these two polymer states are 
cooperative and therefore, the transition temperature is equal to the temperature where the signal intensity 
is halfway between the intensities associated with states A and B. The enthalpies of the polymerizations were 
set at −86, −101 and −131 kJ⋅mol−1 and the entropy of state A was set at −155 J⋅mol−1⋅K−1.The entropies of 
state B and state C were calculated using:
∆ ∆ ∆ ∆H S H S R TT Ti i i− −⋅ = ⋅ + ⋅ ⋅ ⋅trans A trans A trans 2[H O]ν ln( )  (25)

where Ttrans is the temperature at which the B→C transition occurs.

To ensure that the obtained fit is at the global minimum, 1000 sets of initial parameters sets were optimized. 
These 1000 initial parameters sets were generated using Latin hypercube sampling where the nucleation 
penalties of state A and B were sampled between 0 and 30 kJ⋅mol−1, the nucleation penalty of state C was 
sampled between 0 and 20 kJ⋅mol−1, the water stoichiometry of state B and C were sampled between 0 and 
2, and 0 and 4, respectively, the A→B transition temperature between 25 and 35 °C and the B→C transition 
temperature was sampled between 18 and 23 °C. 

To compare the calculated VT-CD results with the experimentally obtained data, a cost vector was 
calculated by subtracting the experimentally obtained value from the calculated CD signal. Subsequently, 
every datapoint in the cost vector was divided by its concentration to attribute equal weighting to every 
concentration. The sum of squares of the cost vector was minimized with the Levenberg-Marquardt 
algorithm using the Matlab function lsqnonlin. The fit with the lowest norm of the residual sum of squares 
was selected as the best fit. All data was fitted simultaneously in a global fitting routine to obtain a single set 
of thermodynamic parameters that describes the entire dataset. 
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4.3. Details on the thermodynamic mass-balance model 
for the supramolecular copolymerizations
The supramolecular copolymerizations between (S)-1 and n-1 are modelled using a previously reported 
mass-balance model for supramolecular copolymerizations.30 In this model, the formation of a dimeric 
nucleus of polymer type i is described with four equilibria:
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with σi,x the cooperativity parameter of polymer type i of monomer x and Ki,xy the equilibrium constant for 
the addition of monomer y to a polymer of type i with chain end x. In the case of polymers of type B and C, 
the equilibrium constant are adapted for the water present in the solvent with Eq. (22).

The subsequent monomer additions in the elongation phases are described with:
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(27)

where Pix is a polymer of type i with chain end x and Ki,xy is the equilibrium constant for the addition of 
monomer y to an elongated polymer with x at the chain end. Following the derivation of the mass-balance 
equations by Ten Eikelder, Markvoort and co-workers,30 the total concentration of S-1 in all the copolymers, 
G(S,n), is given by:
G

P P P P P P M M( ) (S,n A, A, B, B, C, C, A, A,
= + + + + + + + +u u u u u u u u u3 4 3 4 3 4 3 4 3

BB, B, C, C,M M M M
+ + +u u u4 3 4 )   (28)

with uj
x,Q the jth element from the four-dimensional vector ux,Q, which is defined as:

u z
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i i iI M M= − ⋅ ⋅
−
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1

  (29)

with I the 4x4 identity matrix, x the polymer state, Q either the P or M helical sense of the copolymer and 
zx defined as:
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with [S] and [n] the concentrations of (S)-1 and n-1, respectively, and Mi defined as:
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In the case of polymers of type B and C, the K values in Eq. (31) are adapted for the amount of water present 
in the system according to Eq. (22). 

Analogously, the total concentration of n-1 in all the copolymers is given by:
H

P P P P P P P P( ) (S,n A, A, A, A, B, B, B, B,
= + + + + + + + +v v u u v v u u v1 2 3 4 1 2 3 4 1

CC, C, C, C,

A, A, A, A, B, B,

P P P P

M M M M M M

+ + + +

+ + + + +

v u u

v v u u v v

2 3 4

1 2 3 4 1 2 ++ + + + + +u u v v u u3 4 1 2 3 4
B, B, C, C, C, C,M M M M M M )

  
(32)

with the vector u as defined above (Eq. (29)) and the vector v given by:
v z
i

iI M I= − − ⋅
−

(( ))
2

 (33)

The mass-balance equations for the (S)-1 and n-1 monomers is then given by:
S S S,ntot = +G( )   (34)

n R S,ntot = +H( )  (35)

The temperature dependency of the equilibrium constants is introduced via the Van ‘t Hoff equation 
(Eq. (20)). Furthermore, the helical preference of (S)-1 for arbitrarily assigned P-helical supramolecular 
polymers is introduced by modifying the Gibbs free energies of the equilibria that involve (S)-1 in an 
M-helical supramolecular polymer with a mismatch penalty, MMP, via:
∆ ∆ ∆G H SMMP Txy xy xy= + − ⋅

 
(36)

with ΔHxy and ΔSxy the enthalpy and entropy, respectively, of the addition of an x monomer to a P-helical 
supramolecular polymer with an y chain end.

In the model, the set of mass-balance equations Eqs. (34) and (35) are solved using a nested binary search 
algorithm, where the values of S and n for which the equations are satisfied are found using a binary search. 
Every trial value of S and n in the binary search are on their turn also obtained through a binary search. By 
taking the appropriate boundary conditions,30 the mass balance equations converge to a single solution 
for S and n. When the concentrations of free S and n are known, the distribution of monomers over the 
entire system can be calculated and a VT-CD curve can be calculated. For this, the molar CD intensities 
that are given above are assigned to monomers in P-helical polymers of types A, B or C, while the molar 
CD intensities of monomers in the M-helical copolymers are multiplied by −1. These molar CD intensities 
are then used to convert the distribution of monomers over the various copolymer types at various 
temperatures to a calculated VT-CD trace. 

4.4. Details on the fitting of the copolymerization of (S)-1 
and n-1 in dry MCH
In the fitting routine of the copolymerization of (S)-1 and n-1 in dry MCH, only polymers of state A are 
considered. Since these samples have a very low water content, polymers of state B and C do not form and 
do not have to be included in the fit. This simplification greatly reduces the number of fitting parameters, 
which in turn increases the accuracy and efficiency of the fit. As a result, in this model, the total number of 
(S)-1 and n-1 is given by:
G

P P M M( ) ( )S,n A, A, A, A,
= + + +u u u u3 4 3 4   (37)
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and 
H

M M M M P P P P( ) ( )S,n A, A, A, A, A, A, A, A,
= + + + + + + +v v u u v v u u1 2 3 4 1 2 3 4   (38)

respectively, with ui,Q and vi,Q defined by Eq. (29) and Eq. (30).

In the model, the entropies of all reactions are assumed to be equal to the entropy obtained from the 
homopolymerization of (S)-1 and the hetero-interactions are assumed to be symmetric, meaning 
ΔHRn=ΔHRn.

In the model, the enthalpy of the (S)-1–n-1 hetero-interaction, ΔHSn, and mismatch penalty, MMP, were 
fitted. In the fitting routine, 4800 initial sets of starting parameters are used. ΔHSn is sampled between 
−45 and −95 kJ⋅mol−1and MMP is sampled between 0.1 and 10 kJ⋅mol−1. The sampling is done using Latin 
hypercube sampling.

Due to the computational cost of the model, the fitting is performed on the Cartesius cluster of the Dutch 
SURF cooperative. In the fitting routine, the 4800 initial parameter sets are distributed over 20 nodes that 
independently optimize 240 parameter sets. The optimization is done in a similar way as described for 
the homopolymerization, while no normalization for the concentration is done, since all samples have the 
same overall concentration of monomers. After optimization, the best fit is identified by the smallest norm 
of the squared residuals. 

4.5. Details on the simulation of the copolymerization of 
(S)-1 and n-1 in ambient MCH
The copolymerization between (S)-1 and n-1 in ambient MCH was simulated using the complete 
model as described above, where Eqs. (28) and (29) are used. The thermodynamic parameters of the 
homopolymerization of (S)-1 as well as the enthalpy of the hetero-interaction in state A and the mismatch 
penalty in state A, which were obtained from the fits of the homopolymerization and copolymerization in 
dry MCH, respectively, were used. Various simulations were performed by changing the enthalpies of the 
hetero-interactions, the enthalpies and entropies of the n-1 homo-interactions and the mismatch penalty. 
The entropies of the hetero-interactions in states B and C are taken as the average of the entropies of the 
entropies of the two homo-interactions. The water stoichiometries νi in states B and C are the same for all 
equilibria in that state. 

The A→B transition in the sample containing 100 mol% (S)-1 occurs at 32 °C with a water concentration 
of 31±2 ppm. However, in the experimental data that was used to fit the homopolymerization, the A→B 
transition occurs at 29 °C, while the water concentration in those samples was determined at 35±2 ppm. The 
higher transition temperature at lower water content in the new data suggests that the Karl-Fischer titration 
underestimated the actual amount of dissolved water. Using the thermodynamic parameters obtained for 
the homopolymerization of (S)-1, the transition temperature of 32 °C was calculated to correspond to a 
water concentration of 38 ppm. This water concentration was used in the subsequent simulation.
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Chapter 7

Competitive kinetic and thermodynamic 
control in triphenylene-based supramolecular 
polymers

Abstract: Kinetic control in supramolecular polymerizations has led to the realization of 
interesting new phenomena. However, kinetic aspects of these polymerizations are often 
challenging to design and control. In this chapter, we show that the competition between 
kinetic and thermodynamic control in highly stable  triphenylene-based supramolecular 
polymers can be rationally controlled by tuning the solvent quality and structure. In 
apolar decalin, the polymers can easily be trapped in kinetically-controlled states, while 
the introduction of chloroform as a co-solvent induces dynamics in the system, which 
permit the non-covalent synthesis of thermodynamically-controlled states. Moreover, 
when chiral solvents are used, the interactions between the solvent and polymers allows 
control the helical structure of the resulting supramolecular polymer. Through the use of 
the solvent-dependent mass-balance model introduced in the previous chapter, we show 
that the non-polar, chiral solvent induces entropic differences between the helical states of 
the supramolecular polymer. The entropic nature of the solvent interaction is in remarkable 
contrast to the enthalpic solvent interactions discussed in previous chapters. Together, our 
results show that solvent-induced dynamics can be exploited to control the kinetic and 
thermodynamic structure of highly stable  supramolecular polymers, which holds great 
promise for the application of simple supramolecular building blocks in complex, functional 
devices.

 
 

 
This chapter has been adapted from:
Competition between chiral solvents and chiral monomers in the helical bias of 
supramolecular polymers,
M. L. Ślęczkowski, M. F. J. Mabesoone, P. Ślęczkowski, A. R. A. Palmans, E. W. Meijer. In 
review.
Solvent-controlled competition between thermodynamic and kinetic states in 
supramolecular polymerizations,
M. L. Ślęczkowski, M. F. J. Mabesoone, Y. Post, E. W. Meijer, A. R. A. Palmans. To be 
submitted.
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1. Introduction
The dynamic nature of discotic supramolecular polymers and the control that can be 
obtained over the morphology provides attractive opportunities for their incorporation in 
optoelectronics.1 One interesting structural motif that is widely used in liquid crystalline 
systems and has been applied in optoelectronics applications is the triphenylene moiety.2–4 
Surprisingly, despite the large number of investigations into the smaller, benzene-1,3,5-tri-
carboxamides,5 triphenylenes have not been exploited for supramolecular polymerizations. 
Nonetheless, their increased aromatic surface can lead to the formation of highly 
stable supramolecular polymers, which enables applying these polymers over a wider range 
of temperatures, solvent qualities and concentrations. 

