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ABSTRACT. A very limited change in the nature of the solvent (toluene versus pentylbenzene)
can have an unexpectedly strong effect on the viscosity of a hydrogen bonded supramolecular
polymer. In pentylbenzene, slightly stronger hydrogen bonds are formed than in toluene, but the
supramolecular polymer solution is c.a. 25 times less viscous. Several hypotheses can be
envisaged to explain this counterintuitive result. We propose that this effect is actually related to
a solvation effect involving the outer corona of the supramolecular objects. When the cohesive

energy density of the solvent approaches the cohesive energy density of the outer corona of the



supramolecular objects, the viscosity of solution is reduced, possibly because of faster local

dynamics.

Introduction

The choice of the solvent has a strong influence on the outcome of any self-assembly process,
which makes the rationalization of solvent effects of paramount importance. In the case of out-
of-equilibrium processes such as crystal engineering,'” organogelation,*® or the processing of
nanostructures,’” such rationalization is particularly challenging. At first glance, the case of
systems that are at thermodynamic equilibrium seems to be much better understood. For
instance, in the case of hydrogen bonded assemblies, the main solvent characteristic is known to
be its polarity. The influence of the hydrogen bond competition by the solvent polar groups can
even be quantitatively accounted for.*’ Still, when considering solvents of similar polarity, subtle
effects can occur that significantly alter the outcome of the assembly structure and properties.
For example, the bulkiness of aromatic solvent molecules has been shown to control the stability
of tubular supramolecular assemblies because of the necessity for the solvent to fit inside the
cavities.'” Similarly, replacing a cyclic alkane solvent by a linear alkane has been shown to

change the inner conformation or even the helical sense of self-assembled rods,'"

possibly
because the thinner linear alkanes are able to intercalate between the alkyl chains of the stacked
monomers. Even the length of alkane molecules has been shown to influence the stability of
stacked hydrogen bonded dimers through a strong odd-even effect."

A better understanding of these and possibly other subtle solvent effects is clearly required
before more complex issues such as the influence of solvent on crystal growth can be envisaged.

Supramolecular polymers, i.e. long chains of non-covalently and reversibly linked repeat units,

are ideal tools to study such effects because their large size can reveal cooperative growth" or



chiral amplification effects'® that can conveniently be probed by spectroscopic tools and that
sometimes even result in macroscopic property changes. Moreover, the absence of chain
bundling avoids the complications associated with kinetic traps that can occur during the growth
of other large size systems such as crystalline fibers.

The observation that a particular hydrogen bonded supramolecular polymer (see below) forms
more viscous solutions in toluene than in dodecane (see Figure 1) although dodecane is
significantly less polar triggered our interest. We report here a careful study of this surprising
effect and show that within the family of alkylbenzene solvents, an increase in the alkyl chain
length leads to stronger hydrogen bonds but also to much less viscous solutions. We discuss
possible interpretations for this highly counter-intuitive effect.

Experimental Section

Bis-urea EHUT was synthetized as previously described."” All aliphatic and aromatic solvents
were obtained from Sigma-Aldrich and used without purification. The amount of water (< 200
ppm) in the solvents was determined by Karl-Fisher analysis.

Sample preparation. The solutions of EHUT were prepared at 80°C in a sand bath, under
stirring at least 1 day. Then, the temperature was decreased at 5°C/hour to room temperature.

Rheological measurements. Flow curves and oscillatory measurement of 6mmol L' and
10mmol L' EHUT solutions were obtained with a Haake RheoStress 1 rheometer equipped with
a Z20-din cell (volume: 8.2mL; gap: 4.2mm). The temperature was controlled at 20.0°C by an
external water-bath system with precision better than 0.1°C. The flow curves were obtained over
a shear rate from 10 to 1.0 s”'. The oscillatory experiments were carried out within linear

viscoelastic range as determined through strain sweep measurements. A solvent-trap accessory



was used to minimize solvent evaporation. All experiments were carried out at least in

duplicates.

