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ABSTRACT: A N-methylated benzene-1,3,5-tricarboxamide
(BTA) was synthesized, characterized, and introduced as a
monotopic BTA monomer capable of interacting with the
supramolecular polymer formed via the cooperative self-assem-
bly of the analogous ditopic BTA monomers. Using optical
spectroscopy and viscometry, in combination with mathema-
tical modeling and DFT calculations, we were able to under-
stand in detail the consequence of introducing a second
monotopic component in the self-assembly of BTA monomers
into long supramolecular polymers, taking explicitly the coop-
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erative nature of the self-assembly process into account. To this end, a binary self-assembly model that includes both the monotopic
and ditopic BTA monomer and that addresses the presence of both monomers and polymers (characteristic of a cooperative
supramolecular polymer) was developed and successfully applied to model the viscometry data. The binary self-assembly model
presented herein can be more generally applied to other cooperative supramolecular polymers to which a second component is
added that can interact with the monomers and/or polymers and thus can contribute to a better understanding of more complex

self-assembling systems.

B INTRODUCTION

The concept of self-assembly, whereby relatively small and
simple molecular building blocks arrange themselves via non-
covalent interactions into larger aggregates, has become an
attractive ap;)roach for the preparation of functional nano-
structures.' ™ Moreover, the necessity for a comprehensive
understanding of the supramolecular polymerization mechan-
isms in order to allow the rational design of self-assembled
functional nanostructures is acknowledged by more and more
researchers.* "> Nowadays, for single-component self-assem-
bly of monomers into one-dimensional aggregates, the corre-
sponding mathematical models have been fully developed to
describe—and predict—the properties of these aggregates."

A next step toward more complex, functional assemblies
involves the introduction of a second component, as this opens
up the route to new phenomena such as chiral amplification,"*
end-capping,'>'¢ energy transfer,'”'® or the preparation of
supramolecular block copolymers.'” Depending on how the
components interact, control over one or more properties of
the assemblies becomes possible, e.g., the helicity of the aggre-
gates or the averaged length of the assemblies. However,
predicting the behavior of such a binary supramolecular system
is not trivial as it can include nonlinear behavior, as for example in
the case of chiral amplification. Moreover, in the particular case of
a cooperative supramolecular polymerization there is a bimodal
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distribution of monomeric and polymeric species, and the
interaction between the added component and the monomeric
or polymeric species is not necessarily equal.*’

One approach to characterize a supramolecular polymer
and to control the degree of polymerization (DP) entails
the introduction of a monotopic chain stopper as a second com-
ponent to a supramolecular polymer.'¥'®*'"2* For example,
Bouteiller and co-workers have studied the effect of adding a
monotopic monomer to their bis-urea supramolecular polymers,
which self-assemble via a cooperative mechanism."> The authors
showed that introduction of a chain stopper eliminated the
concentration dependence of the molar mass of the bis-urea
supramolecular polymer and allowed them derive the molecular
weight and dimensions of the end-capped polymer chains. In a
later publication these studies were extended to include rheo-
metry and dynamic light scattering.”® To describe the coopera-
tive supramolecular polymerization in the presence of a
monotopic chain stopper, the authors considered condi-
tions in which the number of monomers is relatively small,
which allowed them to only consider the interactions between
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Scheme 1. Schematic Representation of the Introduction of a
Monotopic Monomer to a Ditopic Monomer That Self-
Assembles into Long 1-D Assemblies via a Cooperative
Mechanism”
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 As depicted, the monotopic monomer could interact with the end of
the stacks, with monomers, with both, or with neither.

the monotopic derivative and polymer chains (i.e., ignoring the
interactions between the monotopic derivative and monomers).*>2

A general problem, however, is that in the case of a cooperative
supramolecular polymer it is not always known a priori whether a
second component will interact mostly with the polymers, the
monomers, or both. For example, as recently reported by our
group, for the cooperative supramolecular polymerization of zinc
porphyrins in the presence of the axial ligand pyridine it was
found that the axial ligand preferentially binds to the free
monomers in solution and not to the end of the assemblies.””
As a result, rather unexpected self-assembly behavior was ob-
served: upon dilution, the average length of the assemblies was
found to increase. Similar behavior can be found in protein
systems in which protein unfolding occurs upon the addition of a
denaturant, while renaturation takes place upon dilution.*®