A common challenge in the design of highly stable supramolecular polymers is the prevention 
of kinetic trapping of the system. Although kinetic control has permitted the realization of 
breakthroughs in living supramolecular polymerizations in one6,7 and two8 dimensions, 
metastable states9,10 can also introduce undesired problems with the long-term stability of 
supramolecular systems. Solvents offer an attractive way to navigate thermodynamic and 
kinetic control in the energy landscape of supramolecular polymers.11,12 

In this chapter, we show that amide-appended triphenylenes (S)-1 and (R)-1 (Scheme 1) 
form highly stable  supramolecular polymers in decalin solutions. The thermal stability 
can be tailored by controlling the amount of CHCl3 co-solvent in the decalin solutions. 
Moreover, copolymerizations of (S)-1 and (R)-1 in majority-rules experiments show that 
the supramolecular polymerization of 1 can be strongly kinetically controlled in apolar 
media, while the introduction of a polar co-solvent enables better dynamics in the system 
and thermodynamic control is obtained. Furthermore, the structure of the supramolecular 
polymer can also be controlled using a chiral solvent. In these complex, multicomponent 
supramolecular polymerizations, the intricate details enclosed in the experimental data 
could only fully be unraveled with numerical models. These models offer a computational 
microscope, through which contributions of the solvent to the polymer stability, which are 
challenging to address experimentally, can be unraveled.

The work presented in this Chapter was done in close collaboration with Dr. Marcin 
Ślęczkowski, who synthesized 1 and performed experimental measurements and Yorick 
Post, who performed experimental measurements.

 │Scheme 1 Molecular structures of the various TTA derivatives studied in this chapter and the chiral 
(S)-CldMeOct solvent.
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2. Results and discussion
2.1. Homopolymerization of 1 in decalin and mixtures of 
decalin and chlorinated solvents
Triphenylenes (R)-1, (S)-1 and n-1 were synthesized by Dr. Marcin Ślęczkowski and 
obtained in excellent purity.13 The characterization of the compounds is reported elsewhere.13 
When (S)-1 is dissolved in decalin at 5 μM at 20 °C, a broad absorption maximum at 260 nm 
is observed with a positive Cotton with a maximum at 266  nm (Figure  1a). At 105  °C, 
however, a CD-silent absorption maximum at 276 nm is observed. The blue shifted, CD 
active absorption band at 20 °C indicates the presence of supramolecular polymers in which 
the monomers are stacked cofacially. The positive Cotton effect is attributed to P-helical 
supramolecular polymers.14 The observation of this blue-shifted band at concentrations as 
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 │Figure 1 a) VT-CD (top panel) and VT-UV (bottom panel) spectra of 5 μM solutions of (S)-1 in decalin 

between 105 and 20 °C. b) Temperature-dependent normalized absorbance at 276 nm and CD intensity 
at 266  nm of decalin solutions containing 2.5, 3.75, 5, 6.25 and 7.5 μM (R)-1. The symbols indicate 
experimentally measured data, while the solid lines indicate best fits to the mass-balance model with a 
nucleus size of 5. Samples were cooled at a rate of 0.5 K⋅min−1. c) Residuals as obtained from the fits to the 
mass-balance model for various nucleus sizes, indicating that a nucleus size of 5 gives the best fit to the data.
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low as 5 μM highlights the increased stability of the polymer as compared to BTA analogues, 
which typically form polymers only at higher concentrations.15–18 

To monitor the temperature dependency of the supramolecular polymerization, the circular 
dichroism at 266 nm and the absorbance at 276 nm is monitored as samples of (R)-1 are 
slowly cooled from high temperatures. Upon rapid cooling, the polymerization quickly gets 
trapped in kinetic traps (vide infra). The CD intensity at 266 nm and absorbance at 276 nm 
probe the formation of the elongated supramolecular polymers and the disappearance of 
the free monomers, respectively. The results of these variable temperature CD (VT-CD) 
and UV (VT-UV) experiments are given in Figure 1b. Interestingly, at temperatures slightly 
above the temperature where the CD intensity at 266 nm emerges, the absorbance at 276 nm 
slightly decreases in a sigmoidal fashion. Upon cooling below the elongation temperature 
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 │Figure  2 a) VT-UV (top panel) and VT-CD (bottom panel) traces of decalin solutions of (S)-1 
containing various amounts of CHCl3. b) Denaturation curves at various temperatures extracted from the 
VT-CD traces. The symbols indicate the experimental datapoints, while the solid lines indicate the fit of the 
mass-balance model to the experimental data.

Table 1 Gibbs free energies, ΔG, solvent dependencies, m, and cooperativity values, σ, obtained from the 
fits of the mass-balance model with a nucleus size of five to the denaturation curves at various temperatures, 
as extracted from the VT-CD curves of samples with various volume fractions of CHCl3.

ΔG0 (kJ·mol−1) m (kJ·mol−1) σa

15 °C -43.7 21.3 0.079

20 °C -45.1 26.2 0.089

25 °C -46.2 30.5 0.13

30 °Cb -46.1 31.6 0.096

35 °C -48.3 40.2 0.19
aCooperativity parameters are determined at the temperature of the titration curve. bFor the fit of the data 
at 30 °C, many initial parameter sets gave optimized fits that with similar residuals spread over a range of 
parameter values. As a result, these values are slightly less accurate than the other reported values.
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at which the CD intensity emerges, the absorbance strongly decreases in a non-sigmoidal 
fashion. The non-sigmoidal decrease of the absorbance and emergence of the CD signal 
indicates that the supramolecular polymerization of (R)-1 proceeds via a cooperative 
pathway. The slight sigmoidal dependency of the absorbance on the temperature above the 
elongation temperature, however, suggests that the cooperative polymerization proceeds 
through a relatively large nucleus. A detailed thermodynamic description of the system was 
obtained by fitting various models to the VT-CD signal at 266 nm and the VT-UV signal 
at 276 nm. Fits to a model describing a competitive isodesmic pathway and a cooperative 
pathway with a dimeric nucleus, as discussed in Chapter 2, yielded poorer results than fits to 
a single pathway polymerization with a nucleus larger than a dimer. By varying the nucleus 
size of the cooperative pathway between 2 and 8, a nucleus size of 5 was found to describe 
the experimental data best (Figure 1b and c, additional details in the Materials and Methods 
section). Based on these results, we propose that the supramolecular polymerization of 
(S)-1 proceeds via a single nucleated pathway with a pentameric nucleus.

The fit of the mass-balance model of a nucleated supramolecular polymerization with 
a nucleus size of 5 to the data determined the enthalpy of elongation at −92.7  kJ⋅mol−1, 
the entropy of monomer addition at −132  J⋅mol−1⋅K−1 and the nucleation penalty at 
6.04  kJ⋅mol−1, which corresponds to a cooperativity parameter, σ, of 0.08. From the 
obtained enthalpy and entropy, the Gibbs free energy of the addition of a monomer to the 
supramolecular polymer at room temperature is determined at −54 kJ⋅mol−1. These values 
are in remarkable contrast to the thermodynamic values reported for the well-studied 
N,N’,N’’-tris((S)-3,7-dimethyloctyl)benzene-1,3,5-tricarboxamide ((S)-BTA) analogue.18 
The enthalpy and entropy of elongation of (S)-BTA have been determined at −59.9 kJ⋅mol−1 
and −90.5 J⋅mol−1⋅K−1, respectively, leading to a Gibbs free energy of −33 kJ⋅mol−1 at room 
temperature. The thermodynamic stability of (S)-BTA is considerably lower than the values 
obtained for (R)-1. The value of σ reported for (S)-BTA, which is determined at smaller 
than 10−6, is considerably lower the value of σ found for (R)-1. When the larger nucleus 
size is taken into account, giving an overall equilibrium constant between monomers and 
nucleus of , however, the stability of the nucleus with respect to the monomers are similar.19 
The increased stability of (R)-1 polymers compared to (S)-BTA is driven by an increased 
enthalpy gain upon polymerization. Thus, as a result of the increased π-surface, a considerably 
increased thermal stability is installed on the supramolecular polymers of (S)-1.

The increased stability of the supramolecular polymers of (R)-1 is additionally illustrated by 
cooling experiments in which the solvent polarity was gradually increased by the addition 
of CHCl3 (Figure  2). The VT-CD curves of the samples containing CHCl3 fractions 
ranging from 0 to 100  vol% show similar features as observed for the polymerization of 
(R)-1 in decalin. Since CHCl3 is a better solvent for (R)-1 than decalin, the elongation 
temperature of the supramolecular polymerization gradually shifts to lower temperatures as 
the volume fraction of CHCl3 is increased. Due to possible temperature-dependent effects 
of the CHCl3 co-solvent, as discussed in Chapter 2, we opted not to fit the mass-balance 
model to the cooling curves of the samples with varying amounts of CHCl3. However, 
from the VT-CD curves, denaturation curves at various temperatures can be extracted and 
the solvent-dependency of the supramolecular polymerization at various temperatures 
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 │Figure 3 a) VT-CD intensity at 266 nm of the majority rules experiments in decalin solutions containing 
5 μM (R)-1 with various ees and 0 (top panel) or 20 vol% (bottom panel) CHCl3. The samples were cooled 
with a cooling rate of 0.5 °C·min−1. b) VT-CD intensity at 266 nm in decalin obtained at various cooling 
rates of a solution containing 90 mol% (S)-1 and 10 mol% n-1 at a total concentration of 5 μM. c) CD 
intensities at 266  nm at various temperatures, extracted from the VT-CD traces, for the majority rules 
experiments in decalin with 0, 5, 10 and 20 vol% CHCl3. The symbols indicate the data and the solid lines 
indicate the fit of the mass-balance model.
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can be obtained (Figure 2b). The mass-balance model of the cooperative supramolecular 
polymerization with a nucleus size of 5 was then fitted to the titration curves at 15, 20, 25, 
30 and 35 °C. From the fit, the Gibbs free energy of monomer addition to the polymer in 
decalin, ΔG0, the dependency of the Gibbs free energy on the CHCl3 volume fraction, m, 
and the cooperativity parameter, σ, are obtained.11 The results of the fit are given in Table 1.

The Gibbs free energies of monomer addition to the supramolecular polymer as obtained 
from the fits of the cooling curves are consistently less negative than the values obtained 
from the global fits to the VT-CD and VT-UV data in decalin. Moreover, as the temperature 
increases, the fits yield increasingly negative Gibbs free energies, implying that the enthalpy 
change upon monomer addition is positive. A positive entropy change upon addition of a 
monomer is highly unusual in supramolecular polymerizations and in strong contrast to the 
strongly negative entropy change as obtained from the variable temperature fit in decalin. 
This discrepancy highlights that the Gibbs free energies as obtained from the fit are not 
accurate, since only a single concentration is measured and fitted in the denaturation curves. 
In contrast, in the fit to the VT-CD and UV data in decalin, several concentrations are fitted 
simultaneously, leading to more accurate results than obtained in the fits of the denaturation 
experiments. 

The dependency of the stability of the supramolecular polymers on the CHCl3  volume 
fraction is described by the solvent dependency parameter, m. The m-values obtained for 
the various temperatures range between 20 and 40 kJ⋅mol−1. These values are considerably 
smaller than the m-values obtained for the porphyrin system discussed in Chapter 2, but 
similar to previously reported oligo(phenylene ethynylene) tricarboxamides20 and gold 
complexes21 which also display extended π-surfaces. The combination of the strongly 
negative Gibbs free energy with the moderate m-values makes that the supramolecular 
polymers are stable at high volume fractions of CHCl3. 

