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Abstract: Supramolecular polymers are chains of small molecules held together through reversible non-
covalent interactions. In general, a given monomer self-assembles into a single type of supramolecular
polymer. However, in few cases, two different self-assembled structures can co-exist: this yields
interesting responsive systems. In order to improve the understanding of these systems, we report an
association model describing the self-assembly of a supramolecular polymer into two competing forms.
The parameters controlling the system have been measured by high sensitivity differential scanning
calorimetry (DSC) and isothermal titration calorimetry (ITC) in the case of a hydrogen-bonded bis-urea
supramolecular polymer solution in toluene. The model enables to compute the proportion and length of
all components in the system at any temperature and concentration. The results of these calculations are

in agreement with the experimental phase diagram and with independent viscosity measurements.



Introduction

Supramolecular polymers are chains of small molecules held together through reversible non-covalent
interactions.© The dynamic character of the interaction is responsible for the appearance of new
properties, as compared to those of usual covalent polymers. For example, these materials may exhibit
self-healing behavior.: Moreover, they can display polymer-like properties (such as viscoelasticity)
under some experimental conditions and oligomer-like properties under other conditions. For instance, a
material with a high molar mass at room temperature and a low molar mass at higher temperature is
potentially useful for a wide range of applications.

In this context, we have previously reported a bis-urea based monomer (EHUT) which self-assembles
in non-polar solvents into two distinct dynamic supramolecular polymer structures (Figure 1a).c At high
temperatures, long hydrogen bonded filaments with a single molecule in the cross-section are formed.
At lower temperatures, the bis-ureas reorganize into very long and rigid tubes with three molecules in
the cross-section.” The entanglement and the dynamic character of these long tubes are responsible for
viscoelastic properties’* which can be useful for applications in domains such as cosmetics."

Because many properties of supramolecular polymers derive from the length of the chains, it is
particularly relevant to be able to characterize their length. However, this is not a trivial task because of
the dynamic nature of the assemblies:: Direct techniques such as size exclusion chromatography or
MALDI mass spectroscopy are not suitable because the molar mass of supramolecular polymers
depends on the actual conditions of the analysis (temperature, solvent, concentration). The best
approach is then to consider all the possible self-assembled species present and establish a theoretical
model including equilibrium constants linking the concentration of the different species.> Experimental
determination of the equilibrium constants makes it possible to compute the composition and average
molar mass at any concentration. Such an approach has been successfully implemented in the case of the
formation of linear chains through isodesmic,*” cooperative* or anticooperative» processes. The cases
of supramolecular copolymers* or macrocycles* has also been considered. The effect of a competition
between two linear supramolecular polymers in equilibrium has been much less considered.” In
particular, to our knowledge, no mass action law approach has been described. Consequently, the aims
of this paper are (i) to establish the relevant equations governing a system of two supramolecular

polymers in equilibrium, (ii) to show an experimental approach based on high sensitivity differential



scanning calorimetry (DSC) and isothermal titration calorimetry (ITC) in order to determine the
thermodynamic parameters of the system, and (iii) to apply this approach to improve our understanding

of the particular supramolecular polymers formed by bis-urea EHUT in toluene.

Experimental Section

Solvents were used as received. Solutions were prepared under stirring at room temperature, at least
lday prior to use.

DSC. Thermograms were measured using a N-DSC III instrument from CSC. The reference cell was
filled with toluene and the sample cell (0.3mL) with EHUT solution. The capillary cells were not
capped, and a constant pressure of 6 10°Pa was applied. A baseline scan (toluene in both reference and

sample cells) was systematically performed in identical conditions and subtracted from the sample scan.
Transition temperature (T**) and enthalpy (AH**) were taken as the average of heating and cooling

scans, at a scan rate of 1°C/min (unless specified otherwise).
ITC. Heats of dissociation were measured using a MicroCal VP-ITC titration microcalorimeter. The

experimental conditions have been described previously.»