A second consideration that should be addressed when
describing a binary system of mono- and ditopic derivatives
involves the connectivity of the two binding sites in the ditopic
monomer. In most examples reported hitherto, the functional
groups of the ditopic monomers are electronically uncoupled. As
a result, an isodesmic self-assembly mechanism" is observed in
such uncoupled systems, since a binding event at one of the two
binding sites does not affect the second binding site. In contrast
to these systems, for electronically coupled monomers it is not
straightforward to prepare a monotopic analogue, since mod-
ification of one side of the molecule can affect the binding affinity
of the other side of the molecule. As a result, the binding strength
of the monotopic monomer might be different as compared to
the ditopic monomer.

Herein we report the supramolecular polymerization of a
ditopic monomer in the presence of a monotopic derivative
(Scheme 1), which we characterized taking the above-outlined
considerations explicitly into account: i.e., a possible difference in
affinity of the monotopic derivative for the monomers and
polymers, and the relative binding strength of the monotopic
derivative, compared to the ditopic analogue. To this end we
developed a general model to describe this binary system: a
monotopic derivative that can interact with ditopic monomers
that self-assemble in a cooperative fashion. As a model system to
address the effect of adding a monotopic monomer to a supra-
molecular polymer that self-assembles via a cooperative growth
mechanism, we selected the benzene-1,3,5-tricarboxamide (BTA)
monomer.””” > Previously, on the basis of high-resolution tem-
perature-dependent spectroscopy, we could identify and quantify a

Chart 1. Molecular Structure of Ditopic 1 and Monotopic 2;
a Schematic Representation of Each Monomer Is Also
Depicted

o E1 1 R1 = n-C16H33
Ro Rp= H
Ry
R(N O 2 Ry= n-CyHys
o RZ/N\R‘l R2= CH3

cooperative self-assembly mechanism for this supramolecular
polymer in dilute alkane solution.* In addition, by mixing enan-
tiomeric derivatives or by mixing chiral with achiral monomers, we
could study two-component systems by means of chiral amplifica-
tion studies.** >” We here show that using optical spectroscopy
and viscometry in combination with mathematical modeling and
DFT calculations, we are able to understand in detail the con-
sequence of a second monotopic component in the self-assembly
of BTA monomers into long supramolecular polymers.

B RESULTS AND DISCUSSION

Design of the Monotopic Monomer. The supramolecular
polymer reported in this study is based on achiral BTA derivative
1 (Chart 1), having hexadecyl chains to increase the solubility in
methylcyclohexane (MCH, vide infra). The design of the mono-
topic monomer is based upon N-methylation of the three amide
groups present in the C;-symmetrical BTA molecules. N-Alkyla-
tion has already been reported to prevent hydrogen-bonding in
self-assembled systems. 538=41 T4 this end, BTA monomer 2
(Chart 1) was designed, which lacks the N—H groups. As a
result, N-methylated BT'A 2 cannot act as hydrogen bond donor,
and it is therefore merely a hydrogen bond acceptor via the
carbonyl groups and hence can be considered the monotopic
analogue of 1. The monotopic derivative 2 was readily synthe-
sized by reaction of N-methyldodecylamine with trimesyl
chloride.**

Probing the Stack Growth of BTA 1 by Optical Spectros-
copy and Viscometry. Before studying the supramolecular
polymerization of BTA monomer 1 with solution viscometry,
UV—vis spectroscopy was employed to study the self-assembly
of 1 in MCH (Figure 1A). The temperature-dependent UV—vis
absorption of a 1.4 X 10~ * M solution in MCH shows a clear
nonsigmoidal transition from the molecular dissolved state to the
aggregated state, indicative of a cooperative growth mechanism
(Figure 1A)." The origin of this cooperativity can be attributed
to both a conformational and an electronic effect; the former
arises because for polymerization to occur the amide groups in the
monomer need to rotate out of the plane in a parallel fashion; the
latter effect is related to polarization effects (and to the orientation
of the dipoles) which change during aggregation and thereby
influence the intermolecular hydrogen bonding strength.**