Infrared Spectroscopy. Spectra for 1 mmol L' EHUT solutions were measured on a Nicolet
1S10 spectrometer using a CaF, cell with 1 mm pathlength. The spectra were corrected for air,
solvent and cell absorption. The temperature was controlled with a heating device from Specac
(P/N21525). Consecutive spectra were obtained separated by at least 15 min to allow thermal
equilibration. Thermal expansion of solutions was not corrected.

Differential Scanning Calorimetry. Thermograms were measured using an N-DSCIII
instrument from CSC. The reference cell was filled with solvent and the sample cell (0.3 mL)
with 10 mmol L' EHUT solution, and a constant pressure of 5 10° Pa was applied. A baseline
scan (solvent in both reference and sample cells) was performed in identical conditions and
subtracted from the sample scan. Transition temperature (T**) was taken as the average of
heating and cooling scans, at a scan rate of 1°C min™.

Isothermal Titration Calorimetry. The EHUT heats of dissociation were measured using a
MicroCal VP-ITC titration microcalorimeter. Aliquots (5 pL) of 0.25 mmol L' EHUT solutions
in a syringe were automatically injected into a continuously stirred (310 rpm) isothermal cell
(1.420 cm’®) containing the pure solvent.

Results and Discussion

Bis-urea EHUT (Figure 1) is known to self-assemble into a long hydrogen bonded tubular
structure in low polarity solvents.'™" In the semi-dilute regime, the entanglements between these
long and rigid objects (that can reversibly break and recombine) yield viscoelastic solutions.

While the rheological properties of these solutions have been studied in several aliphatic or



aromatic solvents,” the results in the various solvents have never been quantitatively compared.
Because the dielectric constant is lower in dodecane than in toluene, one expects hydrogen
bonded assemblies to be stronger in dodecane. Therefore it is surprising that the EHUT solution
seems to be less viscous in dodecane than in toluene (based on the qualitative comparison of the
solutions, Figure 1). In order to investigate this effect, we systematically characterized the
rheology and the structure of this supramolecular polymer in a range of aliphatic and aromatic

solvents.

(a)

(b)

TOLUENE TOLUENE DODECANE

Figure 1. Structure of EHUT (a) and photographs of EHUT solutions in toluene or n-dodecane

(b) 10 seconds (left) and 2 minutes (right) after inverting the vials (20mmol L™, 20 °C).

Figure 2 shows the zero shear viscosity (obtained at the Newtonian plateau) of EHUT
solutions in alkylbenzenes (toluene to pentylbenzene) and in linear alkanes (heptane to
dodecane), that were obtained from the flow curves (Figures S1 and S2). In order to isolate the
contribution of the solute from the solvent bulk viscosity, the zero shear viscosity of the solution
(Figure 2) was normalized by the viscosity of the pure solvents (Figure S3). First of all, this data
confirms the visual observation of Figure 1: the toluene solution is approximately five times

more viscous than the dodecane one (Figure S3). Moreover, different trends are detected in



aromatic and aliphatic solvents when the length of the solvent molecule is increased. The relative
viscosity is roughly constant within the aliphatic series, which is expected because of the weak
effect of the alkane size on the solvent properties. In particular, the polarity of the aliphatic
solvents is very similar in heptane and dodecane, which means that the strength of the hydrogen
bonds formed between the EHUT molecules is expected to be similar. In contrast, the relative
viscosity of the solutions strongly decreases within the aromatic series: the relative viscosity is
c.a. 25 times lower in pentylbenzene than in toluene although the former solvent is the least polar

of the series. In the following we therefore focus our attention on the aromatic solvents.
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Figure 2. Dependence of the zero shear viscosity for EHUT solutions (10 mM, 20 °C) in
aromatic (squares) or aliphatic (circles) solvents versus the number of sp’ carbon atoms in the

solvent (1 for toluene; 12 for dodecane).

The previous viscosity measurements were complemented by oscillatory experiments in order
to probe the dynamics of the supramolecular polymer. The variation of the elastic (G’) and

viscous (G”) moduli as a function of the frequency for solutions in toluene or pentylbenzene is



shown in Figure 3 (the curves for the other solvents can be seen in Figure S4). The elastic and

viscous moduli can be analyzed by considering the Maxwell model (Equations 1 and 2).

