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ABSTRACT: Elucidating the microstructure of supramolecular copolymers
remains challenging, despite the progress in the field of supramolecular
polymers. In this work, we present a detailed approach to investigate
supramolecular copolymerizations under thermodynamic control. Our
approach provides insight into the interactions of different types of monomers
and hereby allows elucidating the microstructure of copolymers. We select
two monomers that undergo cooperative supramolecular polymerization by
way of threefold intermolecular hydrogen bonding in a helical manner,
namely, benzene-1,3,5-tricarboxamide (BTA) and benzene-1,3,5-tris(carbothioamide) (thioBTA). Two enantiomeric forms and
an achiral analogue of BTA and thioBTA are synthesized and their homo- and copolymerizations are studied using light
scattering techniques, infrared, ultraviolet, and circular dichroism spectroscopy. After quantifying the thermodynamic
parameters describing the homopolymerizations, we outline a method to follow the self-assembly of thioBTA derivatives in the
copolymerization with BTA, which involves monitoring a characteristic spectroscopic signature as a function of temperature and
relative concentration. Using modified types of sergeants-and-soldiers and majority-rules experiments, we obtain insights into
the degree of aggregation and the net helicity. In addition, we apply a theoretical model of supramolecular copolymerization to
substantiate the experimental results. We find that the model describes the two-component system well and allows deriving the
hetero-interaction energies. The interactions between the same kinds of monomers (BTA−BTA and thioBTA−thioBTA) are
slightly more favorable than those between different monomers (BTA−thioBTA), corresponding to a nearly random
copolymerization. Finally, to study the interactions of the monomers at the molecular level, we perform density functional
theory-based computations. The results corroborate that the two-component system exhibits a random distribution of the two
monomer units along the copolymer chain.

■ INTRODUCTION

“Much of our knowledge of the reactivities of monomers, free
radicals, carbocations, and carboanions in chain copolymeriza-
tion comes from copolymerization studies. The behavior of
monomers in copolymerization reactions is especially useful for
studying the effect of chemical structure on reactivity.”1 This
statement in Odian’s work “Principles of Polymerization”
highlights the importance of copolymerization studies in
understanding and eventually controlling chain copolymeriza-
tion reactions. In principle, the approaches outlined by Odian
can also be applied to study supramolecular copolymerization
processes, that is, polymerization reactions driven by the
formation of noncovalent interactions. For supramolecular
copolymerizations, it is equally important to understand the
effect of chemical structure on noncovalent interactions.
Although many examples of supramolecular copolymerization
have been reported, obtaining alternating, statistical, or
random copolymerizations by judicious choice of monomers
and reaction conditions remains elusive.2

Understanding the mechanism of a supramolecular polymer-
ization is an important step toward relating the structure and
property. For supramolecular homopolymerizations, a large

body of work has resulted in a thorough understanding of
different mechanisms of polymerization and structure−
mechanism correlations.3−5 For example, two main mecha-
nisms have been distinguished, namely, the isodesmic and
cooperative mechanisms. In an isodesmic supramolecular
polymerization, the equilibrium constant of an association
step involving a monomer and supramolecular polymer is
independent of the length of the polymer.6 For a cooperative
polymerization, the equilibrium constant is dependent on
length. When the length of an aggregate exceeds a certain
critical length, the association steps are thermodynamically
more favorable, corresponding to the growth of a polymer and
elongation phase of the polymerization.7−13

Another important feature of a supramolecular polymer-
ization is that the process can be thermodynamically14−22 or
kinetically controlled.23−29 For thermodynamically controlled
processes, polymerization occurs in the equilibrium state and
rapidly assumes a new equilibrium state when internal and
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external factors, such as concentration and temperature,
change. Examples of thermodynamically controlled alternat-
ing,14−19 random20,22 and block21 copolymerizations have been
reported, which typically rely on molecular recognition
processes between donor and acceptor groups through ionic,
charge-transfer, or hydrogen-bonding interactions.
Although many supramolecular homopolymerizations have

been performed, in light of Odian’s work, studying non-
covalent interactions between different kinds of monomers
may afford an alternative approach to relate the structure and
property. Copolymerization studies can therefore be comple-
mentary to homopolymerization studies. In this work, we
present a detailed approach to elucidate thermodynamically
controlled, cooperative supramolecular copolymerizations of
monomers with similar interacting motifs. First, we determine
the thermodynamic parameters of the homopolymerizations of
the monomers. Next, we investigate the copolymerization in
detail by performing conventional and modified types of
sergeants-and-soldiers and majority-rules experiments. These
experiments have been pioneered by Green and co-workers to
understand conformational preferences in dynamic helical
polymers30,31 and were later extended to assess amplification of
supramolecular chirality in dynamic supramolecular aggre-
gates.32 Mixing enantiomers of a supramolecular monomer
together is typically referred to as the majority-rules experi-
ment, whereas mixing achiral monomers with chiral
enantiopure analogues constitutes a sergeants-and-soldiers
experiment. Finally, theoretical modeling and density func-
tional theory (DFT)-based computations are applied to obtain
quantitative information on the interactions between different
monomers. We anticipate that studying other systems
following the approach outlined here will contribute to
elucidating the principles of supramolecular copolymerization.