The temperature-dependent UV—vis absorption data of 1
were analyzed using a temperature-dependent nucleation—
elongation model'"** which yielded an enthalpy release, h,, of
—56 kJ mol™, a K, value of 8 x 10™% and an elongation
temperature of 357 K. As a result, the predicted degree of
polymerization for 1 is in the order of 100 monomers at room
temperature (at a concentration of 1.4 X 10 *Min MCH).42
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Figure 1. (A) Degree of aggregation, ¢, for 1 as derived from the temperature-dependent UV—vis data monitored at 223 nm, with fit for the elongation

regime (red line) and the nucleation regime (blue line). The inset shows the UV—vis absorption at 363 and 293 K. Concentration: 1.4 X 10

M in

MCH. (B) Relative viscosity versus concentration of 1 in MCH at 20 °C, fitted with a power law function. The highest concentration (2.2 mg mL ™)

corresponds to 2.5 X 107> M.
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Figure 2. (A) UV—vis absorption for 2 in MCH at 20 and 85 °C and in ACN at 20 and 75 °C. Concentration: 2.0 x 10~* M for both solvents. (B)
Predicted UV —vis spectrum for BTA monomers 3 and for 4 calculated using TD-DFT (time-dependent DFT) calculations. (C) Optimized structure of
4in the gas phase, determined by DFT calculations at the PBE/6-311G+(d,p) level of theory (hydrogen atoms are omitted for clarity). (D) Structures of
BTA monomers used in the DFT calculations. The torsion angle 0 is also highlighted.

We applied Ubbelohde viscometry on MCH solutions of BTA
1 to observe the formation of the self-assembled stacks of 1.
Concentration-dependent viscosity measurements could be per-
formed over a wide range of concentrations (Figure 1B). The
viscosity data in Figure 1B show an exponential increase in the
relative viscosity, 7],., with increasing concentration.**** The
data could be fitted with a power-law relation, resulting in an
exponent of 1.5. This value is close to the value of 1.7 reported for
the concentration dependence of the viscosity of a rodlike, fast-
breaking chain.*****” The rodlike shape is in agreement with the
results of SAN'S experiments,** which revealed a broad regime in
which the scattering intensity scaled with Q' (when plotted on a
double-logarithmic scale), indicative of cylindrical objects. Fit-
ting the data using a cylindrical form factor yielded a radius of
about 12 A, in agreement with the dimensions of the molecule, as
well as with the value of 13 A reported by Hanabusa.** Unfortu-
nately, the length of the stacks could not be determined reliably
from the SANS experiments, as no leveling of the scattering
intensity at low Q values was observed. Therefore, on the basis of
SANS data, it could only be concluded that the stack length
exceeds ~500 A. The fast-breaking character is in line with
the dynamic nature of the supramolecular system, as reported
previously.®® The rapid increase in viscosity of 1 upon raising the
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concentration confirms the cooperative self-assembly mechan-
ism and indicates that long stacks are present in solution.
Spectroscopic and Computational Characterization of
Monotopic BTA Monomer 2. Ubbelohde viscometry on solu-
tions of N-methylated BTA 2 in MCH did not reveal an increase
in viscosity upon increasing concentration (up to a concentration
as high as 1.0 mg mL "), suggesting that in contrast to BTA
monomer 1, N-methylated BTA 2 does not self-assemble into
supramolecular polymers of considerable length in solution.**
UV—vis spectroscopy was employed to confirm that N-
methylated BTA 2 is molecularly dissolved in MCH. To this
end, solutions of BT A 2 were studied in MCH and in acetonitrile
(ACN) at 20 °C and at elevated temperature (85 and 75 °C for
MCH and ACN, respectively). The latter solvent was chosen
as it is a good solvent for BTAs.*® For both solvents and both
temperatures very similar UV—vis spectra were obtained
(Figure 2A). This indicates that in both solvents BTA 2 is not
aggregated but molecularly dissolved, irrespective of the tem-
perature. However, in contrast to previously reported BTAs and
to the results for 1, we do not observe an absorption maximum
of the monomer of 2 at 208 nm (see for instance the inset in
Figure 1A). This could suggest that due to the N-methylation the
absorption maximum of BTA 2 has shifted to lower wavelengths.
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To rationalize this effect, DFT calculations were performed on
BTA 3 and N-methylated BTA 4 (Figure 2D), bearing short ethyl
side chains to reduce computational costs. The equilibrium
geometries of monomeric BTAs 3 and 4 were obtained by full
geometry optimization at PBE/6-311G+(d,p) level of theory.
Previous calculations on a derivative of monomeric BTA 3
bearing a methyl side chain have shown that the average torsion
angle, 6 (Figure 2D), in the optimized geometry of the BTA
monomer takes a value of ~12° at the same level of theory.* In
contrast, the average torsion angle, 0, in the optimized geometry
of N-methylated BTA 4 takes a value of 41° as a result of an
increased steric hindrance exerted by the N-methyl groups.
Surprisingly, the equilibrium geometry of N-methylated BTA 4
is characterized by an antiparallel arrangement of the carbonyl
groups; i.e., two carbonyl groups are pointing downward while
one carbonyl is pointing upward (Figure 2C).>° This was further
confirmed by single point calculations on N-methylated BTA 4 in
which the torsion angle of one of the carbonyl groups was
incremented from —40° (antiparallel arrangement) to +40°
(parallel arrangement).** In addition, as reported in the litera-
ture, X-ray structure analysis on crystals of tris(N,N-diethyl)tri-
mesamide (in the presence of hydroquinone) also revealed an
antiparallel arrangement of the carbonyl groups.”* The prefer-
ence for the antiparallel orientation of the amide groups in N-
methylated BTA 4 finds its origin in the fact that the large torsion
angle, 0, of N-methylated BTA 4 results in a large and unfavor-
able dipole moment when all the carbonyl groups are orientated
in a parallel arrangement.** Next, time-dependent DFT (TD-
DFT) calculations on the optimized geometry of BTAs 3 and 4
were performed. The calculated normalized absorption spectra
indeed reveal a blue shift of the absorption maximum as a result
of N-methylation (Figure 2B). This shift can be rationalized by
the increased out-of-plane rotation of the amide groups in N-
methylated 4 which results in a shorter conjugation length and
hence a blue-shifted absorption maximum.