Since polymers of 1 are highly stable  in decalin and mixtures of decalin and CHCl3, it is 
challenging to study the kinetic and dynamic aspects of the polymerization in these solvents. 
Moreover, since the monomers are aggregated over a wide range of temperatures and solvent 
compositions, the observation of a preferred handedness in the homopolymerizations 
only gives limited sensitivity in measuring the presence of kinetic traps. In supramolecular 

Table 2 Mismatch penalties in kJ⋅mol−1 at various temperatures for the majority-rules experiments in the 
various decalin-CHCl3 mixtures.

0 vol% CHCl3
a 5 vol% CHCl3 10 vol% CHCl3 20 vol% CHCl3

15 °C 0.02 0.16 0.25 0.29

20 °C 0.03 0.38 0.3 0.33

25 °C 0.05 0.38 0.36 0.37

30 °C 0.08 0.43 0.42 0.43

35 °C 0.11 0.5 0.49 0.5
aIn pure decalin, the polymerization is kinetically controlled and the assumption of thermodynamic control 
in the model does not hold. Hence, the values obtained from the fit are not accurate.
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copolymerizations, where a wider range of net helicities can be obtained, a much better 
sensitivity towards kinetic traps and kinetically controlled structures is obtained. 

2.2. Majority-rules polymerization of 1 in mixtures of 
decalin and chloroform
Since supramolecular copolymerizations can give rise to strongly non-linear effects in 
their expression of helicity, the occurrence of kinetically controlled processes during the  
polymerization can easily be detected. Thus, supramolecular copolymerizations in solvents 
that strongly promote aggregation offer an attractive method to investigate the competition 
between kinetic and thermodynamic control. To probe this competition, we performed 
majority rules experiments, where (S)-1 and (R)-1 copolymerize into either P or M-helical 
supramolecular polymers. A single polymer of (S)-1 and (R)-1 can adopt only a single 
helicity: either P or M. When a racemic mixture of (S)-1 and (R)-1 is copolymerized, 
equal amounts of P and M helical polymers are formed, and obviously no CD signal will be 
observed for this mixture. However, when a slight excess of one enantiomer over the other 
is present in the system, one of the helical states will be present in a higher amount, giving 
rise to a CD signal. When the two enantiomers in such a copolymerization do not show any 
hetero-interaction and thus self-sort, the resulting CD signal will show a linear dependency 
on the enantiomeric excess (ee) of the monomer feed. However, when the enantiomers mix, 
strong non-linear effects can be observed.22,23

Majority-rules experiments between (S)-1 and (R)-1 were conducted at a total monomer 
concentration of 5 μM in decalin solutions containing 0, 5, 10 and 20 vol% CHCl3. In these 
experiments, the VT-CD intensity at 266  nm was measured for samples with varying ee. 
As the ee increases, the net helicity of the samples increases, leading to an increasingly 
pronounced CD intensity. The results of these experiments are summarized in Figure 3.

The VT-CD traces of the samples in pure decalin (Figure  3a, top panel) show a gradual 
increase in the CD intensity as the ee is increased. Due to the high thermal stability of the 
polymers, elongation of the copolymers occurs between 95 °C and 100 °C. As the volume 
fraction of CHCl3 is increased, the elongation temperature gradually decreases; in mixtures 
of decalin with 20  vol% CHCl3 the elongation temperature of the copolymers is around 
40 °C (Figure 3a, bottom panel). From the VT-CD curves at varying ee, the dependency 
of CD intensity on the ee of the monomer feed can be extracted at various temperatures. 
Figure 3c shows the CD intensity of the samples with varying ee at various temperatures 
and solvent compositions. These results show that at all solvent compositions, a non-linear 
increase in the CD intensity can be observed as the ee is increased, indicating that in all 
solvent mixtures, (S)-1 and (R)-1 interact with each other. As the CHCl3 volume fraction 
is increased, the ee at which the maximum CD intensity is obtained decreases from an ee of 
80% in solutions in decalin to an ee of approximately 10% in solutions containing 20 vol% 
CHCl3. However, to gain more insight into the microstructure of the supramolecular 
copolymers, the thermodynamic properties of the interactions between (S)-1 and (R)-1 
should be known. 
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To obtain insights into the interaction between (S)-1 and (R)-1 in the majority-rules 
experiments in the decalin-CHCl3 mixtures, a mass-balance model24 for majority-rules 
experiments was fitted to the data obtained for various temperatures (additional details 
in the Materials and Methods section). In these fits, the Gibbs free energies and solvent 
dependency parameters as obtained from the denaturation experiments (Figure  2) were 
used to determine the stabilities of the homopolymers at the various temperatures. By fitting 
the model to the data, a mismatch penalty, MMP, which indicates the energetic penalty for 
an enantiomer to be incorporated into a polymer of its non-preferred helicity, 

is obtained. The results of the fits are plotted in Figures 3c and the obtained MMP values 
are given in Table 2. Since the copolymerization is strongly kinetically controlled in pure 
decalin, the requirement of thermodynamic control, which is central to the mass-balance 
model, is not met and the obtained MMP values in decalin are not accurate.

The calculated dependency of the CD signal on the ee of the monomer feed shows that 
at low  volume fractions of CHCl3, a rather poor overlap between the calculated and 
experimental data is obtained, while for the samples containing 20  vol% CHCl3, the 
fit is in good agreement with the experimental data. The inability to properly describe 
the majority-rules experiments in solvent mixtures with low CHCl3  volume fractions 
indicates that in these situations, the systems are not under the thermodynamic control, 
which is required for the mass-balance model. Further proof for a kinetically controlled 
polymerization in decalin is given by the copolymerization of (S)-1 with 10 mol% n-1. The 
CD intensity of this sample shows a strong dependency on the cooling rate, indicating that 
at typical cooling rates, the system does not have enough time to organize itself into the 
thermodynamically determined state.

The low MMP values obtained for the samples in pure decalin provide a second indication 
that the copolymerization of (S)-1 and (R)-1 is kinetically controlled in apolar media. The 
high driving force for aggregation in these media over the helical preference of the monomers. 
As a result, the net helicity of the polymers follows the ee of the monomer feed. A similar 
effect in thermodynamically controlled majority-rules experiments is observed in systems 
with very low MMPs.23 The results obtained for the more polar solvent mixtures, however, 
indicate that MMP for 1 is in the order of hundreds of J⋅mol−1, thereby corroborating that 
the weak bias in helicity in decalin originates from kinetic control in the polymerization.

The good agreement between the experimental and simulated data for 20 vol% CHCl3 in 
decalin indicate that in this mixture, the copolymerization is thermodynamically controlled. 
The mismatch penalties of the copolymerization of (S)-1 and (R)-1, which are in the 
order of 300 to 500 J⋅mol−1, are about twofold lower than the values obtained for BTA.25 
These lower values indicate that the enantiomers of (S)-1 and (R)-1 mix more easily. This 
easy mixing suggests that the steric hindrance that the chiral side chains experience upon 
incorporation into a supramolecular polymer with non-preferred helicity is decreased when 
compared to BTA. Alternatively, the MMP values suggest that the solvation of the side 
chains in supramolecular polymers of 1 is considerably different than in polymers of BTA. 
This possible difference in solvation of the side chains is furthermore highlighted when the 
polymerization of 1 is studied in chiral, halogenated solvents.
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2.3. Homopolymerization of 1 in (S)-CldMeOct
Because the supramolecular polymers of 1 in alkane solutions are stable  in the presence 
of large volume fractions of relatively polar CHCl3, 1 also forms supramolecular polymers 
in chlorinated alkanes. Initial studies of 1 in 1-chlorooctane showed that also in this 
solvent, supramolecular polymerization occurs. Inspired by these promising initial results, 
we proceeded to study the supramolecular polymerization of 1 in a chiral chlorinated 
solvent, (S)-1-chloro-3,7-dimethyloctane ((S)-CldMeOct, Scheme 1). Previous studies of 
covalent26 and non-covalent polymers27–31 of achiral monomers showed that in the presence 
of chiral solvents, these helical polymers adopt a preferred helicity. The induction of a 
preferred helicity indicates that the solvation of the polymers by the chiral solvent can induce 
a small energy difference between the two helical states of the polymer. In addition, the 
majority-rules experiments of 1 in mixtures of decalin and CHCl3 indicate that the energetic 
difference between the two helical senses of polymers of 1 is relatively small. Therefore, the 
competition between the energetic preference of the monomers for a specific helicity and 
the energetic differences between helicities induces by the chiral solvent may shed new light 
on polymer-solvent interactions.

When (S)-1 and (R)-1 are dissolved in (S)-CldMeOct, remarkably different results are 
obtained for both when compared to the results obtained in the decalin-CHCl3 mixtures. 
At low temperatures, the CD spectra are identical to the spectra observed in decalin: (S)-1 
shows a positive Cotton effect with a maximum with negative intensity at 266 nm, while 
(R)-1 shows a negative Cotton effect with a maximum with positive intensity at 266 nm 
(Figure 4a). Interestingly, at high temperatures, inverse spectra are obtained: At 90 °C, (S)-1 
shows an identical, yet mirror imaged CD spectrum when compared to the spectrum at 20 °C. 
A similar, inverted spectrum is also obtained for (R)-1 at high temperatures (Figure 4a). 
These identical, yet inverted shapes indicate that in (S)-CldMeOct, the supramolecular 
polymers undergo a helix inversion as the solutions are cooled and supramolecular polymers 
form. 

Further insights into the helix inversion of the polymers of 1 is obtained by measuring the 
VT-CD trace at 266  nm for (S)-CldMeOct solutions containing various concentrations 
of (S)-1 and (R)-1 (Figure 4b). These results show that at 25 μM, both (S)-1 and (R)-1 
are molecularly dissolved above 90 °C. Upon cool below 90 °C, (S)-1 and (R)-1 polymerize 
into supramolecular polymers, as indicated by the sudden appearance of a negative and 
positive CD signal respectively. The positive CD intensity can be attributed to the presence 
of P-helical supramolecular polymers, while the negative CD intensity originates from 
M-helical polymers.14 After an initial increase of CD intensity as the samples are cooled, the 
CD intensity gradually decreases again, and at 60 and 76 °C for (S)-1 and (R)-1, respectively, 
no CD intensity is observed. Further cooling below this temperature rapidly leads to the  
appearance of a strongly positive and negative CD signal, indicating the formation of 
supramolecular polymers of the opposite helicity as the supramolecular polymers present 
at high temperature. Thus, (S)-1 polymerizes into M-helical supramolecular polymers, MS, 
above 76  °C and into P-helical polymers, PS, below 76  °C while (R)-1 polymerizes into 
Phelical supramolecular polymers, PR, above 60 °C and into M-helical polymers, MR, below 
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60  °C. Interestingly, the temperature at which the supramolecular polymers invert their 
helicities is independent of concentration. This concentration independence indicates that 
the two helical states of the supramolecular polymers are in competition over the limiting 
monomer pool. When the concentrations of the monomers are chosen such, that the 
elongation temperature is below the helix inversion temperature, elongation in only a single 
handedness occurs.
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 │Figure 4 a) Spectra of (S)-1 and (R)-1 in (S)-CldMeOct at various temperatures. b) VT-CD intensities 
of solutions containing 2, 3, 7.5, 10, 20 and 25 μM of (R)-1 (top panel) and (S)-1 (bottom panel) in 
(S)-CldMeOct solvent. The symbols indicate experimental data and the solid lines indicate the fit of the 
solvent-dependent mass-balance model. d) Speciation plot showing the temperature dependent population 
of the monomeric (top panel), P-helical (middle panel) and M-helical (bottom panel) states of a sample 
containing 25 μM (S)-1 in (S)-CldMeOct. d) Norm of the residual cost vector obtained for the fits of the 
model with varying nucleus sizes to the VT-CD traces, showing that a nucleus size of 2 results in the best 
fits.
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To gain further insights into the supramolecular polymerization of (S)-1 and (R)-1 in 
(S)-CldMeOct, a thermodynamic mass-balance model that incorporates the interaction 
with the solvent was fitted to the VT-CD curves. This mass-balance model is in principle 
identical to the mass-balance model introduced in Chapter 6 and incorporates only 
two solvent-dependent polymer states rather than two solvent-dependent and one 
solvent-independent state, as was the case in Chapter 6 (see Materials and Methods for 
additional details). The results of the fit are given in Figure 4b and Table 3.