■ RESULTS
Molecular Design, Synthesis, and Characterization.

To gain insight into supramolecular copolymerization
processes, we opted for a pair of monomers with similar
chemical structures but different interacting motifs. Therefore,
benzene-1,3,5-tricarboxamide (BTA) and benzene-1,3,5-tris-
(carbothioamide) (thioBTA) derivatives were chosen because
these monomers differ only in the atoms constituting the
amide and thioamide groups (Scheme 1a). Despite their
similar chemical structures, amide and thioamide groups show
different hydrogen-bonding abilities.33−35 As a result, different
types of copolymers can in theory be formed, such as self-
sorted, blocky, random, and alternating (Scheme 1b). In

addition, we changed the structure of the alkyl chains of the
monomers. Thereby, we can simultaneously study the effects
of different hydrogen-bonding groups and different alkyl chains
on the supramolecular copolymerization. The synthesis of the
monomers was reported previously, but it was further
optimized in this work (see the Supporting Information for
details).36,37 All monomers were obtained in high purity as
evidenced by 1H- and 13C-nuclear magnetic resonance
spectroscopy, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry, and infrared (IR) spectros-
copy (Figures S1−S20).

Formation of Supramolecular Polymers Stabilized by
Intermolecular Hydrogen Bonding. To investigate if the
BTA and thioBTA derivatives assemble into supramolecular
polymers by intermolecular hydrogen bonding, we first applied
IR spectroscopy and light scattering techniques. Solutions of n-
BTA and n-thioBTA in methylcyclohexane (MCH) with the
same total concentration of monomer were mixed at different
volume-to-volume (v/v) ratios to vary the relative concen-
trations of the monomers. At these conditions, the majority of
the monomers is present as aggregated species, which are in
equilibrium with a minor fraction of the monomers present as
free monomers.
The results obtained from IR spectroscopy are shown in

Figure 1a and Table S1. For n-BTA, the N−H stretching and

amide II bands are positioned around 3240 and 1560 cm−1,
respectively, whereas for n-thioBTA, the bands are positioned
around 3180 and 1544 cm−1, respectively. Furthermore, for n-
BTA, the amide I band is a doublet with peaks positioned
around 1630 and 1646 cm−1, whereas for n-thioBTA, the
amide I band is absent due to the absence of carbonyl groups.
The positions of the N−H stretching and amide II bands
measured for the solutions of n-BTA and n-thioBTA are
indicative of intermolecular hydrogen-bonding interac-
tions.36,37 Mixing the solutions of n-BTA and n-thioBTA
results in a change of the intensity and position of the N−H
stretching band that is proportional to the relative concen-
tration of the monomers.
Figure 1b summarizes the results obtained from static light

scattering. The magnitudes of the scattering intensity measured
for the solutions of n-BTA and n-thioBTA differ from each
other, which is attributed to the larger polarizability of sulfur
atoms relative to oxygen atoms.37 In contrast, the scattering
profiles are similar. Specifically, the intensities scale with q−1 at
values of q ranging from 2 × 10−2 to 3 × 10−2 nm−1 and begin
to scale with q0 at values of q smaller than 1 × 10−2 nm−1.

Scheme 1. (a) Chemical Structures of BTA and thioBTA
Derivatives Studied in This Work; (b) Different Types of
Supramolecular Copolymers That Can in Theory be
Formed, Consisting of BTA and thioBTA Derivatives

Figure 1. (a) Partial Fourier-transform infrared spectra and (b)
scattering intensity as a function of the magnitude of the scattering
wavevector (q) measured for solutions of n-BTA and n-thioBTA at
various v/v ratios of the monomers. Solutions were prepared in MCH
at ctot = 2.0 mM, and measurements were performed at 20 °C.
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When mixing the solutions, the magnitude of the intensity
changes proportionally to the relative concentrations of the
monomers, whereas the scattering profile remains the same.
The scattering profiles indicate the presence of structures with
a cylindrical shape and a size larger than the experimentally
accessible length scale (about 600 nm). This result is
corroborated by dynamic light scattering (Figure S21).
When mixing the solutions, the positions of the N−H

stretching and amide II bands and the scattering profile remain
nearly the same. Hence, also in mixtures of n-BTA and n-
thioBTA, supramolecular polymerization occurs, indicating
that mixing the two molecular systems does not adversely
affect polymerization. However, the results obtained for the
mixtures of the solutions are linear combinations of the
separate components. Therefore, although the results obtained
from IR spectroscopy and light scattering techniques indicate
that the mixtures of BTA and thioBTA derivatives assemble
into one-dimensional polymers through intermolecular hydro-
gen bonding, we cannot conclude whether the mixtures
assemble either into homopolymers or into copolymers.
Thermodynamic Analysis of Supramolecular Homo-