Addition of Monotopic N-Methylated BTA Monomer to
Solutions of 1. Using Ubbelohde solution viscometry, the effect
of introducing N-methylated BTA monomer 2 to a solution of
BTA 1in MCH was studied. Experiments were performed at two
concentrations of 1, i.e., 0.94 and 1.92 mg mL ™", This concen-
tration was kept constant while the monotopic monomer 2 was
added in increasing concentration.

Upon addition of 2 a clear decrease in the relative viscosity
could be measured for both concentrations, indicating that
the (average) stack length of 1 is reduced by the introduction
of 2 (Figure 3). Upon closer inspection of the data, a rather
large fraction of 2 needs to be added to observe a decrease in
viscosity: more than 20% of the monotopic derivative needs
to be added to reduce the viscosity by more than 75%, which
is considerably more than the 2% that was observed for the
ureidopyrimidinone supramolecular polymer reported pre-
viously by our group.'® This suggests that the affinity of mono-
topic monomer 2 for the end of the stacks of monomers 1 is only
moderate in strength.>

Mathematical Modeling. To understand the effect of the
monotopic monomer on the BTA supramolecular polymer, we
developed a mass-action model which allowed us to determine all
the relevant association constants (Scheme 2).

The two-component self-assembly of BTAs 1 and 2 was
analyzed using the mass-action model depicted in Scheme 2,
which takes into account both the cooperative self-assembly
mechanism of 1 and the 1:1 binding of 2 with monomeric and

2.0 0 094mgmi
© 1.92 mg ml!
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Figure 3. Relative viscosity as a function of mole fraction 2 added for
two concentrations of 1 in MCH. Concentration: 0.94 mg mL ™! (red)
and 1.92 mg mL™" (blue).