Results and Discussion

Association model. The self-association of a monomer (M) into two supramolecular polymers in
equilibrium (F, and T.) can be described by the infinite set of equilibria mentioned on Figure 1b. In
chloroform solution, bis-urea EHUT has been shown to self-assemble into a single supramolecular
polymer (filament, F.), and to obey a cooperative self-association model such that the dimerization step
is less favored than the subsequent association steps. Moreover, the latter can be considered to be
independent of n.»» In toluene solution, bis-urea EHUT has been shown to self-assemble into two
supramolecular polymers: long filaments of the same structure than in chloroform (with a single
molecule in the cross-section) together with very long and rigid tubes (with three molecules in the
cross-section).* Therefore, the simplest association model that can possibly describe this system
comprises a cooperative self-association model for each supramolecular polymer, with k.=k for n>2 and

k>k. in the case of filaments (F,), and with K,=K for n>2 and K>K. in the case of tubes (T,).»
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Figure 1. (a) EHUT monomer and schematic structure for filaments and tubes. Hydrogen bonds are

represented by dotted lines connecting the urea functions (black circles). A more precise supramolecular

model for tubes can be found in reference 8. (b) Association equilibria between monomer (M) and two

supramolecular polymers (F, and T.) of degree of polymerization n.

Within this model, the concentration of all supramolecular chains can be expressed by applying the

mass action law.

[F ]=kk"?[MT, forn=2

[T.]1=KK"?[MT, forn=2

)
)

Conservation of mass then yields the following equation

k, [M]

K,

kK (I=K[MIY " K (=K[M]}¢ "

k

(1_ﬁ_

)[M]—CO=O 3)

In this approach, the formation of cyclics is neglected, which is justified by the rigidity of the

assemblies. The free monomer concentration ([M]) can be determined numerically from eq (3), if k., k,



K., K and the overall concentration (C,) are known. Through eq (1) and (2), the whole molecular weight
distributions can then be determined.

The temperature dependence can be introduced through the van't Hoff equations, if the enthalpies of

association (Ah., Ah, AH. and AH) are assumed to be temperature independent.

ky(T)= k2<n>ex{A—hZ(i-lj) 4)

RA\T, T
k(T)=k('I5)ex;E%h(Tio—%)) )
K,(T)= KZ(TO)ex;E%(TlO - %)J(@
K(T)= K(To)ex;E%(Tio - %)) %)

Thus, the knowledge of eight parameters — the association constants at a given temperature T, (k.(T.),
k(T,), Ki«(T,), K(T,)) and the corresponding enthalpies of association (Ah., Ah, AH., AH) — is necessary to
compute the concentrations of all filaments, tubes and monomer species present in the solution at any
total concentration C, and temperature T.

Determination of parameters. Isothermal titration calorimetry (ITC) was previously described as an
efficient technique to determine the parameters for the self-assembly of EHUT into filaments and of
supramolecular polymers in general.* The principle is to measure the heat exchanged while aliquots of a
relatively concentrated supramolecular polymer solution are injected into pure solvent. The heat
absorbed is proportional to the number of hydrogen bonds broken during the dilution, and is thus
directly related to the enthalpy of association and the association constants describing the system. When

only one supramolecular polymer is present, an ITC experiment performed at a temperature T, yields
k.(T.), k(T,), and Ah.» Consequently, this technique was considered for the present system: equations (1)

to (3) were used to calculate the heat evolved during an ITC experiment, by dilution of a mixture of two

supramolecular polymers in equilibrium (F, and T.) (see Supporting Information). Unfortunately, the
parameters (k.(T.), k(T.,), K.(T.), K(T.), Ah., Ah, AH. and AH) are too numerous to be reliably determined
from an ITC experimental data set, even if the experiments are performed at several temperatures (data
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not shown). Consequently, high sensitivity DSC was considered as an additional technique in order to
try and determine some of the parameters independently from ITC.

The sensitivity of current DSC instruments makes it possible to probe very dilute solutions. In
particular, high sensitivity DSC is widely used to characterize cooperative transitions in biological
macromolecules such as protein folding.” In the case of solutions of synthetic macromolecular or
supramolecular systems in organic solvents, the use of DSC is much less developed. Although the use of
classical DSC to characterize moderately concentrated solutions has been reported,>* previous high
sensitivity DSC study on very dilute (typically below 10-mol/L or 1g/L) supramolecular systems in non
polar organic solvents are very rare.* Therefore, we decided to perform a thorough DSC study,
including the influence of concentration and scan rate, on the present bis-urea system. Figure 2a shows
the variation of heat capacity with temperature for a SmM EHUT solution in toluene. As will be shown
below, the endothermal peak at 42°C is due to the reorganization of supramolecular tubes (T.) into
filaments (F.). After subtraction of the heat capacity of pure toluene and concentration normalization,
the molar heat capacity of EHUT is obtained (Figure 2b).