polymerizations. Before investigating the supramolecular
copolymerization in more detail, we first revisit the
homopolymerization of the monomers. As reported previously,
cooperative polymerizations can be described in terms of
thermodynamic parameters defining the nucleation (ΔHn, ΔS)
and elongation phases (ΔHe, ΔS). We here apply temperature-
dependent circular dichroism (CD) and ultraviolet (UV)
spectroscopy to follow the net helicity and the degree of
aggregation, respectively, as a function of temperature. In
addition, we apply a one-component equilibrium model to
quantify the thermodynamic parameters of the homopolyme-
rizations.7,8,38 Details are given in the Supporting Information
(Figures S22−S30 and Tables S2−S5). Table 1 summarizes
the results of the thermodynamic analysis obtained by
analyzing data from UV spectroscopy experiments. This
approach allows a comparison of achiral n-BTA and n-
thioBTA with chiral analogues. We also performed a van‘t
Hoff analysis, which corroborates the values of the parameters
for the elongation phase (see the Supporting Information for
details).
The results show remarkable relationships between the type

of monomer and values of the thermodynamic parameters.
First, when comparing monomers with amide groups, the value
of the cooperativity factor (σ) is smaller for the monomers
with dimethyloctyl chains than for the monomer with octyl
chains. The smaller value of σ indicates that the polymerization
of S-BTA is more cooperative than the polymerization of n-
BTA. The difference in the cooperativity factor between S-
BTA and n-BTA can be attributed to a difference in dihedral
angle between the amide and benzene groups.5,39 For the BTA
derivatives, the magnitude of the angle depends on the

structure of the alkyl side chains. Because the cooperativity
factor is similar for S-thioBTA and n-thioBTA, we propose
that the dihedral angle between the thioamide and benzene
groups is independent of the structure of the side chains, which
can be explained by a relative large distance between
neighboring, assembled monomers.
Furthermore, the values of the change in Gibbs free energy

of elongation (ΔGe) are similar to one another, indicating
similar thermodynamic stabilities of the interactions of S-BTA
and n-BTA. Second, when comparing monomers with
thioamide groups, the results show opposite relationships.
The values of ΔGe are slightly less negative for S-thioBTA than
for n-thioBTA, whereas the values of σ are similar to one
another. Thus, in contrast to monomers with amide groups,
the interactions of S-thioBTA are less stable than the
interactions of n-thioBTA whereas the degrees of cooperativity
of the polymerizations of S-thioBTA and n-thioBTA are
similar to one another. Finally, when comparing monomers
with amide and thioamide groups, the values of ΔGe are more
negative for the thioBTA derivatives whereas the values of σ
are smaller for the BTA derivatives. Thus, the interactions of
monomers with thioamide groups are more stable, whereas the
polymerization of monomers with amide groups is more
cooperative. To summarize, despite their similar chemical
structures, the monomers show interesting differences in their
supramolecular homopolymerizations.

Sergeants-and-Soldiers Principle in Supramolecular
Copolymerizations of BTA and thioBTA Derivatives. To
investigate if the BTA and thioBTA derivatives assemble into
supramolecular copolymers, we performed conventional and
modified “sergeants-and-soldiers” experiments, using chiral and
achiral monomers with identical and different interacting
motifs, respectively.30,40 The experiments were performed with
two types of sergeants, S-BTA and S-thioBTA, and two types
of soldiers, n-BTA and n-thioBTA. However, we focus on
mixtures containing soldiers of n-thioBTA. This system was
chosen since only n-thioBTA absorbs at wavelengths larger
than 300 nm. As a result, the contribution of the soldiers to the
CD spectra can be easily recognized upon mixing n-thioBTA
with sergeants of S-BTA, which is not the case for n-BTA and
S-thioBTA (Figure S31). Following previous reports of our
group,41,42 we initially varied the fraction of sergeants and kept
the total concentration of sergeants and soldiers constant
(Figures 2b, S32 and S33b). This approach works well when
the optical properties of sergeants and soldiers closely resemble
each another. However, when mixtures of BTA and thioBTA
derivatives are used, the CD and UV spectra of the monomers
are very different (Figure S34). Varying the fraction of
sergeants changes the concentration of soldiers in the
experiments, making the interpretation more demanding. As
a result, we opted to vary the concentration of sergeants while
keeping the concentration of soldiers constant (Figures 2a and

Table 1. Overview of the Thermodynamic Parameters Describing the Supramolecular Homopolymerizationsa