2.2
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Although the Maxwell model does not fit perfectly the curves, it can be used to discuss the
results. According to this model, the dynamics of the system can be described by a single
relaxation time Ty, obtained from the cross-over frequency of the two moduli (w, = 1/t when
G'(w,) = G"(w,))."”*" The relaxation time measured in toluene is c.a. 20 times longer than in
pentylbenzene, although the plateau moduli are very similar. Therefore, we propose that the
decrease in viscosity from toluene to pentylbenzene is actually associated with the relaxation
times, more specifically with an increase in the dynamics in pentylbenzene.

For chains with a reversible backbone, the shear stress can relax by two mechanisms: reptation
and scission of the chains, that are described by two characteristic relaxation times, the reptation
time, T

and the breaking time, T,. If the scission is much faster than the reptation (t,., >> 1,), the

rep rep

rheological behavior is perfectly described by the Maxwell Model, with a single exponential

decay with a relaxation time, Ty, given by the following expression:*

%= Tty )
Such phenomenon was well described for gel-like solutions of wormlike micelles formed by
combination of a cationic surfactant with hydrotropes such as salicylate.”
The high viscosity of EHUT supramolecular polymer in toluene and the associated large value

of Ty can therefore be due to a longer breaking time or to a longer reptation time (or both) in



toluene than in pentylbenzene. A priori, this evolution of the relaxation times (and the viscosity)

induced by the solvent could be due to a variety of reasons that we now examine.
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Figure 3. (a) Dynamic moduli versus oscillation frequency for EHUT in toluene or
pentylbenzene (6 mmol L, 20 °C). The lines correspond to fits with the Maxwell model. (b)
Dependence of the cross-over frequency for EHUT solutions in aromatic or aliphatic solvents

versus the number of sp’ carbon atoms in the solvent.

First of all, the water content in the solvent is known to affect the viscosity of hydrogen
bonded supramolecular polymers.”* Therefore we checked by Karl-Fischer analysis that all the
solvents we used had approximately the same water content (from 80 to 200 ppm). We can
therefore exclude that the decrease in viscosity in the aromatic series is due to different water
contents.

We also need to check if the structure of the supramolecular polymer is the same in the various
aromatic solvents. Indeed, previous studies in toluene have shown that the tubular structure is the
main supramolecular structure present at 10mM and 20°C, but that the supramolecular tubes

convert into thinner filaments at higher temperatures.” Since the viscosity of the filaments is



lower than the one of the tubes, we have to check whether the unexpected viscosity trend is
related to a possible influence of the solvent on the tube to filament equilibrium.'’ The shape of
the N-H vibration band measured by FTIR spectroscopy has been shown to be characteristic of
the supramolecular structure of EHUT.'® Figure 4 shows that the FTIR spectra in toluene and in
pentylbenzene are identical and that their shape is characteristic of the tube structure. Then, the
thermal stability of tube supramolecular assembly was probed both by FTIR and by DSC
experiments (Figure 5). The data show that the transition temperature between tubes and
filaments actually increases from toluene to pentylbenzene. The study of the phase diagram of
EHUT in toluene has shown that the filament concentration is negligible at 20°C for [EHUT] =
10 mmol L".* Then, this is even more the case in pentylbenzene because of the higher tube to
filament transition temperature in this solvent. Therefore, it is safe to consider that the tube
supramolecular structure is the only type of assembly present at the temperature and
concentrations of the rheological experiments of Figure 2 and 3; i.e. the evolution of viscosity in

the aromatic solvents is not due to a change in supramolecular structure.”
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Figure 4. FTIR spectra for EHUT solutions in aromatic or aliphatic solvents (10 mmol L™, 20

°C).
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Figure 5. Transition between tube and filament structure for EHUT solutions in aromatic

solvents, measured by (a) the shape of the FTIR band (1 mmol L), or (b) DSC (10 mmol L™).