The enthalpic and entropic contributions, as obtained from the global fits, show a striking 
mirror symmetric relationship between the PR and MS, as well as between MR and PS 
aggregates. Interestingly, we note small but considerably different values of the solvent 
contribution change, Δν, for the two helical states of (R)-1 and (S)-1. The changes in 
the solvent contributions of −28  J⋅mol−1⋅K−1 and −49  J⋅mol−1⋅K−1 for (R)-1 and (S)-1, 
respectively, represent a smaller change in solvation energy upon P-M transition of (R)-1 
than (S)-1. The negative value of the solvent interaction term indicates a higher solvent 
contribution to the polymer states present at low temperatures, which is in line with our 
observations for n-1 in (S)-1-cloro-2-methylbutane (data not shown). Interestingly, this 
more pronounced solvent contribution at low temperature is in analogy with the various 
degrees of hydration in organic crystals such as Pasteur’s and Scacchi’s salts of sodium 
ammonium tartrate.32 

The mathematical description of the supramolecular polymerizations of (R)-1 or (S)-1 
points out that both helical states of both enantiomers have similar enthalpy. The small 
enthalpic difference between the P- and M-helical aggregates of (S)-1 is corroborated by 
micro-DSC experiments in (−)-mentyl chloride, in which a reversible, weak exothermic 
transition with an enthalpy change of 3 kJ⋅mol−1 is observed upon cooling. The absence of 
a strong enthalpic component in the solvent interaction is in contrast to other reports of 
(co)solvent interactions in supramolecular polymers, in which hydrogen bonding or dipolar 
interactions are operative.33,34 On the other hand, the results obtained identify a change in 
entropic contribution.35 Therefore, we conclude that the differential solvation of the various 
helical states of the supramolecular polymers by the chiral solvent is of entropic nature. 

Together, the experimental and computational results obtained for the homopolymerization 
of (R)-1 or (S)-1 show that the minute differences in solubility of two enantiomers in 
optically active solvent is very challenging to detect. We are able to measure the difference 
in the properties of the enantiomers by coupling the small energetic differences induced 
by the solvent to the cooperative accumulation of these differences by each monomer in 

Table 3 The thermodynamic parameters of (R)-1 and (S)-1 in (S)-CldMeOct obtained 
from the fits of the experimental VT-CD data to the thermodynamic mass balance model.

ΔHe,P 

(kJ·mol−1)
ΔHe,M 

(kJ·mol−1)
ΔSe,P 

( J·mol−1·K−1)
ΔSe,M 

( J·mol−1·K−1)
NPP 

(kJ·mol−1)
NPM 

(kJ·mol−1)
R·Δν·ln([S]) 

( J·mol−1·K−1)a

(R)-1 −62 −65 −70 −52 26 26 −28

(S)-1 −72 −67 −51 −67 29 31 −49
aR is the gas constants and [S] indicates the concentration of the chiral solvent.
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the polymer.36 We conclude that the energy difference arises from the different solvation 
of the aggregates by chiral solvents. Thereby, we show and quantify differences between 
enantiomers in optically active solvents.

2.4. Copolymerization of (S)-1 and (R)-1 in (S)-CldMeOct
The mass-balance model should also be able to describe more complex experiments than 
homopolymerizations in a single solvent. Therefore, we investigated the copolymerization 
of (R)-1 and (S)-1 in (S)-CldMeOct. Hereto, VT-CD measurements are conducted of 
solutions with varying the ee from 100% of (R)-1 to 100% of (S)-1, at a constant monomer 
concentration of 30 μM (Figure 5a, to panel). The experimentally obtained results were then 
fitted to a solvent-dependent mass-balance model for supramolecular copolymerizations,37 
analogous to the model introduced in Chapter 6 (see Materials and Methods for additional 
details). This way, we verify that our incorporation of the solvent interaction with the 
polymer accurately describes these systems. The results of the fit are given in the bottom 
panel of Figure 5a and Table 4. 

The simulated VT-CD traces are in good agreement with the experimental data and 
describe the changes in transition temperatures between the two opposite helical states 

 │Figure 5 a) VT-CD intensities at 266 nm of the copolymerization of (S)-1 and (R)-1 in (S)-CldMeOct. 
The samples, containing a total monomer concentration of 30 μM, were measured with a cooling rate 
of 0.1  °C⋅min−1. The top panel shows the experimental data and the bottom panel the calculated curves 
as obtained from the fit of the solvent-dependent copolymerization model to the data. The curves show 
samples with ee’s of (S)-1 of 100%, 90%, 70%, 50%, 45%, 40%, 35%, 30%, 10%, 0%, −20%, −30%, −40%, 
−50%, −70% and −100%. b) Speciation plots showing the temperature dependent population of the 
M-helical and P-helical polymer state as well as the concentration of free (R)-1 and (S)-1 for ee values 
ranging from 100% (S)-1 (light curves) to 100% (R)-1 (dark curves).
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with reasonable accuracy. Moreover, the fits allow the calculation of speciation diagrams 
(Figure  5b), which aid the explanation of the complex VT-CD curves.In these VT-CD 
curves, as the ee is shifted from 100% to 50% of (R)-1, the CD cooling curves resemble the 
homopolymerization of (R)-1 in (S)-CldMeOct with a gradual shift of the helix inversion 
transition to lower temperatures (Figure 5a). Remarkably, upon further decreasing the ee to 
20% of (R)-1, the helix inversion vanishes, and an excess of P-helical aggregates is formed 
over the entire temperature range. Apparently, the contribution of (S)-1 and (S)-CldMeOct 
overrule the majority monomer (R)-1 and its preference of handedness at room temperature. 
Further addition of (S)-1 up to 20% ee of (S)-1 does not cause any change in the VT-CD 
curve and only when the ee is increased from 20% of (S)-1 towards 100% of (S)-1, the 
M-helical aggregates become favorable at high temperatures. 

The reasonable thermodynamic parameters obtained from the fit furthermore corroborate 
that the incorporation of the solvent in the mass-balance model is accurate. The inverse 
preference of the monomers for P and M supramolecular helices is indicated by more 
negative enthalpies and entropies of the PRS and MSR interactions with respect to the PSR 
and MRS. The broken mirror symmetry between the two helicities as a result of the chiral 
solvent is in turn indicated by the different thermodynamic parameters for the PRS and MSR, 
as well as the PSR and MRS contacts. More specifically, the enthalpic contributions of the 
hetero-interactions are similar for all hetero-interactions, while the entropic contributions 
show a strong asymmetry between the various hetero-interactions. This asymmetry in the 
entropic contributions further highlights that the solvation interactions are entropic of 
origin. 

Thus, the ability of our solvent-dependent mass-balance model to describe complex 
experiments, such as majority rules copolymerizations in optically active solvents, support 
the validity of the incorporation of the solvent interaction in the model and show that the 
thermodynamic description of these multicomponent systems is accurate.

3. Conclusions
In this chapter, we have shown that triphenylene-based monomers (S)-1 and (R)-1 form 
highly stable supramolecular polymers due to their increased π-surface. The polymers are 
stable up to high temperature, dilution and solvent polarity. By combining the experimental 
investigations with mass-balance models, the stabilities of the aggregates in these various 
conditions have been characterized. Moreover, due to the high stability of the polymers in 
alkane solutions, these polymerizations can be easily trapped in kinetically controlled states.

Table 4 Thermodynamic parameters for the various hetero-contacts obtained from the fit of the 
mass-balance model to the majority in the copolymerization of (S)-1 and (R)-1 in (S)-CldMeOct.

PRS
a PSR MRS MSR

ΔH (kJ⋅mol−1) −56.7 −50.0 −52.7 −56.8

ΔS ( J⋅mol−1⋅K−1) −57.0 −30.0 −44.8 −50.0
aXAB denotes the interaction between monomer B and polymer of type X with A at the chain end.
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The high stability of the polymers in relatively polar chlorinated solvents allowed us to 
investigate the supramolecular polymerization of 1 in a chiral(S)-1-chloro-3,7-dimethyloc-
tane solvent. In this solvent, the monomers can assemble into supramolecular polymers of 
both P and M helicity. In the optically active solvent, the mirror symmetry between these 
two helicities for the two enantiomers is broken. As a result, the polymer-polymer transition 
between the two helicities occurs at different temperatures for the two enantiomers. A 
combination of spectroscopic and calorimetric experiments and mathematical modelling 
shows that the energetic difference between the enantiomers by the optically active solvents 
is unmeasurable at the single molecule level and comes mostly from entropic contributions. 
When the energetic difference between the P and M helical aggregates is close to the 
energetic contribution of the chiral solvent, the dissymmetry introduced by the solvent can 
be amplified by the additive cooperativity of these effects along the polymer backbone.

Together, our results show that solvent quality can determine the balance between 
kinetic and thermodynamic control in supramolecular polymerizations and highlight the 
cumulative effects in polymer-solvent interactions. The highly complex role of solvents 
in supramolecular chemistry addresses the importance of the development of analytical 
methods capable of visualizing the transient interactions of solvents with supramolecular 
polymers. Although directional interactions of (co)solvents with supramolecular structures, 
which typically have a strong enthalpic component, have been widely acknowledged, the 
entropic contributions of solvents are equally important, yet far more challenging to address. 
By combining experiments with solvent-dependent mass-balance models, a unique insight 
into this behavior can be obtained. We envision that these results may provide interesting 
opportunities to control supramolecular structures in spintronics devices.38

4. Materials and methods
4.1. General methods and characterization
(R)-1, (S)-1 and are synthesized by Dr. Marcin Ślęczkowski. The synthesis is of (S)-1 is reported 
elsewhere.34 All solvents used for spectroscopic measurements were of spectroscopic grade and obtained 
from Sigma-Aldrich. Decalin was purchased as a mixture of cis and trans-decalin. All samples for CD and UV 
spectroscopy were measured in screw-capped quartz cuvettes with a Teflon-lined septum. Measurements 
were performed on Jasco J-815 spectrometer equipped with a Jasco Peltier PFD-425S/15 Peltier-type 
temperature controller.