ΔHe kJ·mol−1 ΔHn kJ·mol−1 ΔS J·mol−1·K−1 ΔGe
b kJ·mol−1 ΔGn

b kJ·mol−1 σb

S-BTA −59.9 >−29.9c −90.5 −33.4 >−3.4c <10−6

n-BTA −60.1 −40.6 −90.5 −33.6 −14.1 3.3 × 10−4

S-thioBTA −65.7 −50.4 −102.6 −35.6 −20.3 1.9 × 10−3

n-thioBTA −62.9 −47.2 −90.7 −36.4 −20.6 1.5 × 10−3

aThe thermodynamic parameters were obtained by analyzing data acquired from UV−vis spectroscopy experiments. bChanges in Gibbs free energy
of elongation (ΔGe) and nucleation (ΔGn), and the cooperativity factor (σ) are reported for a temperature of 293 K. cValue could not be
determined accurately.
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S33a). Hereby, the contributions of the sergeants and soldiers
to the CD spectra are more easily distinguished easily from
each other, and the bias in helical sense induced by the
sergeant can be quantified more easily (Figure S35).
Figure 2a shows that at a fixed concentration of soldiers, the

addition of S-BTA induces a CD effect in the region where n-
thioBTA absorbs, indicating an interaction between the two
kinds of monomers. The CD effect reaches a constant value of
−40 mdeg at 317 nm around a concentration of S-BTA of 1.2
μM, which corresponds to a fraction of sergeants of 6%. These
values are in line with the conventional sergeants-and-soldiers
experiment, mixing n-thioBTA with S-thioBTA, where the CD
effect reaches −44 mdeg at 317 nm around a fraction of
sergeants of 8% (Figure 2b).
The results of the sergeants-and-soldiers experiments

evidence that the BTA and thioBTA derivatives form
supramolecular copolymers that comprise both types of
monomers. For supramolecular copolymers consisting mainly
of the soldier n-thioBTA, the bias in helical sense induced by a
sergeant is similar for S-BTA and S-thioBTA. However, for
copolymers consisting mostly of n-BTA, the same type of
sergeant S-BTA induces a stronger bias than the other type of
sergeant S-thioBTA (Figure S35).
Supramolecular Copolymerization of S-BTA and S-

thioBTA. To study the copolymerization of BTA and thioBTA
derivatives in more detail, we first focus on the copolymeriza-
tion of S-BTA and S-thioBTA. These monomers were chosen
because they possess the same alkyl chains and assemble only
into M-helical polymers at 20 °C. The sergeants-and-soldiers
experiments described above illustrate that keeping the
concentration of thioBTA derivatives constant makes the
interpretation of results more straightforward than keeping the
total concentration of BTA and thioBTA derivatives
constant.20 Therefore, we prepared solutions at a constant
concentration of S-thioBTA (20 μM) and various concen-
trations of S-BTA (0−40 μM) in MCH and studied the
dependence of the copolymerization process on the concen-
tration of S-BTA.
Figure 3a shows CD spectra measured at 20 °C

(corresponding UV spectra are shown in Figure S36a). The
band around 315 nm shows clear changes when changing the
concentration of S-BTA. With increasing concentration from 0
to 25 μM, this band decreases in intensity and shifts to smaller
wavelengths. In contrast, these changes are not observed at
higher concentration of S-BTA (25−40 μM). Furthermore, the

band around 375 nm does not show a dependence on the
concentration of S-BTA.
These results indicate that the band around 315 nm is

sensitive to the nature of hydrogen-bonding interactions. In the
absence of S-BTA, these interactions occur only between
thioamide groups. However, in the presence of S-BTA,
hydrogen bonding occurs also between amide and thioamide
groups, leading to the observed changes. The fact that these
changes are observed only at low concentrations of S-BTA (0−
25 μM) hints at a strong driving force for hydrogen-bonding
interactions between amide and thioamide groups. The band
around 375 nm does not show these changes, indicating that
this band is less sensitive to the nature of the hydrogen-
bonding interactions. We attribute this band to the helical
preference of the supramolecular polymers of S-BTA and S-
thioBTA, which reflects the net helicity with respect to S-
thioBTA, ([M]thio − [P]thio)/[S-thioBTA]tot.
Next, we performed temperature-dependent measurements

by monitoring the CD effect at 377 nm upon decreasing the
temperature of the solutions (Figure 3b). The wavelength of
377 nm was chosen because it probes the net helicity with
respect to S-thioBTA. At low concentrations of S-BTA (10−
20 μM), the CD curves show a similar shape and temperature
of elongation (Te) as the curve measured in the absence of S-
BTA. In contrast, at higher concentrations of S-BTA (30−40
μM), the curves show a higher Te and a steeper slope around
Te than the curve measured without S-BTA.
These results clearly indicate that S-BTA and S-thioBTA

copolymerize. The increase in Te upon the addition of S-BTA
resembles the effect of increasing concentration in homo-
polymerizations. However, this effect is observed only at high
concentrations of S-BTA (30−40 μM), which shows that
copolymerizations with different dependencies on temperature
occur at different concentrations of S-BTA. For example, at

Figure 2. CD spectra measured for solutions of n-thioBTA and (a) S-
BTA or (b) S-thioBTA. Sergeants-and-soldiers experiments were
performed at either (a) various concentrations of sergeants and a fixed
concentration of soldiers of 20 μM or (b) various fractions of
sergeants and a fixed total concentration of sergeants and soldiers of
20 μM. Solutions were prepared in MCH, and spectra were measured
at 20 °C.