Scheme 2. Schematic Model for the Cooperative Self-
Assembly of a BTA Monomer (M) in the Presence of a
Monotopic Monomer S

Nucleation M+M a8 M,
Elongation M, + M e M;
M.+ M ke M.,
Addition to monomer M + S Kon MS
Chain termination M,+ S o M,S

polymeric species of 1. The concentration-dependent model in
Scheme 2 assumes a cooperative dimerization-elongation model
(K,—K, model®) for the self-assembly of 1, which implies a
nucleus size of 2. This model is the simplest model to describe a
cooperative supramolecular polymerization.>> From indepen-
dent spectroscopic measurements (Figure 1A) the values for
K, and K, were found to be 3.9 x 10> and 5.3 x 10° M},
respectively, at room temperaturef*z’54

As the affinity of the monotopic derivative to the end of a
polymer is not necessarily identical to that of a “normal” ditopic
monomer, we introduced a new binding constant K, for the
equilibrium between monotopic derivative and polymer. More-
over, we included the possibility of binding between a monotopic
and a ditopic monomer, which equilibrium was governed by a
binding constant K,

Using the above model, the mass balances could be solved
(using Matlab®?), from which the DPy is calculated, which can be
equated to the specific viscosity (nsp =N — 1) via'®%¢

’75p :PDPNa (1)

In the above equation, the parameter p is only introduced as a
scaling parameter, while a relates to the scaling of the viscosity
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Table 1. Results from Fitting the Data in Figure 3 with the
Model in Scheme 2

parameter 0.94 mg mL ! 1.92 mg mL !

K (M) 2.85 x 10* £ 0.06 x 10* 2.22 x 10* £ 0.0003 x 10*
K, (M) 21 + 0.04 16 =+ 0.002

K.(M™) 53 x 10™ 53 x 10%

K (M 3.9 x 10* 3.9 x 10*

p 13x10°£06%x10°  44x10°+£08x%x10°°
a 1.76 & 0.09 1.57 4 0.03

“Value was not fitted but used as a constant input parameter.

with the stack length. The data for the two concentrations in
Figure 3 were subjected to a nonlinear least-squares analysis
using the above model. Initially, nonlinear least-squares analysis
of the data was performed with a model in which K, and K, were
both allowed to be varied independently from each other.*
However, these conditions lead to rather high uncertainties for
the parameter value of K,,,. This is mainly caused by the relatively
low concentration of free BTA monomers in solution, which is a
result of the cooperative nature of the supramolecular polymer-
ization. Hence, we tried to fit the data assuming no interaction
between the monotopic derivative and the monomer, ie., K, =
0, which leads to one parameter less to be fitted.* Under this
assumption, it was possible to obtain an agreeable fit. However, it
was also possible to obtain a good fit of the experimental data,
assuming that the ratio K,/K, is equal to K,,,/K,, which means that
the degree of cooperativity is identical for both monomers. This can
be rationalized considering the similarity in molecular structure
between the monotopic and ditopic monomer. That is, the electro-
nic and structural effects that cause K, to be much smaller than K,
(i.e., the origin of cooperativity) are also expected to be operative for
the monotopic derivative. Under these conditions a good fit of the
data was obtained, the results of which are tabulated in Table 1.

The most relevant parameter obtained from the modeling is
the equilibrium constant K, which was found to be (2—3) x 10*
M, which is considerably smaller than the equilibrium constant
K.=5.3 x 10° M~ '. Even when considering that the monotopic
monomer can only bind to one side of the stack (which
theoretically reduces K, by a factor 2), the binding constant K,
is still a factor 10 smaller than K.. Similarly, the K, value is an
order of magnitude smaller than K,, which results from the
assumption that that the ratio K,/K, is equal to K,,/K,. The low
K, value suggests that monotopic monomer 2 does not have a
high affinity for the end of the stacks of molecules of 1. This
prompted us to study the influence of an N-methylated benzene-
and cyclohexane-based monoamide on the self-assembly beha-
vior of 1. Also for these non-Cs-symmetrical derivatives a
decrease in relative viscosity could be observed, albeit the effect
is not as strong as for 2.*” In fact, also addition of dimethylfor-
mamide (DMF) leads to a reduction in viscosity, which was
not observed when adding ACN.* The results for the latter
solvent exclude that changes in solvent polarity are causing the
decrease in viscosity, since DMF and acetonitrile have a similar
dipole moment (3.82 D vs 3.87 D) and dielectric constant
(38.25 vs 36.64). Apparently, additives containing a (tertiary)
amide functionality are capable of reducing the viscosity, which
implies that the interaction between monotopic monomer 2 and
the stacks of 1 is not highly specific. That is, other compounds
containing hydrogen bond accepting groups also have a reducing
effect on the DP.