4.2. Details on the thermodynamic mass balance model 
for the copolymerization in decalin and mixtures of decalin 
and chloroform
The mass-balance model with varying nucleus size used to calculate the temperature and solvent dependent 
behaviour of (S)-1 and (R)-1 has been described elsewhere.11,39 The mass-balance model for the majority 
rules experiments has also been described elsewhere.24

Details on the fitting of the homopolymerizations
The model is fitted to the CD signal at 266  nm and the absorbance at 276  nm simultaneously. In the 
concentration dependent fits, the predicted spectroscopic response is calculated by multiplying the fraction 
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of monomer present in every aggregate with the molar ellipticity or normalised absorbance for that specific 
aggregate:
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where θ266 is the ellipticity in mdeg at 266 nm, Δϵi
0 is the molar ellipticity of species i at 266 nm in mdeg⋅cm1 

obtained at temperature T0, Δϵelo is the temperature dependence of the molar ellipticity of the elongated 
polymers and Δϵprenuc the temperature dependency of the prenucleus aggregates and A276 the normalized 
absorbance at 276 nm, Ai is the normalised absorbance of species i at 276 nm, L is the optical pathlength of 
the cuvette and ctot is the total concentration. The temperature dependence of the molar ellipticity, Δϵcoop, is 
extracted by fitting the CD intensity of the aggregates of (R)-1 in the temperature range between 10 °C and 
40 °C with a linear fit. To limit the number of fitting parameters, the absorption traces have been normalized 
as follows:
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where UVf(T) is the experimental absorbance curve for the fraction of chloroform f, UVf
max the maximum 

value this curve exhibits and UVf
norm(T) the resulting normalised curve. After normalisation, the cooling 

curves all fall on the same master curve at low temperature, which enables setting the absorption coefficient 
of the cooperative aggregates to the plateau value of the normalized absorption at low temperature. 
Similarly, the normalised absorbance of monomers has been set to 1 and the molar ellipticity of monomer 
and isodesmic aggregates is fixed at 0, as both have experimentally been determined to be CD-silent. 
Similarly, the molar ellipticity and the normalised absorbance of nucleated aggregates is set at the plateau 
value observed in decalin at 10 °C. The normalised absorbance of monomers has been set to absorbance 
maximum. The fit parameters for denaturation experiments are me and miso. For the cooling experiments the 
fit parameters are ΔHe, ΔSe, NP, and Aprenuc.

The predicted curves were fitted to the experimental data using a least-squares minimisation algorithm. The 
deviation of the predicted signal compared to the experimental data was saved in a cost vector:
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The minimisation of the cost vector is performed using the Matlab® lsqnonlin function with the trust-region 
reflective algorithm to obtain optimised values for the thermodynamic parameters of the cooperative and 
isodesmic pathways.

To ensure that a global minimum was obtained, 250 initial parameter sets were generated, and the best fit, 
defined as the lowest norm of the residual cost vector, was taken as the final solution. To ensure an evenly 
spaced random distribution of parameters over the entire parameter space, parameter sets were sampled 
using Latin hypercube sampling using the Matlab function lhsdesign. To guarantee reasonable boundaries 
of the sampled parameter space, Gibbs free energies were sampled between −20 kJ⋅mol−1 and −50 kJ⋅mol−1, 
solvent-dependency parameters between 10 kJ⋅mol−1 and 50 kJ⋅mol−1, entropies between −10 J⋅mol−1⋅K−1 
and −500 J⋅mol−1⋅K−1 and Aprenuc between 0 and 1. Enthalpies are then generated from the samples Gibbs 
free energy and the entropy.

Details on the fitting of the majority-rules experiments
The thermodynamic parameters obtained from the fits of the denaturation experiments at constant 
temperature, of which the data is obtained from the cooling curves of the homopolymerization, are used 
to calculate the Gibbs free energies of the polymerizations, leaving the mismatch penalty, MMP, the only 
parameter to be determined. The mass-balance equations and have been solved using a custom nested 
binary search algorithm. The deviation of the predicted CD signal, θmodel, at a certain concentration, c, 
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temperature, T, and volume fraction CHCl3, f, compared to the experimental data, θexp, was saved in a cost 
vector:
Cost model exp= −( )θ θ( , , ) ( , , )c T f c T f

  
(4)

The minimisation of the cost vector is performed using the Matlab lsqnonlin function with the trust-region 
reflective algorithm to obtain optimised values for the mismatch penalty. Further fitting details are similar 
to the ones described for the fitting of the homopolymerization. Mismatch penalties were sampled between 
0.1 and 1 kJ⋅mol−1.

4.3. Details on the thermodynamic mass balance models 
for the homopolymerization in chiral solvent
Derivation mass balance equation
The supramolecular polymerization of 1 is modelled with thermodynamic mass balance expressions. In the 
model, the influence of solvent stabilization of the two polymer types is introduced in a way similar to a 
previous report34 by describing the interaction of the supramolecular polymer as if the solvent is part of the 
supramolecular polymer. Thus, the polymerization is described with a series of sequential equilibria that 
describe the solvent influenced addition of a monomer, X, to the chain ends of a supramolecular polymer:
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with K2,P the equilibrium constant of dimerization and KP the equilibrium constant of polymerization 
beyond the dimer in the P-type polymer, νP a temperature independent constant that captures the degree 
of interaction between the polymeric P-aggregates and the solvent and S the solvent. 

As such, the equilibrium constant expresses the solvent dependent equilibrium between the polymeric 
aggregates with:
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with [Pi+1] the chemical activity of the polymers of length i+1, [Pi] the chemical activity of polymers of 
length i, [X] the chemical activity of the free monomers and [S] the chemical activity of the solvent.

In this expression, the solvent term can be isolated together with the equilibrium constant, to yield: 
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Eq. (7) shows that in our model, the solvent interaction with the supramolecular polymer can be isolated 
and an equilibrium constant that is modified by a solvent dependency, K’P, can be used to describe the 
supramolecular polymerization. This modification eliminates the solvent from the equilibrium expression 
and enables the description of the supramolecular polymerization with well described methods that have 
been developed without taken solvent interactions into account.

Following the deduction outlined by Zhao and Moore, the concentration of monomers in i-mers of the 
P-type polymer can be expressed as a function of the free monomer concentration with:
[ ] ’ ’ [ ]P  for XP Pi

i ii K i= ⋅ ⋅ ⋅ ≥
−

σ
1 2   (8)

where σP is the cooperativity parameter: σP =K'2,P/K'P= K2,P/KP.
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The formation of the M-type polymer is described in a similar way, giving the concentration of i-mers of the 
M polymer as a function the free monomer concentration through:
[ ] ’ [ ]M  for XM Mi

i ii K i= ⋅ ⋅ ⋅ ≥
−

σ
1 2   (9)

where σM is the cooperativity parameter: σP =K'2,M/K'M, in which K’2,M is the solvent modified equilibrium 
constants for dimerization to form the nucleus, and K’M is the solvent modified equilibrium constant of 
elongation beyond the dimer.

The total concentration of X in the system can thus be expressed with:
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Using standard expression for converging series, Eq. (10) can be solved to obtain the mass-balance equation 
for the polymerization into one supramolecular polymer:
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In the simulation, the temperature dependence of the various equilibrium constants is introduced via the 
Van ‘t Hoff equation:
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with ΔGi the Gibbs free energy of monomer addition in aggregation process i, R the gas constant, T the 
absolute temperature, ΔHi the enthalpy of monomer addition in aggregation process i and ΔSi the entropy 
of monomer addition in aggregation process i. 

For the nucleation step, an enthalpic nucleation penalty is introduced to offset the Gibbs free energy of 
elongation and nucleation via:
∆ ∆H H NP2 = +   (13)

with ΔH2 the enthalpy of dimerization, ΔH the enthalpy of monomer addition to dimers and larger 
aggregates and NP the nucleation penalty. 

In the simulations of the experiments, the mass balance equation (11) is solved using a binary search 
algorithm.

Relationships between thermodynamic parameters
To obtain thermodynamic parameters of the polymerization by fitting the experimental data to the 
numerical model, not all thermodynamic parameters have to be fitted, since additional equations can be 
derived which relate various thermodynamic parameters to the experimentally determined elongation 
temperatures and helix inversion temperatures at various concentrations.

When 1 elongates into the supramolecular polymer above the helix inversion temperature into the high 
temperature favoured helicity, the critical condition
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is met,34 with Te, high T, ΔGhigh T, ΔHhigh T, ΔShigh T and νhigh T the elongation temperature, the Gibbs free 
energy, enthalpy, entropy and solvent interaction parameter of the polymer with the helicity favoured 
at high temperature respectively. This expression can be rearranged to isolate the enthalpy change in the 
polymerization into the helicity favoured at high temperature, resulting in:

∆ ∆H T S T RRT T T Thigh e,high high e,high 
totX

= −⋅ ⋅ ⋅










+ ⋅ln
[ ]

1
TT T Te,high high 
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(15)

In addition, it is known that at the helix inversion temperature, Tinv, the equilibrium free monomer 
concentrations of the two competing pathways are equal,34,40 which results in the following equality:
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(16)

with ΔHlow T, ΔSlow T and νlow T the enthalpy, entropy and solvent interaction parameter of the polymer 
with the helicity favoured at low temperature. When substituting Eq. (15) into Eq. (16), Eq. (16) can be 
rearranged to:
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The value obtained for the entropy of the high temperature state can then be used to calculate the enthalpy 
of the helicity favoured at high temperature by substituting Eq. (17) into Eq.(15).

In the model, not the absolute values of the solvent stabilization parameters are used, but rather the 
difference between the two different parameters:
∆ν ν ν= −high low T T

 
(18)

where νlow T is taken equal to 0. As a result of this assumption, the solvent interaction of the helicity that 
is favoured at low temperature will be taken into account by the model in the entropy of the helicity 
favoured at low temperature. After substituting Eq. (18) into Eq.(17), Eq. (17) becomes: 
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Additionally, when the total concentration of monomers is too low to elongate into the helicity that is 
favoured at high temperature, supramolecular polymerization of the free monomer directly into polymers 
with the helicity favoured at low temperature occurs and, taking into account that νlow T is taken equal to 0, an 
expression similar to Eq. (15) can be obtained for the enthalpy of the helicity favoured at low temperature:

∆ ∆H T S TRT T T Tlow e,low low e,low 
totX

= −⋅ ⋅ ⋅










ln
[ ]

1
  (20)

Since cooling curves are experimentally obtained at known concentrations where 1 polymerizes either in 
the high temperature favoured helicity or the helicity favoured at low temperature and the helix inversion 
temperature for both enantiomers is known from the cooling curves with concentrations high enough to 
show the helix inversion, the solvent influenced supramolecular polymerization of 1 in two helicities can be 
described by four parameters, being the entropy of elongation of the helicity favoured at low temperature, 
ΔSlow T, the difference in solvent interaction, Δν, and the nucleation penalties of the helicities favoured at 
high and low temperature, NPhigh T and NPlow T. Through the derived expressions and the experimentally 
obtained elongation and helix inversion temperatures at known total concentrations, ΔSlow T and Δν then 
determine all the other relevant thermodynamic parameters.



Chapter 7

162

Details on the fitting procedure
The numerical model described above is fitted to the CD intensity at 366 nm by approximating the activity 
of the monomers and polymers with their molar fraction and the activity of the solvent by the molar amount 
present in the system. The fitting parameters are ΔSlow T, Δν, NPhigh T and ΔNP, which are used to calculate 
the nucleation penalty of the supramolecular polymer favoured at low temperature. 

The calculated composition of the system was translated to a simulated cooling curve by multiplying 
the molar fraction of monomers in polymers of the P or M helicity with the appropriate molar ellipticity. 
The absolute values for the molar ellipticity at every concentration were obtained through a linear fit of the 
experimentally obtained data of the cooling curves below 20 °C for the samples with 2, 3, 7.5 and 10 μM 1 
and below 40 °C for the cooling curves of the 20 and 25 μM samples. From this fit, the molar ellipticity as 
well as the experimentally observed linear temperature dependency of the molar ellipticity were obtained. 
The molar ellipticity for the P and the M helices was taken equal, except for being of opposite sign.