Figure 3. (a) CD spectra at 20 °C and (b) CD effect at 377 nm as a
function of temperature measured for S-thioBTA at 20 μM and S-
BTA at 0, 10, 20, 30, or 40 μM. (c) Net helicity with respect to S-
thioBTA (= ([M]thio − [P]thio)/[S-thioBTA]tot) and (d) fraction of
hetero-interactions ( fAB) as a function of temperature simulated for
the copolymerization of S-BTA and S-thioBTA (parameters: ΔHAA =
−65.7 kJ·mol−1, ΔSAA = −102.6 J·mol−1·K−1, NPA = 15.3 kJ·mol−1,
MPA = 0.3 kJ·mol−1, ΔHBB = −59.9 kJ·mol−1, ΔSBB = −90.5 J·mol−1·
K−1, NPB = 30 kJ·mol−1, MPB = 0.3 kJ·mol−1, rAB = 0.96, ΔSAB =
−96.6 J·mol−1·K−1).

Macromolecules Article

DOI: 10.1021/acs.macromol.9b01502
Macromolecules 2019, 52, 7430−7438

7433

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01502/suppl_file/ma9b01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01502/suppl_file/ma9b01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01502/suppl_file/ma9b01502_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01502/suppl_file/ma9b01502_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.9b01502


high concentrations of S-BTA (30−40 μM), the copolymer-
izations of S-BTA and S-thioBTA occur at higher temper-
atures than the homopolymerization of S-thioBTA, whereas at
low concentrations of S-BTA (10−20 μM), the copolymeriza-
tions occur at similar temperatures as the homopolymerization
of S-thioBTA.
To gain insight into these copolymerizations, we performed

simulations using a two-component equilibrium model.43 This
model is analogous to the terminal model of chain
copolymerization,1 but it assumes that monomer and supra-
molecular polymers are in thermodynamic equilibrium and
that reactions between them are reversible. The model applied
here describes the supramolecular copolymerization of two
types of monomers into two types of supramolecular polymers
with either M- or P-helicity. We distinguish between M- and P-
helical polymers because their thermodynamic stabilities are
different for chiral monomers. If the chirality of the monomers
and helicity of the polymers do not match, we assign a
mismatch penalty (MP) to the corresponding interactions. For
example, a MP of 0.3 kJ mol−1 is assigned to the interactions
between S-thioBTA and P-helical polymers (Scheme S1).
In this model, two different interactions are possible

between different types of monomers, namely, an interaction
between one monomer A and a polymer with the other
monomer B as the end unit (AB-type) and an interaction
between monomer B and the end unit A (BA-type). We here
assume that these interactions can be described by a single
parameter, rAB (eq 1). This parameter is defined as the ratio of
the changes in enthalpy of interactions between different types
of monomers (ΔHAB and ΔHBA) to the changes in enthalpy of
interactions between the same types of monomers (ΔHAA and
ΔHBB). Additionally, we assume that ΔHAB is equal to ΔHBA.
If the value of rAB is greater than unity, each type of monomer
preferentially interacts with the other type of monomer and as
the value of rAB approaches zero, monomers show an
increasing preference for interacting with their own type.

Δ = Δ = × Δ + ΔH H r H H( )/2AB BA AB AA BB (1)

To determine the value of rAB for the copolymerization of S-
BTA and S-thioBTA, we compared the measured CD effect at
377 nm (Figure 3b) and the simulated net helicity with respect
to S-thioBTA. We find a good agreement between the
experiments and simulations for rAB = 0.96, as shown in Figure
3c. This value is slightly less than unity, which indicates that
the monomers show a marginal preference for interacting with
their own type.
To illustrate this preference, we computed the fraction of

interactions between different types of monomers, fAB, as a
function of temperature (Figure 3d). Below 40 °C, the value of
fAB is about 0.25, which implies that one in four interactions
occurs between S-BTA and S-thioBTA and suggests that the
distribution of monomers along the copolymer chain is nearly
random. Furthermore, at these temperatures, fAB is nearly
independent of temperature, which relates to the fact that the
system is nearly fully aggregated, and the copolymerization is
thermodynamically controlled. Above 60 °C, the situation is
clearly different. At different concentration of S-BTA, fAB
shows different dependencies on temperature. At low
concentration of S-BTA (10−20 μM), the value of fAB is
initially lower than 0.25, which indicates that the relative
amount of S-BTA incorporated into the copolymers increases
upon decreasing the temperature of the solutions. At higher
concentrations of S-BTA (30−40 μM), the value of fAB is

already close to 0.25, which indicates that the relative amount
of S-BTA incorporated into the copolymers remains nearly
constant upon cooling the solutions. Finally, taking these
results together, we propose that the relative large fraction of
hetero-interactions computed in the simulations might explain
the relative high Te and steep slope around Te observed in the
experiments (Figure 3b).