In order to see if a change in length of the assemblies could be a relevant explanation, FTIR

spectroscopy was used to qualitatively probe the strength of hydrogen bonds in these solvents.
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Figure 4 shows that EHUT is fully hydrogen bonded in both solvents (at 10mM and 20°C), i.e.
no free N-H vibration band is detected. In order to favor dissociation of the assemblies, the
concentration was reduced to 1mM and the temperature was increased. Figure 6 shows that at
75°C, a small contribution of free N-H groups can be detected in toluene, but not in
pentylbenzene. Although at this temperature, the main assembly in both solvents is not the tube
(but the filament), this experiment confirms the expectation that the hydrogen bonds are stronger

in pentylbenzene than in toluene because of the lower dielectric constant of the former solvent

(see Figure S5).
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Figure 6. FTIR spectra for EHUT solutions in toluene (a) or pentylbenzene (b) (1 mmol L™).

In an attempt to obtain more quantitative information about the self-assembly process,
isothermal titration calorimetry (ITC) was used. Figure 7 shows the enthalpograms obtained
when a 0.25 mmol L' EHUT solution is injected into the corresponding pure solvent at 25°C.
The endothermal heat effects detected are proportional to the amount of hydrogen bonds broken
during the dilution. The fact that the heat effects are smaller and shifted to lower concentrations
in the case of pentylbenzene means that the assemblies are stronger (i.e. more difficult to break)

in this solvent.”” Unfortunately, the data did not allow a consistent fit that would have yielded the
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thermodynamic parameters for the supramolecular polymerization in pentylbenzene. Still the
ITC and FTIR data both indicate qualitatively a stronger hydrogen bonding in pentylbenzene
than in toluene, which probably means that the supramolecular polymers are longer in
pentylbenzene.” Therefore, the solvent effect on the length of the assemblies cannot explain the

lower viscosity in pentylbenzene.
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Figure 7. ITC enthalpograms for 0.25 mmol L' EHUT solutions in aromatic solvents injected

into the same pure solvent (25°C).

If the faster macroscopic dynamics measured by rheology in pentylbenzene is not due to
shorter chains, it has to be due to faster local dynamics; i.e. to faster scission and recombination
of the tubes in pentylbenzene than in toluene. The independent influence of dynamics and
thermodynamics has actually been unambiguously exemplified by S. L. Craig et al. with metal-
ligand systems.”” In our case, the reason why the hydrogen bonded tubes (that are more stable in

pentylbenzene) would nevertheless break and recombine faster than in toluene, is not
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immediately obvious. However, the reason may be related to a subtle solvation effect. Indeed,
the cohesive energy density of the solvent, measured by the Hildebrand solubility parameter,
decreases significantly from 18.2 MPa'? for toluene to 17.4 MPa'® for pentylbenzene.”
Therefore, the 2-ethylhexyl chains of EHUT (16 MPa'?) that form a corona around the nanotube
are better solvated in pentylbenzene than they are in toluene. Moreover, the scission of a tube in
two parts involves the formation of two new ends that necessitate new solvation shells. We
propose that the creation of these additional solvation shells is a faster process in a solvent
(pentylbenzene) that better solvates the 2-ethylhexyl corona.

Actually, another possible consequence of the better solvation of the 2-ethylhexyl corona in
pentylbenzene is that tube-tube contacts that occur at entanglement points could relax faster than
in toluene, therefore accelerating the dynamics of tube-tube interactions. At this point, we cannot
discriminate between an intra-tube effect (i.e. faster scission and recombination) or an inter-tube
effect (i.e. faster disentanglement), but the parallel evolution of the overall dynamics and of the
cohesive energy density point toward the strong influence of solvation.

Conclusion

In conclusion, we report that a very limited change in the nature of the solvent can have an
unexpectedly strong effect on the viscosity of a hydrogen bonded supramolecular polymer. To
our best knowledge, this is the first example where slightly stronger hydrogen bonding actually
leads to much less viscous solutions. We propose that this effect is actually related to a solvation
effect involving the outer corona of the supramolecular objects. When the cohesive energy
density of the solvent approaches the cohesive energy density of the outer corona of the

supramolecular objects, the viscosity of solution is reduced, possibly because of faster local
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dynamics. Further work is needed to assess the possibility of tuning the dynamics of a
supramolecular polymer by changing the nature of the solvent.

Supporting Information. Additional rheology data. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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