Several comments can be made at this point. First, the transition is perfectly reversible, because the
cooling scan is symmetrical to the heating scan and the scans are identical for at least 6 cycles of
heating and cooling (see Figure S1). Secondly, there is a limited scan rate dependence: above
0.2°C/min, the curve is slightly broadened (Figure 2b). Therefore, if the shape of the curve is to be
analyzed in thermodynamic terms (free from any kinetic effect),” a scan rate below 0.2°C/min is

recommended. However, both the transition temperature (the maximum of the curve, T**) and the
enthalpy of the transition (the area under the curve, AH**) are constant in the same scan rate range
(Figures S2 and S3). Consequently, a scan rate of 1°C/min can be used for faster determination of T**
and AH**. Thirdly, the curve at the transition shows a large endothermic peak, but no heat capacity
jump: this means that there is no difference in heat capacity between the tube and the filament forms

(AC** = 0), and justifies the previous assumption that the enthalpies of association (Ah., Ah, AH.

and AH) are temperature independent.
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Figure 2. DSC thermograms (second heating) of a SmM EHUT solution in toluene. (a) Raw data (plain

curve) and baseline (bold curve) at 1°C/min. (b) Baseline subtracted data at several heating rates.



704  monome

] thin filamer

Temperature (°C)

30+

-/yh tub
.IO‘ —r Tt —rrrrr —rrrrrrt T TTTTIT
0,00001 0,0001 0,001 0,01 0,1

Concentration (mo

Figure 3. Pseudophase diagram for EHUT solutions in toluene. Transition between monomers and

supramolecular filaments determined by ITC (<). Transition between filaments and tubes determined
by ITC (A), viscosimetry (0J), FTIR (o) or DSC (®). Curves: calculated transition based on parameter
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Next, the concentration dependence of the transition temperature is shown on Figure 3: T** increases
moderately with concentration in the range 10+ to 10'mol/L. Figure 3 also shows that the transition
measured by DSC indeed corresponds to the transition between tubes and filaments, because there is a
perfect agreement with previous data from other techniques.: The usefulness of DSC analysis is here
clearly demonstrated: data can be obtained over a range of concentration of 3 orders of magnitude,
filling the gap between ITC and FTIR data.* Moreover, DSC gives a direct measure of the transition
enthalpy: its concentration dependence is shown on Figure 4. The points corresponding to the
concentrations above 10mM show some scatter, probably because the gels formed at these

concentrations are quite strong, which makes it difficult to obtain perfectly homogeneous samples, and
thus precise concentrations. At concentrations below 1mM, the values for AH** apparently decrease,

but it is difficult to be sure that this is not simply due to the lower signal over noise ratio and the

difficulty to define a perfect integration baseline. Consequently, between 1 and 10mM, the data seems

the most reliable and an average value of AH** = 1.2 + 0.2kcal/mol can be determined. This enthalpy



for the transition between tubes and filaments (AH**) is a complex combination of the enthalpies for
the transitions between monomer and filaments (Ah. and Ah) and between monomer and tubes (AH.

and AH). However, if dimers are neglected compared to longer oligomers, then AH** = Ah - AH.
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Figure 4. Enthalpy of the transition between tubes and filaments for solutions of EHUT in toluene,

versus concentration. The values are measured by DSC (average of heating and cooling scans), at 0.1

(O) or 1°C/min (®). The error bars reflect the uncertainty for peak integration.

This information can now be used to fit the association model to the ITC data. Figure 5 shows the
experimental ITC data obtained by diluting EHUT solutions into pure toluene at several temperatures.