Supramolecular Copolymerizations of Other BTA
Derivatives and S-thioBTA. So far, we only considered the
copolymerization of S-BTA and S-thioBTA, which assemble
into M-helical polymers. The same combination of experi-
ments and simulations can be applied to study other
copolymerizations, in which the monomers assemble into
either P-helical polymers or mixtures of M- and P-helical
polymers (Schemes S2 and S3). As indicated above, it is
important to identify a characteristic band that can be
attributed to either the BTA or thioBTA derivative in the
copolymerization, so that the hetero-interactions in the
copolymerization can be followed experimentally. For S-BTA
and S-thioBTA, we identified the CD effect at 377 nm as the
characteristic band which probes the self-assembly of S-
thioBTA in the copolymerization and described the hetero-
interactions in terms of rAB. To test the generality of these
finding, we next focus on the copolymerizations of n-BTA and
S-thioBTA and R-BTA and S-thioBTA. These BTA
derivatives were chosen because they assemble into either
racemic mixtures of M- and P-helical polymers (n-BTA) or P-
helical polymers (R-BTA).
Figure 4a,b shows CD spectra measured for mixtures of n-

BTA or R-BTA, respectively, and S-thioBTA (corresponding
UV spectra are shown in Figure S36b,c). In comparison to S-
BTA, the CD band around 315 nm shows a weaker
dependence on the concentration of n-BTA and no shoulder
is observed at 335 nm. For R-BTA, the band around 315 nm
not only decreases in intensity and shifts to smaller
wavelengths but also changes from a negative to a positive
sign. Furthermore, the CD effect at 377 nm changes from −10
mdeg at 0 μM of R-BTA to 0 and +10 mdeg at 20 and 40 μM
of R-BTA, respectively.
These results indicate that S-thioBTA assembles into

different types of copolymers in the presence of the different
BTA derivatives. Because the alkyl chains of S-thioBTA favor
one type of helicity, the addition of n-BTA and R-BTA might
be described by the sergeants-and-soldiers and majority-rules
principle, respectively. The fact that the band around 375 nm
does not show a dependence on the concentration of S-BTA
or n-BTA (Figures 3a and 4a, respectively), but does show a
dependence on the concentration of R-BTA (Figure 4b)
suggests that only the addition of R-BTA results in the
formation of copolymers with P-helicity. At 0 μM of R-BTA,
only M-helical copolymers are present, whereas at 40 μM of R-
BTA, only P-helical copolymers are present. Interestingly, at an
equimolar amount of R-BTA (20 μM), a racemic mixture of
M- and P-helical copolymers appears present. Last, for n-BTA,
the absence of the shoulder at 335 nm suggests a different
packing of the monomers, which reflects the different alkyl
chains of n-BTA and S-/R-BTA.
In comparison to S-BTA, the results of the temperature-

dependent measurements also show differences (Figure 4c,d).
At high concentrations of n-BTA (30−40 μM), the increase in
Te is less pronounced and the slope of the CD curves around
Te is more linear than in the case of S-BTA (Figure 3b). For R-
BTA, the curves also change in sign. At 10 and 40 μM of R-
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BTA, the sign of the CD effect at 377 nm is only negative and
positive, respectively. Interestingly, at an equimolar amount of
R-BTA (20 μM), the sign of the CD effect is initially negative
and becomes positive upon decreasing the temperature of the
solution. As in the case of S-BTA, at a high concentration of R-
BTA (40 μM), the curve shows a higher Te and a steeper slope
around Te than the curve measured in the absence of R-BTA.
We hypothesize that these results can be rationalized by the

sergeants-and-soldiers and majority-rules principles. To test
this hypothesis, we used the value of rAB determined for the
copolymerization of S-BTA and S-thioBTA to predict the net
helicity with respect to S-thioBTA as a function of temperature
for the copolymerizations of n-BTA or R-BTA and S-thioBTA.
As shown in Figure 4e,f, we find a good agreement between the
experiments and simulations, which demonstrates that the
same value of rAB can successfully describe the copolymeriza-
tions of S-thioBTA and the BTA derivatives. At 0 μM of R-
BTA, only M-helical copolymers are formed upon cooling the
solution, whereas at 40 μM of R-BTA, only P-helical
copolymers are formed. At an equimolar amount of R-BTA
(20 μM), an excess of M-helical copolymers is formed at high
temperatures. This type of helicity is favored by the alkyl
chains of S-thioBTA. Upon further cooling the solution, a
slight excess of P-helical copolymers is formed, which is

favored by the alkyl chains of R-BTA. Hence, these results
suggest that the relative amount of R-BTA incorporated into
the copolymers increases upon decreasing the temperature of
the solution. Finally, at high concentrations of n-BTA (30−40
μM), we propose that a mixture of M- and P-helical
copolymers is formed at high temperatures, which changes
into M-helical copolymers at low temperatures due to the
dynamic nature of the supramolecular structures (see below).