In the model, a cost vector is obtained by subtracting the measured CD values from the calculated CD 
intensities at the experimentally probed temperatures and concentrations. In the high temperature regime 
above the helix inversion temperature, the two helicities are in strong competition, but the CD intensity is 
rather weak. To ensure that this regime is properly weighed in the fitting, the region where the experimental 
CD intensity has the opposite sign of the CD intensity obtained at low temperature is multiplied by 10. 
Lastly, to ensure that all samples are weighed equally, the values of the cost vector are normalized with the 
concentration of the sample.

The thus obtained cost vector is minimized using the Matlab function lsqnonlin while employing the 
Levenberg-Marquardt algorithm. The initial starting values for the optimization are generated with Latin 
hypercube sampling using the Matlab function lhsdesign. Sampling was performed with maximum and 
minimum values of −50 and −200 for the entropy of the helicity favoured at low temperature, 5 and 
−5 for Δν, 15 and 40  kJ⋅mol−1 for the nucleation penalty of the helix favoured at high temperature and 
−10 and 10 kJ⋅mol−1 for the difference in nucleation penalty between the helix favoured at high and low 
temperature. To ensure the global minimum is found, each fit was performed with 2500 different initial 
starting parameter sets, from which the optimized parameter set with the lowest norm of the residual sum 
of squares was selected as the optimal fit. An additional filtering for reasonable values of the entropies of 
the polymerization was performed, in which any optimized parameter set with |Δν|>5 was discarded. The 
thermodynamic values that are not fitted are calculated using the expression derived above.

Determination of the nucleus size

The nucleus size that best describes the supramolecular polymerization of 1 in various solvents was 
obtained by performing the fit of the homopolymerization for various fixed nucleus sizes. The mass balance 
equation for the supramolecular polymerization with two competing helicities and nucleus sizes nP and nm 
is given by:
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and a derivation can be found elsewhere.41

The nucleus size of the P and M helices are taken equal and fixed in the fitting procedure. Fits of 
the homopolymerization were performed in an identical manner as describe for the fitting of the 
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homopolymerization above for integer nucleus sizes of 2 to 10. The minimal residual, denoting the best fit 
to the data, was obtained when a nucleus size of 2 was used.

4.4. Details on the thermodynamic mass balance model 
for the supramolecular copolymerization of 1
The Majority Rules experiments between (R)-1 and (S)-1 are modelled using the model recently developed 
by Ten Eikelder and Markvoort, which can describe any supramolecular copolymerization with a nucleus 
size of 2.37,42,43

The copolymerization into a supramolecular polymer with the P helicity is described using four equilibrium 
reactions for the formation of a dimeric nucleus:
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with R and S being (R)-1 and (S)-1 , σPR and σPS the cooperativity parameters for the nucleation of (R)-1 
and (S)-1 into P helical polymers and K’Pij the solvent corrected equilibrium constants of elongation of the 
P helical polymer for a bond between a monomer of type i in the polymer and a free monomer of type j. 

The further elongation steps into polymers are described via:
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Since in the Majority Rules experiment both P and M helical copolymers are present, the M-helical 
polymers are described in a similar way:
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for the elongation phase. 

A full derivation of the mass-balance equations is given by Ten Eikelder, Markvoort and co-workers.37 
Briefly, the total concentration of (R)-1 monomers that is present in the system can be written as:
G

P P M M
( ) ( )R,S = + + +u u u u3 4 3 4   (22)
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with the four-dimensional vector uX defined as:
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with I the 4x4 identity matrix and with X either the P or M helicity and z defined as:
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and MP and MM defined as:
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and
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respectively.

Similarly, the total concentration of (S)-1 in the copolymers is given by: 
H

P P P P M M M M
( ) ( )R,S = + + + + + + +v v u u v v u u1 2 3 4 1 2 3 4   (27)

with the vector u as defined above (Eq. (23)) and the vector v given by:
v z
X

XI M I= − − ⋅
−

(( ))
2  (28)

The mass-balance equations for the (R)-1 and (S)-1 monomers is then given by:
R R R S

S S R,S

tot

tot

= +

= +

G

H

( , )

( )   
(29)

Similar to the simulations of the homopolymerization, the temperature dependency of the equilibrium 
constants is introduced via the Van ‘t Hoff expression (Eq.(12)). The thermodynamic parameters 
of the homo-interactions (RR and SS) in both polymer helicities are obtained from the fits of the 
homopolymerization and given in Table 1 The mass balance equations Eq. (29) are solved using a nested 
binary search algorithm to obtain the free monomer concentration, from which the composition of the 
system is determined.

Details on the fitting procedure
The data of the copolymerization is fitted to the experimentally obtained CD data of the Majority Rules 
experiment in a similar way as the homopolymerization is fitted. The fitting parameters are ΔH’PRS, 
ΔS’PSR, ΔH’PSR, ΔS’PSR, ΔH’MRS, ΔS’MSR, ΔH’MSR and ΔS’MSR. The other relevant thermodynamic parameters 
are obtained from the fits of the homopolymerization and the above described relations between the 
hetero-interactions. The difference between the experimental CD data and the calculated values for 
temperatures above 75 °C is multiplied by 10 in the cost vector to properly weigh the low CD intensity 
regime where the copolymers transition from P to M helicity upon changing the ee. An initial set of 
12000 different starting parameters were sampled using the Matlab function lhsdesign. The sampling 
was performed between −40 and −60 kJ⋅mol−1 for the enthalpies. For the entropies in the two polymer 
helicities, Gibbs free energies at 365.15 K were randomly sampled between −15 and −35  kJ⋅mol−1 and 
then converted to a value for the entropy using the value of the enthalpy in that starting parameter set. The 
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optimizations of each residual sum of squares of each parameter set was done using Matlab’s lsqnonlin 
function with the Levenberg-Marquardt algorithm. The fit with the lowest squared sum of the residual was 
selected as the best fit.

Because the copolymerization is considerably more computationally demanding, fitting on a personal 
desktop is not feasible. Therefore, the fitting procedure was performed on the Cartesius cluster of the Dutch 
national SARA e-infrastructure. For the fitting, the cooling curves of samples with an ee of −1, −0.9, −0.7, 
−0.5, −0.45, −0.4, −0.35, −0.3, 0, 0.2, 0.3, 0.4, 0.5, 0.7 and 1 were used. From these cooling curves, every 
eleventh data point was used in the fit. After a first fitting routine, in which 11733 of the 12000 sample sets 
were optimized, the boundary conditions for a second fit were adjusted to −55 and −65 kJ⋅mol−1 for the 
enthalpies and −30 and −40 kJ⋅mol−1 for the Gibbs free energy. Then, a second fit was performed on 36000 
initial parameter sets, of which 8619 were optimized during the fit.
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Chapter 8

Epilogue: 
Towards a molecular picture of solvation in 
supramolecular polymers

Abstract: Interactions between supramolecular polymers and solvents can induce many 
interesting and unexpected phenomena in these non-covalent aggregates. In this thesis, 
a variety of spectroscopic techniques and numerical modeling is used to understand the 
thermodynamic aspects of these interactions. Nonetheless, a  molecular picture of the 
interface between polymer and solvent remains elusive. Questions regarding the mobility 
and structure of the peripheral parts of the monomers or the  molecular geometry in 
complex solvent-induced polymer states have not been answered. In this final chapter, we 
take a closer look into the structural transformations of two solvent-induced phenomena 
using NMR spectroscopy. These experiments show that water induces more mobility in the 
hydrated states of the biphenyl-tetracarboxamides introduced in Chapter 6. Additionally, 
the NMR experiments on gels of the triphenylenes introduced in Chapter 7 shed light on 
structural reorganizations during the helical inversion of these polymers in decalin. Together, 
the results show that magic angle spinning in NMR may be a promising avenue to obtain a 
truly molecular description of solvation in supramolecular polymers. This chapter ends with 
some general notes and conclusions and provides an outlook towards future directions in 
solvation in supramolecular chemistry.
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1. Introduction
The interactions of solvents with solutes have been recognized for centuries. However, the 
mechanism via which supramolecular assemblies are affected by solvents and co-solvents 
has only recently come to the spotlight. In this thesis, a next step towards understanding the 
competitive interactions is presented. By combining experimental results with numerical 
models and simulations, in-depth insights into solvents in supramolecular polymerizations 
are obtained and several new phenomena are described. This combined approach sheds a 
unique light on the supramolecular polymerizations and allowed to obtain explanations for 
solvation effects that could not be obtained otherwise. Nonetheless, although the numerical 
models act as a sort of computational microscope,1 they do not give a truly microscopic 
description of the supramolecular polymerizations. Furthermore, the insights that are 
obtained regarding the population of the various polymer states and energetic contributions 
does not provide any information on e.g. the local geometry of the monomers. This 
information, however, may be crucial in the development of supramolecular systems for 
electronic or biomedical applications.2

Although the spectroscopic techniques typically used, such as UV-Vis, circular dichroism, 
fluorescence and infrared spectroscopy can provide some information on structural 
features of supramolecular polymers, the derivation of atomic descriptions from this data is 
challenging. One of the techniques that is powerful in providing microscopic and mesoscopic 
information, is nuclear magnetic resonance (NMR). Unfortunately, the aggregation of 
monomers in supramolecular polymers typically makes that only very weak signals, if 
any at all, are observed in solution NMR. As a result, this technique is often disregarded 
when studying supramolecular polymerizations. However, by spinning the sample at high 
frequencies at the so-called magic angle, the anisotropic NMR interactions in the sample, 
which cause the vanishing of the signals in the regular solution NMR, are averaged out.3 
As a result, magic-angle spinning (MAS), allows the detection of nuclear resonances of 
supramolecular polymers, even when these systems are strongly aggregated. This has led to 
interesting structural insights in a handful of reports on triphenylenes,4 perylene bisimides,5,6 
phenylalanine7 and guanosine complexes.8 

In the last chapter of this thesis, we aim to provide an outlook towards approaches to draw 
a molecular picture of the polymer-solvent interface and the interactions of small amounts 
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of co-solvent with the supramolecular polymers using NMR techniques. For this, the role of 
water as a structural component in the supramolecular polymerization of biphenyl-tetracar-
boxamides, as discussed in Chapter 6, and the solvent-dependent helix inversion of triph-
enylenetricarboxamides, as discussed in Chapter 7, is revisited. This work was performed in 
close collaboration with Dr. Robert Graf at the Max Planck Institute for Polymer Research 
in Mainz, Germany.

2. Results and discussion
2.1. Solid state NMR indicates hydration dependent 
mobility in (S)-BPTA
In Chapter 6, the water-dependent supramolecular polymerization of (S)-BPTA (Scheme 1) 
was discussed in detailed. Using a mass-balance model that incorporates the interaction of 
monomerically dissolved water molecules in the supramolecular polymerization, we could 
elucidate the thermodynamic parameters of the three different polymerization pathways. 
These models indicated that the water-associated B state incorporates 1 water molecule per 
2 monomers and in water-associated C state incorporates 2 water molecules per monomer. 
Although IR experiments indicate differences in hydrogen bond patterns in these two 
different polymer states, the exact microscopic structure of these polymers has remained 
elusive. Several questions, regarding for instance the orientation of the amides, the position 
of water and the mobility of the aliphatic side chains, remain. To investigate these questions, 
we resorted to MAS-NMR experiments, where we investigated supramolecular polymers of 
(S)-BPTA in the solid state (Figure 1a and b).

For the MAS-NMR experiments, the solid (S)-BPTA was measured in the dried state and 
hydrated state. The dried material was prepared by drying the solid for 2 days in a vacuum 
oven at 120 °C. The solid (S)-BPTA was hydrated overnight at 70 °C in a small vial which 
was placed in a closed container that contained a layer of water (Figure 1c). 