The 8 experimental curves were simultaneously fitted, with k.(25°C), k(25°C), K.(25°C), K(25°C),

Ah., Ah, AH. and AH as parameters. Several fitting procedures were tested and are summarized in Table
S1. Using a single constraint (AH = Ah - AH**) yields a good fit, but an unreasonably large value for
AH.. Therefore a second constraint was introduced: the value for AH. was fixed to extreme values, either
AH. = AH, or AH. = 0.* In both cases, a very good fit was obtained (similar ), with values for the other
parameters barely affected by the value of AH. (entries 2 and 3 in Table S1). This means that it is not

possible to determine a reliable value for AH. by this procedure, but that the other parameters can still
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be evaluated. The values adopted for the parameters are the average of the two fits and are reported in

Table 1. Considering the excellent repeatability of the ITC data, and the negligible influence of AH., the
largest uncertainty comes from the value of the constraint (AH**). Therefore, the uncertainty was

evaluated by performing other fits with extreme values for AH**, and are reported in Table 1.

The consistency of the model and parameter values can be checked by comparing the calculated phase
diagram to the experimental phase diagram. The transition between filaments and tubes was defined as

the temperatures and concentrations such that the total filament concentration is equal to the total tube

©

concentration: En[Fn]= En[‘[]] with [M]< En[Fn] The other transitions were defined in the same
n=2 n=2 n=2

manner.” Figure 3 shows that the agreement between the model and the experiment is excellent. This is
not surprising for the monomer to filament transition, as both the model and the experimental values are
based on the same ITC data; however, the fact that the transition between filaments and tubes is
correctly predicted by the model, in a concentration range where no ITC data was available, is clearly a

good test of the model.

k.(25°C) k(25°C) K.25°C) K(25°C) kV/k. Kv/K.
(L/mol) (L/mol) (L/mol)  (L/mol) (L/mol)  (L/mol)

820 76950 0.24 87110

7210° 3.1 10
+160 +760 +0.5 +540
Ah, Ah AH. AH

k/k. K/K.
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
-10.5 -11.6 -6 -12.8

94 3.6 10
+13 +0.1 +6 +0.2

Table 1. Parameter values obtained by fitting the ITC data of Figure 5 and used in the simulations.
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Figure 5. Experimental ITC enthalpograms (points) for EHUT solutions in toluene injected into pure

toluene, versus total EHUT concentration in the cell. Conditions (temperature, [EHUT], injection
volume): (a) (¢): 20°C, 0.25mM, 4puL; (©): 25°C, 0.25mM, 5uL; (a): 30°C, 0.5mM, 5SuL; (A): 35°C,
ImM, 2uL; (b) (#): 40°C, 1mM, 2uL; (<): 50°C, 2mM, 4uL; (A): 60°C, 2mM, 6uL; (A): 78°C, 2mM,
6uL. Calculated ITC enthalpograms (curves) based on the association model (Figure 1) and the

parameter values in Table 1.
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Description of bis-urea self-assembly. The association model can now be used to visualize the
composition of solutions and degree of polymerization of EHUT filaments and tubes at different
temperatures and overall concentrations. Figures 6 and 7 show respectively the weight fractions of
monomer, filaments and tubes versus concentration (Figure 6) or temperature (Figure 7). Figures S8 and
S9 show that the simulations are quite reliable: taking parameter values from the other fits in Table S1

yields very similar simulations.
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Figure 6. Calculated weight fractions of monomers, filaments and tubes for EHUT solutions in toluene,
versus overall concentration, at several temperatures. The calculated values are based on the association

model and the parameter values in Table 1.
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Figure 7. Calculated weight fractions of monomers, filaments and tubes for EHUT solutions in toluene,
versus temperature, at several concentrations. The calculated values are based on the association model

and the parameter values in Table 1.

For all temperatures, at low concentrations (below 5 10-mol/L), the only species present is the
monomer (Figure 6). At high concentration (above 10°mol/L), the species present nearly exclusively is
either the tube (below 40°C) or the filament (above 45°C). The transition between the two regions is
very sharp (Figure 7c and 7d), which is in agreement with previous FTIR data: At intermediate
concentrations however, the transitions are much more gentle: there is a large range of temperatures and
concentrations where monomers, filaments and tubes are present in comparable proportions: the
pseudophase diagram (Figure 3) only shows the regions where a given species is the most abundant; it

does not necessarily mean that the other species have negligible concentrations.