Choice of Co-monomer in Supramolecular Copoly-
merization of BTA Derivatives and S-thioBTA. So far, we
simulated and predicted the net helicity with respect to S-
thioBTA and computed the fraction of interactions between
different types of monomers ( fAB). However, more insight into
the copolymerizations of the BTA derivatives and S-thioBTA
can be gained by constructing speciation plots20 and
copolymerization curves21 (Figures S38−S41). Because we
here described net helicity as the difference in concentrations
of S-thioBTA in M- and P-helical polymers, we considered
these concentrations separately to highlight differences
between the different copolymerizations. At a high concen-
tration of the BTA derivatives (40 μM), the concentration of
S-thioBTA in M-helical copolymers decreases in the order of
S-BTA, n-BTA, and R-BTA (Figure 5a). However, this

decrease does not result from a decrease in the concentration
of S-thioBTA in both M- and P-helical copolymers (Figure 5c)
but coincides with an increase in the concentration of S-
thioBTA in P-helical copolymers (Figure 5b). In other words,
the incorporation of S-thioBTA in P-helical copolymers is
promoted by choosing R-BTA (and, to a lesser extent, n-BTA)
as co-monomer. This result demonstrates that the choice of co-
monomer provides a way to direct the supramolecular
copolymerization of S-thioBTA into either M- or P-helical
copolymers.

Figure 4. (a,b) CD spectra at 20 °C and (c,d) CD effect at 377 nm as
a function of temperature measured for S-thioBTA at 20 μM and n-
BTA or R-BTA at 0, 10, 20, 30, or 40 μM. (e,f) Net helicity with
respect to S-thioBTA (= ([M]thio − [P]thio)/[S-thioBTA]tot) as a
function of temperature predicted for the copolymerization of n-BTA
or R-BTA and S-thioBTA (parameters for n-BTA: ΔHAA = −65.7 kJ·
mol−1, ΔSAA = −102.6 J·mol−1·K−1, NPA = 15.3 kJ·mol−1, MPA = 0.3
kJ·mol−1, ΔHBB = −60.1 kJ·mol−1, ΔSBB = −90.5 J·mol−1·K−1, NPB =
19.5 kJ·mol−1, MPB = 0 kJ·mol−1, rAB = 0.96, ΔSAB = −96.6 J·mol−1·
K−1; parameters for R-BTA: ΔHBB = −59.9 kJ·mol−1, ΔSBB = −90.5 J·
mol−1·K−1, NPB = 30 kJ·mol−1, MPB = 0.3 kJ·mol−1).

Figure 5. Concentration of S-thioBTA in (a) M-helical, (b), P-helical,
and (c) both M- and P-helical copolymers as a function of
temperature simulated for the copolymerizations of the BTA
derivatives and S-thioBTA ([S-thioBTA]tot = 20 μM, [S-/n-/R-
BTA]tot = 40 μM, parameters for S-BTA and R-BTA: ΔHAA = −65.7
kJ·mol−1, ΔSAA = −102.6 J·mol−1·K−1, NPA = 15.3 kJ·mol−1, MPA =
0.3 kJ·mol−1, ΔHBB = −59.9 kJ·mol−1, ΔSBB = −90.5 J·mol−1·K−1,
NPB = 30 kJ·mol−1, MPB = 0.3 kJ·mol−1, rAB = 0.96, ΔSAB = −96.6 J·
mol−1·K−1; parameters for n-BTA: ΔHBB = −60.1 kJ·mol−1, ΔSBB =
−90.5 J·mol−1·K−1, NPB = 19.5 kJ·mol−1, MPB = 0 kJ·mol−1).
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Stability of BTA and thioBTA Oligomers. To under-
stand the copolymerization of BTA and thioBTA derivatives at
the molecular level, we performed DFT-based computations
on model compounds (see the Supporting Information for
details). Derivatives of BTA are known to form one-
dimensional structures through threefold intermolecular
hydrogen bonding in a helical manner, as observed through
single-crystal X-ray diffraction44 and DFT45 studies. However,
little is known about the self-assembly of thioBTA. Thus, we
first performed DFT-based computations on a model
compound of thioBTA. This compound also underwent
intermolecular hydrogen bonding, leading to the formation
of one-dimensional structures (Figure S42), similar to those
observed for BTA. However, the enthalpic stability of thioBTA
oligomers is substantially lower than that of BTA oligomers
(Table S6).
For alternating co-oligomers of BTA and thioBTA, two

configurations can be identified with different hydrogen-
bonding networks, namely, one in which the majority of the
hydrogen-bond acceptors are amide groups (config 1) and
another in which the majority of the acceptors are thioamide
groups (config 2, Figure 6a). For co-dimers, config 1 is ∼25 kJ
mol−1 more stable than config 2 (Figure S43 and Table S7).
However, for co-tetramers, this difference is only ∼10 kJ mol−1