The 1H-MAS-NMR spectrum of the dried sample shows relatively sharp peaks, with two 
resonances in the aromatic region around 8 and 6.7 ppm and the α-protons next to the amides 
show a single peak at 3.1 ppm. The spectrum of hydrated (S)-BTPA, which was incubated 
in an H2O atmosphere, shows similar signals in the aromatic region, but interestingly, a new 
peak has emerged at 2.9 ppm and the shoulder on the peak in the aliphatic region at 1.2 ppm 
becomes slightly more defined. Control experiments in which (S)-BPTA is incubated in a 
D2O atmosphere show a considerable reduction in the signal intensity of the peak at 8 ppm, 
confirming that the peak around 7.8 ppm originates from the amide protons and that the 
hydration of the solid material in the humid atmosphere leads to effective partial hydration 
of the material. Interestingly, no clear signal of free or bound water  molecules is present 
in the spectra, indicating that the hydrated water is incorporated in the supramolecular 
polymers, but most probably in a rather ill-defined manner.

The 13C-MAS-NMR spectrum of the dried (S)-BPTA at 35  °C already shows relatively 
intense signals in the carbonyl and aromatic region between 120 and 180 ppm, compared 
to the signal intensity of the aliphatic carbons, which resonate between 20 and 40 ppm 
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(Figure  1b). This high signal intensity ratio indicates that the in the dried material, the 
position of the aromatic and carbonyl carbons is relatively well defined. In contrast, when 
the material is hydrated, no signals of the carbonyl carbons and only very weak signals 
originating from the aromatic carbons could be observed at 35 °C. As the hydrated samples 
are cooled down, the 13C signals gradually appear and are well-resolved at −10  °C. This 
increased signal intensity upon decreasing the temperature is not only due to a decreased 
mobility of the polymers at lower temperature. The increased intensity may also originate 
from among others more efficient polarization transfer and decreased interference of 
dynamic processes with the magic angle spinning. Together, the lower signal intensity of the 
hydrated samples at 35 °C suggests that in the water associated states, the aromatic rings and 
amides of (S)-BPTA are considerably more mobile and have a less-defined position in the 
supramolecular stacks. 

Together, the 1H and 13C-MAS-NMR experiments show that in the hydrated states, the 
monomers are considerably more mobile than in the dry states. In addition, in the presence 
of water, new resonances start to emerge, indicating that the microscopic structure of the 

 │Figure 1 a) 1H-MAS-NMR samples of the solid (S)-BPTA in various degrees of hydration and at various 
temperatures. The intensity of the spectral region between 0 and 2.5 ppm is scaled down by a factor 19 to 
show the shape of the intense peak of the aliphatic sidechains. The deuterated sample was incubated in a vial 
containing D2O and a drop of DCl (see also Figure 1c). The hydrated sample was spinned at 25 kHz, while 
the dry and deuterated sample were spinned at 29762 Hz. b) 13C-MAS-NMR spectra of dry and hydrated 
(S)-BPTA at various temperatures. c) Cartoon representation of the hydration setup.
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polymer also changes when water is present in the polymers. This is in correspondence to the 
changes in the UV and CD spectra of the water-associated polymer states of (S)-BPTA (See 
Chapter 6). Further experiments to study the various water associated states and quantify 
the mobility of the various parts of the polymers using more detailed 1D and 2D  NMR 
measurements are currently underway.

2.2. MAS-NMR on gels of (S)-TTA in decalin shed light on 
helix inversion
Another yet unexplained phenomenon discussed in this thesis is the helical inversion of 
chiral triphenylene (S)-TTA (Scheme 1) in chlorinated alkanes, such as (S)-1-chloro-3,7-di-
methyloctane ((S)-CldMeOct) (see Chapter 6). The UV-Vis and CD spectra strongly 
indicate that the orientation of the chromophores in the two helical states is identical yet 
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 │Figure 2 a) VT-CD spectra at 266 nm of 20 μM solutions of (S)-TTA in (S)-CldMeOct with varying 
volume fractions of decalin. b) The helical inversion temperatures of (S)-TTA and (R)-TTA (See Chapter 6 
for the structure) of 20 μM solutions in (S)-CldMeOct with varying amounts of decalin. The line indicates 
a linear fit through the datapoints. The helix inversion temperature in pure decalin is indicated in the graph. 
c) CD spectra of 300 μM solutions of equilibrated (S)-TTA and (S)-TTA which was rapidly cooled from 
170 °C. d) Zoom of the VT-1H-MAS-NMR spectra of a 20 mM gel of (S)-TTA in d18-decalin between 140 
and 176 °C. Spectra are collected while spinning at 10 kHz. The temperature interval between the shown 
spectra is 4 °C.
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mirror imaged. Therefore, the molecular origin of the helical inversion should be strongly 
determined by the peripheral part of the monomers – the amides or aliphatic side chains. 
The importance of the peripheral parts of the monomers in the inversion is additionally 
supported by a strong influence of the inversion temperature on the monomer chirality in 
a chiral solvent. 

Although no helical inversion was observed in decalin, experiments in which the chiral 
chlorinated alkanes are diluted with decalin suggest that the helical inversion temperature is 
above 110 °C, which we cannot access with our current spectrometer (Figure 2a, b). Based 
on a linear extrapolation of the helix inversion temperatures in the mixtures of decalin 
and (S)-CldMeOct, we estimate that in pure decalin, Tinv occurs between 141 and 167 °C 
(Figure 2b). Moreover, when a solution of (S)-TTA is equilibrated in decalin at 170 °C and 
rapidly cooled, an inverse CD spectrum is obtained compared to the spectra obtained upon 
slow cooling from 110 °C (Figure 2c). Thus, although the helix inversion in decalin was not 
directly observed, there is convincing evidence that also in this achiral aliphatic solvent, a 
helix inversion between 110 and 170 °C occurs.

To probe the structural transformations during the helix inversion of (S)-TTA in decalin, 
1H-MAS-NMR spectra of a 20 mM gel of (S)-TTA in d18-decalin were collected at 
temperatures between 140 and 176 °C. The NMR spectra below 156 °C show only very weak 
peaks, indicating that (S)-TTA is strongly aggregated. Remarkably, upon slowly heating the 
sample above 156 °C, a rich spectrum in the aromatic region emerges and the protons α to 
the amides become considerably sharper. As the temperature is further increased to 176 °C, 
the peaks in the aromatic region gradually shift and more detailed features emerge, while 
the α-protons of the amide increase further in intensity and gradually a shoulder upfield 
of the major peak emerges. Interestingly, 156 °C is in the temperature window where the 
extrapolation of the VT-CD results (Figure 2b) predicted the helical inversion to happen 
and the richness of the spectrum clearly indicates that (S)-TTA is not molecularly dissolved. 
As such, the structural changes observed in the  NMR are likely originating from the 
structural rearrangement in the helical inversion. The possibility that the changes observed 
originate from a sol-gel transition is excluded by the observation that during preparation 
of the samples at 150 °C, a viscous solution rather than a gel is observed. Thus, the sol-gel 
transition is below 150 °C. Intriguingly, the strong changes in the aromatic region suggest 
that the triphenylene planes change their electronic properties, which is not reflected in the 
UV and CD spectra. Additionally, the increased intensity and sharpness of the protons α to 
the amide suggest that the side chains are considerably more mobile in the high-temperature 
state. 

To further confirm the structural changes during the solvent-dependent helix inversion, 
current experiments in other, deuterated halogenated alkanes are underway. These solvents 
will allow to study the helix inversion with a combination of CD, UV, IR and  NMR 
spectroscopy, which will give insights into the interactions between the various parts of the 
monomer and the solvent in unprecedented detail.
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3. Conclusion
Despite the many insights gained through the combination of UV-Vis and CD spectroscopy 
with mass-balance models, a true molecular picture of the interface between supramolecular 
polymers and solvents cannot be obtained with these techniques. After all, the interface 
between the solvent and polymer is often dominated by interactions between aliphatic side 
chains and aliphatic solvents, both of which are invisible to UV-Vis spectroscopy. Thus, 
future research to advance our understanding of these interactions in soft materials to a next 
stage should be focused on techniques that effectively probe these interactions.

In this chapter, preliminary results are presented showing that MAS-NMR techniques can 
give insights into complex supramolecular polymerizations that are impossible to obtain 
through other, frequently used spectroscopic techniques. By combining the information on 
local dynamics and structure obtained through NMR with the thermodynamic knowledge 
obtained through typical methods, such as variable temperature experiments, will allow to 
paint a detailed picture of the supramolecular processes studied.

4. The aim revisited: some general conclusions
In the last part of this thesis, the aim, as presented in Chapter 1, is revisited. Throughout this 
thesis, the many different roles of solvents in supramolecular polymerizations have been 
investigated in various examples. The combination of experimental results with various 
computational techniques proved to be essential to arrive at the detailed descriptions 
obtained. The subtle changes induced by (co-)solvents in thermodynamic stabilities of 
supramolecular polymers can lead to the emergence of competition between several polymer 
states, as shown in Chapters 2, 6 and 7. Although sometimes counterintuitive, the behavior 
of such supramolecular systems can be well-understood through numerical models. Such 
understanding in principle facilitates rational incorporation of (de)stabilizing co-solvents to 
tune and tailor the thermodynamic stability of each polymer in competing polymerizations. 

In this thesis, we unexpectedly found that water can play a crucial role in determining 
the stability in several supramolecular polymerizations, as shown in Chapters 3 and 6. A 
computational analysis of the complex, multicomponent supramolecular system presented 
in Chapter 3 is beyond the scope of the current mass-balance models. However, in 
Chapter 6, a newly introduced mass-balance model that incorporates water as a structural 
co-monomer provided crucial insights into the thermodynamic properties of the biphenyl 
polymerization. Although the solvent-dependent mass-balance models can greatly increase 
the understanding that can be obtained from experimental results, the precise role of 
water in supramolecular polymerizations in oils remains challenging to understand. In 
Chapter 4, however, the role of alcohols, which are also hydrogen bond competitors, has 
been elucidated in great detail. Thus, the proved successes of combined experimental and 
computational results hold great promise that this approach can provide more details on the 
role of water in supramolecular polymerizations in the near future.

Other competitive hydrogen bond processes are elucidated in Chapter 5. Here, not only 
the solvent, but also peripheral substituents in the monomers may induce unforeseen 
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consequences in the stability of supramolecular polymers. Again, the combination of 
experimental results and a molecular interpretation through simulations was key to obtain 
detailed mechanistic insights. In this case, the molecular dynamics simulations were able 
to provide a picture of the molecular interactions at the origin of the trends experimentally 
observed, which could not have been obtained through mass-balance models alone.

The models introduced in this thesis do not only successfully describe solvation effects 
that are driven by enthalpy, but are also able to describe entropically driven interactions 
between polymers and solvents. The competition between two solvation states of a 
triphenylene-based supramolecular polymer, as presented in Chapter 7, is driven by such 
entropic interactions with the aliphatic solvent. The mass-balance models successfully 
quantify the different interactions of the chiral monomers and polymers with the optically 
active solvent. This way, a unique insight into enantiospecific solvation and a quantification 
thereof could be obtained. Since many of these interactions are challenging to observe 
with the typically used techniques, such as UV-Vis and CD spectroscopy, other less often 
used techniques may prove instrumental to break the status quo. As an example, Chapter 8 
presents NMR as a promising way to arrive at a further, more detailed description of the 
interaction of solvents with supramolecular systems.