104

107 10°  10° 10* 10 107 10!
Concentration (M)

Figure 4. Predicted degree of polymerization, DPy;, for 1 in MCH as a
function of concentration, for four different mole fractions of monotopic
monomer 2. Mole fractions of 2 were 0 (red), 0.0S (blue), 0.10 (green),
and 0.25 (purple).

To understand the differences in the effect of the monotopic
monomer 2 at different concentrations of 1, the DPy was
calculated for four different mole fractions of 2 (Figure 4). It is
clear from these predictions that no effect of the monotopic
monomer on the DPy is present below 10~* M, which is the
result of the rather low K, value. It is only at high concentration
(above 10~* M) of monomer 1 that monotopic monomer 2 is
able to attach to the end of the stacks of 1 and reduce the lenzgth
of the stacks, as measured with viscometry. In fact, above 10~ "M
the DPy reaches a plateau value, indicating that the viscosity no
longer depends on concentration.>’

The origin of the low K; and K, value can be related to the
antiparallel arrangement of the amide groups of 2 (Figure 2C).
To attach to the end of a stack of 1 (or to a monomer of 1), all
amide groups need to be aligned parallel in one direction to allow
for the 3-fold hydrogen-bonding. As a result, 2 is an unfavorable
conformation for binding to the end of the stack, which could
explain the low K, value. These results demonstrate that for
electronically coupled monomers the design of a monotopic
chain stopper is not trivial. Because of N-methylation of the Cs-
disk, the binding strength of the monotopic monomer 2 was
reduced by more than a factor 10 as compared to the ditopic
analogue (1).

When reconsidering the design of a monotopic monomer, it is
perhaps better to modify the structure of the C;-symmetrical
molecule such that it is sterically blocked on one side of the disk.
The synthesis of these so-called capped structures has already
been extensively reported for porphyrin derivatives, which were
applied to inhibit binding of small molecules (like O, and CO) to
the porphyrin's active site.***° Alternatively, a monotopic BTA
derivative in which the three amide groups are preorganized in a
parallel fashion would result in a monotopic monomer with a
strong affinity for the ends of the BTA stacks.

Bl CONCLUSION

Using optical spectroscopy and viscometry in combination
with mathematical modeling and DFT calculations, we were able
to understand in detail the consequence of addition of a second
monotopic component in the self-assembly of BTA monomers
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into long supramolecular polymers. Using viscometry, it was
possible to observe the characteristic features of a cooperative
supramolecular polymerization process in solution for Cs-sym-
metrical discotic 1. Furthermore, N-methylated BTA 2 was
successfully synthesized and characterized and was evaluated as
a chain stopper in the supramolecular polymerization of 1. It was
only at high concentrations (~10"> M) that we could observe a
decrease in DP upon addition of the monotopic monomer, as was
evidenced from solution viscometry. DFT calculations revealed
that this weak binding is related to the connectivity of the three
amide groups of the monotopic BTA monomer 2.

Nonlinear curve-fitting to a model to describe the cooperative
supramolecular polymerization in the presence of a monotopic
monomer revealed that, compared to the monomer 1, the associa-
tion constant of the monotopic monomer 2 with the end of stack of
1 was an order of magnitude smaller. This shows that care should be
taken when designing a monotopic analogue of a ditopic monomer
with electronically coupled binding sites.

Our binary self-assembly model can be more generally applied
to other cooperative supramolecular polymers to which a second
component is added that can interact with the monomers and/or
polymers. This will open up the route to a better understanding—
and predicting—of the properties of such binary systems.

B ASSOCIATED CONTENT

(s ) Supporting Information. Experimental conditions, syn-
thetic procedures, details of DFT calculations, modeling proce-
dures, and supporting figures and tables. This material is available
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