13



Figures 8 and 9 show the number average degree of polymerization and curvilinear length of
filaments and tubes versus concentration (Figure 8) or temperature (Figure 9). The length was
calculated from the degree of polymerization and the linear density of filaments or tubes determined by
SANS (see Supporting Information). The most important comment is the huge length of tubes:
according to our present association model, the tubes reach micrometer lengths, at concentrations in the

millimolar range (Figure 8a).
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Figure 8. Calculated number average degree of polymerization and curvilinear length of the tube
fraction (a) or the filament fraction (b) for EHUT solutions in toluene at 20, 30, 40, 50 and 60°C. The
black points visualize the concentration above which tubes are predominant (c**); the arrows show the
order of increasing temperatures. The calculated values are based on the association model and the

parameter values in Table 1.

In fact, it is possible to semi-quantitatively check this information by comparing to viscosity data.
Previous measurements showed that the viscosity of EHUT solutions in toluene at 25°C increases

steeply at a concentration of 6 + 1 10“mol/L.» This concentration corresponds to the overlap of the

supramolecular chains and is related to the length of the chains. The overlap concentration (C;) is

reached when the local concentration inside a sphere containing a single chain is equal to the
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macroscopic concentration.* Then, if we assume that the tubes are the main species present and that they

are straight rods:

* DPn (tubé 8
_— (L(méf N ®
3\ 2 )"

where N, is the Avogadro number, and the length of the tubes is

L (epy = 2P 09 g

n. (tubé
where n, is the linear density determined by SANS (n.(wbe) = 0.55A", see Supporting Information).

Rearranging Eqs (8) and (9) yields

L (b= ‘/% (10)
0'YA

Thus, the viscosity measurements show that the length of the tubes at the overlap concentration of C; =
6 10mol/L is L(wbe) = 170nm, if the latter are perfect rods. If the tubes are not perfectly rigid over this
length scale, then L(wbe) = 170nm. This analysis shows that the value deduced from the association

model is of the right order of magnitude: at T = 25°C and C, = 6 10mol/L, the calculated length of the

tubes is 770 + 400nm.
a
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Figure 9. Calculated number average degree of polymerization and curvilinear length of the tube

fraction (a) or the filament fraction (b) for EHUT solutions in toluene at 10+, 10+, 10+, 102and 10"mol/L.
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The black points visualize the temperature below which tubes are predominant (T**); the arrows show
the order of increasing concentrations. The calculated values are based on the association model and the

parameter values in Table 1.

Furthermore, comparison between Figures 8a and 8b reveals that the tubes reach much larger degrees
of polymerization than the filaments, at appropriate concentrations and temperatures. This may seem in
contradiction with the fact that the association constants K and k are of the same order of magnitude
(Table 1), because in the usual case of isodesmic growth (K. = K), the degree of polymerization is
proportional to (C.K)». However, in the case of cooperative systems (K. << K), it has been shown that
the best measure of the strength of the association is neither K. nor K, but K+/K., which is the association
constant between two chains.” In fact, Figures S6 and S7 show that when the tubes are the main species
present in solution, then the degree of polymerization of the tubes is close to (C,K*/K.)». Similarly, when
the filaments are the main species present in solution, then the degree of polymerization of the filaments
is close to (Ck¥/k.)s. Therefore, the tubes can reach much larger degrees of polymerization than the
filaments, because of the higher cooperativity of their formation (K/K. >> k/k.). This higher
cooperativity for the tubes is in turn probably due to the fact that the size of the nucleus above which
growth is stabilized, is larger for the tri-molecular tubes than for the mono-molecular filaments.

Another result shown by Figure 8 is the fact that at temperatures below 40°C, the growth of the

filaments is stopped when the tubes become the main species. This phenomenon has previously been
described in the case of peptide self-assembly into single and double -sheets.” A direct consequence is
that in a limited temperature range, it is possible that an increase in temperature leads to a counter-

intuitive increase in the filament length (Figure 9b), because in this temperature range the tube fraction

disappears to the benefit of the filaments.

Conclusion
We have reported an association model describing the self-assembly of a supramolecular polymer into
two competing forms. The parameters controlling the system have been measured by high sensitivity

DSC and ITC in the case of a hydrogen-bonded bis-urea supramolecular polymer. The model enables to
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compute the proportion and length of all components in the system at any temperature and
concentration. The results of these calculations are in agreement with the experimental phase diagram

and with independent viscosity measurements.

Supporting Information Available: Additional data concerning the DSC experiments and the ITC

fitting procedure. This information is available free of charge via the Internet at http://pubs.acs.org.
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