Thus, in conclusion, this thesis presents a comprehensive approach to demystify the 
complex behavior of solvents in supramolecular polymerizations. By systematically 
combining the results obtained experimentally with numerical models and other 
computational approaches, a detailed understanding of these systems can be obtained. 
Such an understanding is of crucial importance to arrive at general principles of solvation 
in supramolecular polymerizations, which are required for the further design of adaptive 
materials and life-like systems. We hope that the work presented in this thesis will serve as an 
inspiration to view solvation in supramolecular systems through a quantitative, molecular 
lens, rather than as a phenomenological mystery. 

5. Materials and methods
1H and 13C MAS  NMR spectra of (S)-BPTA were measured on a Bruker Avance III spectrometers 
850 MHz (212.5 MHz for 13C) spectrometer with 2.5 mm rotors spinning at 25 kHz. The radiofrequency 
nutation frequency was adjusted to 100 kHz on both the 1H and 13C channels. The spectra of (S)-TTA 
were measured on a Bruker Avance III 500 and 700 MHz (125 and 175 MHz for 13C) spectrometer with 
4 mm rotors spinning at 5 kHz. The radiofrequency nutation frequency was adjusted to 62.5 kHz. Variable 
temperature measurements were performed using a BSVT Temperature controller, which was calibrated 
with Pb(NO3)2. The measurements were performed in cooperation with Dr. Robert Graf at the Max Planck 
Institute for Polymer Research in Mainz, Germany. The (S)-BPTA samples of various degrees of hydration 
were prepared as described in the results and discussion. The 20 mM (S)-TTA gel in decalin was prepared 
by dissolving a known amount of (S)-TTA in d18-decalin and stirred for 3 hours at 150 degrees, after which 
an opaque but homogeneous viscous solution was obtained which formed a self-supporting gel upon 
cooling to room temperature.
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Summary

100 years after the conception of polymers as ‘hochmolekulaire Verbindungen’ by 
Staudinger, the field of polymer chemistry and supramolecular polymers in particular 
is blossoming. A plethora of applications and system properties are designed through 
novel monomers for supramolecular polymerizations. However, in contrast to commonly 
known covalent macromolecules, the interactions of supramolecular polymers with their 
surrounding solvent are of a similar nature as the forces that hold the monomers together. 
The interactions between solvents and supramolecular polymers therefore have a critical 
influence on the properties of the polymers. Remarkably, these interactions are rather 
poorly understood. In this thesis, a systematic approach towards an understanding of these 
interactions is presented. Through a combination of experimental studies and numerical 
models, the subtle role of solvents and co-solvents in supramolecular polymers is elucidated 
to obtain detailed descriptions of these interactions.

In Chapter 1, a general overview of solvent interactions in covalent and non-covalent 
chemistry is given. By taking inspiration from the physical organic studies into solvent 
effects on chemical reactivity from the ‘60s and ‘70s, the role of solvents in polymeric 
materials is described. The role of solvation in the thermodynamic stability and kinetics of 
supramolecular polymerizations is discussed and pathway selection and the incorporation 
of solvents into the polymeric structure is also reviewed. We additionally comment on the 
special solvent effects in supramolecular polymerizations in aqueous systems.

In Chapter 2, a zinc-metallated porphyrin-based monomer is presented. This monomer can 
polymerize into two different, competing supramolecular polymers: a nucleated H-aggregate 
and an isodesmic, weakly coupled J-type aggregate. At low solvent quality or temperature, 
the monomers polymerize into the nucleated H-aggregate, while at intermediate solvent 
quality or temperature, the isodesmic aggregates form. Remarkably, at high concentration, 
the critical solvent composition at which the nucleated polymer forms is not dependent 
on the concentration. Through a numerical model, we conclude that this robustness in the 
supramolecular polymerization originates from the competition between the two different 
supramolecular polymers.

The complexity of the porphyrin-based system is expanded in Chapter 3, where the 
nucleated supramolecular polymers are combined with an amine-catalyzed Michael 
reaction. Unexpectedly, we found that that small amounts of water dramatically impact the 
interference of the Michael reaction in the stability of the supramolecular polymer. Through 
a combination of microscopy, scattering and spectroscopy techniques, we propose that 
water reinforces the cooperative interactions between polymer chain ends, amine catalyst 
and substrates of the Michael reaction. By controlling the amount of co-dissolved water, the 
interference of a variety of Michael reactions in the stability of supramolecular polymers can 
thus be controlled.

A second porphyrin-based monomer is introduced in Chapter 4. In the presence of 
small amounts of competing hydrogen bonding alcohol co-solvents, a thermally bisignate 
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supramolecular polymerization has been realized in this system. In this bisignate 
supramolecular polymerization, the monomers polymerize not only upon cooling a 
solution, but also upon heating. By analyzing the experimental results with mass-balance 
models, two distinct pathways in the bisignate polymerization are elucidated. During the 
cooling-induced supramolecular polymerization, all hydrogen-bonded alcohols detach 
from the monomer simultaneously, while the alcohols detach sequentially upon heating the 
sample.

Another example of competitive hydrogen bonding in supramolecular polymerizations is 
discussed in Chapter 5. Here, a library of novel N-benzyl benzene-1,3,5-tricarboxamides 
is introduced. The monomers have varying patterns of alkoxy substituents at the peripheral 
phenyl rings. molecular dynamics simulations show that the flexible methylene spacer in the 
benzyl groups allows for hydrogen bonding between the central amides and the peripheral 
ether moieties. As a result of this competitive hydrogen bonding, defects are introduced in 
the supramolecular polymers. The various trends suggested by the simulations are confirmed 
experimentally. Furthermore, the steric bulk of the alkoxy groups is shown to have a strong 
impact on the ability of the monomers to form competitive hydrogen bonds.

In Chapter 6, the importance of water dissolved in alkanes is revisited. Here, two novel 
biphenyl tetracarboxamide monomers are presented. These monomers can form several 
nucleated supramolecular polymers, which show distinctly different UV- and CD-spectra. 
To understand the structural role of water in this supramolecular polymerization, a 
mass-balance model is developed that specifically incorporates water as a structural 
component in the polymer. By combining experimental measurements, thermodynamic 
relations and numerical calculations, a complete description of the water-dependent 
polymerization could be obtained. Although the experimental challenges in accurately 
determining the water content prevented a quantitative description, the water-dependent 
mass-balance can also describe water-dependent copolymerizations between various chiral 
and achiral monomers. 

The applicability of the solvent-dependent mass-balance model is further expanded in 
Chapter 7. Here, novel triphenylene-based monomers are presented. In alkane solutions, 
these monomers readily form kinetically trapped supramolecular polymers, which 
only form thermodynamically equilibrated structures in the presence of more polar 
co-solvents. Through the use of mass-balance models of both homopolymerizations 
and copolymerizations, the competition between kinetic and thermodynamic control 
in this supramolecular polymerization is explained. Furthermore, we show that the 
solvent-dependent mass-balance model introduced in Chapter 6 is not only capable of 
describing enthalpy-driven solvent interactions, such as hydrogen bonding of the monomers 
with water. The interactions of a chiral solvent with the supramolecular polymers, which 
are of an entropic nature, can also be accurately described using the model introduced in 
Chapter 6. With this, the general applicability of the methodology developed in this thesis 
is highlighted.

Although the above chapters have given a considerable insight into solvent effects and 
competitive interactions in supramolecular polymerizations, a  molecular picture of the 
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interface between the supramolecular polymer and the bulk solvent remains elusive. 
To shed light on this boundary between polymer and solvent, Chapter 8 explores 
the solvent-dependent polymer states of the biphenyl and triphenylene systems using 
magic-angle-spinning nuclear magnetic resonance. The preliminary results show highly 
interesting changes in the NMR spectra, which indicate that NMR may be a very promising 
technique to break the status quo in supramolecular polymerizations to arrive at a molecular 
understanding of these complex molecular systems.
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1. Hoewel wiskundige symbolen universeel zijn, kunnen ze binnen de supramoleculaire 
chemie wel voor Babylonische spraakverwarringen zorgen.

P. van der Schoot, in Supramolecular Polymers, 2nd ed., Taylor & Francis, London 2005, p. 85; Chem. 
Eur. J., 2012,  19, 206–217; Chem. Sci., 2020, 11, 499–507.

2. Een goed begin is het halve werk, maar een goed begin is ook maar de helft. Interessante 
inleidende bevindingen mogen geen excuus zijn om voortijdig en zonder kritische 
reflectie tot publicatie over te gaan.

Soft Matter, 2019, 15, 6557–6563.

3. Net zoals in de trendgevoelige modewereld, kan ook in de chemie het herontdekken 
van oude artikelen tot hippe toepassingen en nieuwe doorbraken leiden.

Dit proefschrift, hoofdstuk 1; Nature, 2012, 481, 492–496; J. Am. Chem. Soc., 2014, 136, 336–343; 
Nat. Chem., 2017, 9, 1133–1139.

4. Gegeven de invloed van de hemellichamen op het weer, zijn sommige effecten in de 
supramoleculaire chemie daadwerkelijk afhankelijk van de stand van de maan.

Dit proefschrift, hoofdstukken 3 en 6; Science, 1991, 253, 629–637; J. Rheol., 2017, 61, 1173–1182; 
Nature, 2018, 558, 100–103.

5. Langere opsommingen van oplosmiddelen die door kleine moleculen geleren leiden 
niet automatisch tot meer inzichten in moleculaire mechanismen van deze processen.

Zie bijvoorbeeld: Chem. Eur. J., 2009, 15, 9824–9835; Org. Lett. 2010, 12, 2958–2961; Tetrahedron, 
2011, 67, 85–91.; Adv. Mat., 2012, 24, 3191–3195;  Chin. J. Chem., 2012, 29, 2597–2605; Chem. Eur. 
J., 2016, 23, 1901–1909.

6. Bachelorprojecten die beginnen als onderbroekenlol kunnen nog wel eens tot 
onverwachte conclusies komen.

Soft Matter, 2019, 13, 4960–4970.

7. De realisatie dat materie behouden blijft in een gesloten systeem kan geserveerd 
worden als oude wijn in nieuwe flessen.

Chem. Eur. J., 2009, 15, 5640–5645; J. Am. Chem. Soc., 2017, 139, 2474–2483; Chem. Comm., 2019, 
55, 4335–4338.



8. De wetenschap dat in het verleden behaalde resultaten geen garantie geven voor een 
goede wetenschappelijke toekomst noopt tot enige nuchterheid ten aanzien van de 
maakbaarheid van succes.

Manag. Sci., 2008, 54, 1213–1230; Proc. Nat. Ac. Sci., 2019, 116, 10729–10733.

9. Hoewel in de kunstmatige intelligentie grote stappen gemaakt zijn, moet de belofte van 
zelfbewuste robots en autonome mens-machine-interacties met gezond scepticisme 
benaderd worden.

Science, 2017, 358, 486; Nature, 2019, 574, 163.

10. Hoewel integriteit centraal staat in de wetenschap, valt het te verwachten dat perverse 
financiële prikkels vanuit een centrale overheid voor het publiceren in toptijdschrijften  
kan leiden tot ongewenste creativiteit met de gemeten resultaten.

Zie bijvoorbeeld Nature, 2020, 579, 18.

11. Net zoals treinen, hebben auto’s ook vertraging.

12. Stedelijke romantiek over de natuur gaat meer over afkeer van beton dan liefde voor 
klei. 

13. De rol van Nederland als progressief gidsland in sociale kwesties is eerder vergane 
glorie dan een hedendaagse trots.

14. Lekker koken kan net zoveel met goede timing als met voldoende tijd te maken hebben.