(Figure 6b and Table S8), which suggests that the difference in
stability between the two configurations diminishes as the size
of the oligomers increases. Hence, we expect that, as the
oligomer size approaches the experimental range of polymer
lengths, this difference becomes vanishingly small.
Moreover, the stabilization energies of the two co-tetramers

are similar to the stabilization energies of the two homo-
tetramers (Figure 6b). Thus, in the absence of a strong
entropic contribution to the stabilization of co-oligomers,
homo- and co-oligomers have similar stabilities. Therefore, we
expect that the self-assembly of BTA and thioBTA involves
interactions between the same as well as different kinds of
monomers with similar probabilities, corresponding to a
random distribution of the monomers along the oligomer
chain. This type of microstructure is in-line with the results of
the theoretical modeling of the supramolecular copolymeriza-
tions (see above).

■ DISCUSSION

The approach outlined here to elucidate thermodynamically
controlled supramolecular copolymerizations requires the use
of spectroscopic techniques as well as theoretical modeling.

For experiments, it is convenient to identify a diagnostic band
(the CD band around 375 nm in the case of S-BTA and S-
thioBTA) as a distinct signature of one of the components in
the copolymerization (S-thioBTA). This band needs to be
independent of the concentration of the other component (S-
BTA). In addition, it is important to vary the concentration of
this other component (S-BTA) in the copolymerization while
keeping the concentration of the first component (S-thioBTA)
constant. In this way, temperature-dependent measurements at
different concentrations of the co-monomer will permit to
experimentally asses the influence of the second component on
the polymerization of the first component. Finally, when
considering other co-monomers with different preferences for
assembling into M- and P-helical polymers (n-BTA and R-
BTA), conflicting preferences will permit to assess to what
extent the choice of co-monomer provides a way to direct the
supramolecular copolymerization.
To successfully simulate copolymerization curves, the

thermodynamic parameters of the homopolymerizations need
to be determined first. Then, the introduction of a parameter
that describes the interactions between different components
(rAB = 0.96 in the case of S-BTA and S-thioBTA) allows
simulating copolymerization curves as a function of temper-
ature. When the simulations are in good agreement with the
experimentally obtained curves, theoretical modeling allows
computing the fraction of interactions between different
components ( fAB ≈ 0.25) and hereby asses the microstructure
of supramolecular copolymers (nearly random in the case of S-
BTA and S-thioBTA).
We anticipate that the approach described here is suited to

elucidate a wide range of thermodynamically controlled,
cooperative supramolecular copolymerizations of monomers
with similar interacting motifs. Our approach is also applicable
when the self-assembly mechanisms differ or for copolymeriza-
tions that follow the majority-rules and sergeants-and-soldiers
principles. Moreover, this approach is not restricted to systems
under thermodynamic control, but might also be applicable to
kinetically controlled supramolecular polymerizations, if
appropriate kinetic models become available. We believe that
generalized approaches, such as the one described here, will
contribute to elucidating the principles of supramolecular
copolymerization, in a similar way as has been accomplished
for chain-growth copolymerizations.

Figure 6. Computational study on oligomers of BTA and thioBTA. (a) Optimized geometry of alternating co-tetramers with different
configurations (config 1 and config 2). The different kinds of hydrogen bonds involving oxygen and sulfur atoms as acceptor moieties are depicted
in dashed lines with black and green color, respectively. (b) Computed basis set superposition error (BSSE)-corrected stabilization energy for
homo- and co-tetramers.
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■ CONCLUSIONS
In this work, we investigated the thermodynamically
controlled, cooperative supramolecular copolymerization of
C3-symmetrical monomers comprising amide or thioamide
groups. These monomers assemble into long, one-dimensional
polymers in solution that are stabilized by intermolecular
hydrogen bonding. The formation of these structures follows a
cooperative mechanism, which was analyzed using a theoretical
model of supramolecular polymerization. As a next step, the
supramolecular copolymerization of the monomers was
studied in great detail. In the copolymerization, the majority-
rules and the sergeants-and-soldiers principles are operative,
which provides insight into the net helicity and degree of
aggregation. Additionally, modeling and DFT-based computa-
tions shows that the interaction energies of interactions
between the same and different kinds of monomers are
comparable to one another, which translates into a moderate
fraction of interaction between different kinds of monomers.
These results are indicative of a nearly random copolymeriza-
tion of monomer comprising amide or thioamide groups.
A systematic study of supramolecular copolymerizations of

monomers with similar interacting motifs is a useful tool to
investigate the effect of chemical structure on noncovalent
interactions. We anticipate that studying other systems
following the approach outlined here will allow establishing
structure−property relationships in supramolecular copoly-
merizations and may, eventually, lead to the rational design of
supramolecular systems.
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