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ABSTRACT. Extreme confinement affects the physical properties of fluids but little quantitative data is 

available. We report on studies of a bisurea compound that self-assembles into nanotubes to probe 

solvent confinement on the Å scale. By applying a statistical model to calorimetric data obtained on 

solvent mixtures, we show that the thermodynamic stability of the nanotubes is an extremely sensitive 

function of the solvent composition because solvent interactions inside and outside the nanotubes are 

different. We are able to measure energetic effects as small as 0.01kT and relate them to the differences 

in molecular structure of the solvents. 
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Introduction 

Physical properties of fluids are known to change under the influence of confinement and more so the 

stronger the confinement: fluids in carbon nanotubes a few nanometers across exhibit lower friction 
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than in micron-sized capillaries,1 solvent mixtures in contact with sufficiently thin capillaries 

fractionate,2 and phase transitions change order if trapped in Vycor glass if the pore size is small 

enough.3 This has ramifications for a wide variety of fields, including geology,4 biology,5-7 chemical 

engineering8 and supramolecular chemistry.9 Still, little is known let alone understood about the effects 

of confinement on fluids in tubes that are so thin that only a single file of fluid molecules fit in.10 In this 

paper, we report on studies of a bisurea compound that self-assembles into nanotubes in a large number 

of solvents in order to probe solvent confinement on the Å scale. Self-assembled nanotubes are ideally 

suited for this, because their thermodynamic stability is an extremely sensitive function of the solvent 

composition. By applying a statistical model to experimental data obtained on twelve binary solvent 

mixtures, we find that solvent interactions inside the nanotubes are different from those in the bulk. For 

almost all mixtures tested, interactions between unlike solvent molecules are less favourable inside the 

nanotubes than outside. The coupling between nanotube self-assembly and intermolecular interactions 

with (and between) encapsulated solvent molecules also provides an unprecedented insight into how 

small differences in intermolecular interactions have a large impact on supramolecular assemblies and 

highlights the important role of solvent therein, a role that so far has not received the attention that it 

merits in the experimental and theoretical literature.11 

The compound we focus attention on belongs to a class of bisureas known to self-assemble, through 

inter-molecular hydrogen bonding, into filaments below a polymerization temperature T*, and into 

narrow tubes for temperatures T ≤ T** ≤ T* .12,13 While the polymerisation of monomers into filaments is 

cooperative, the filament-tube transition at T** is even sharper and resembles a phase transition. It is 

characterized by a peak in the heat capacity and can be pinpointed accurately as a function of 

concentration, solvent type and so on.14,15 An example of a state diagram is given in Figure 1. It turns out 

that the filament-tube transition is extremely sensitive to the solvent in which the bisureas are dissolved. 

The polarity of the solvent plays an important role, but more significant is the size and shape of the 

solvent molecules.16 Molecular modeling and host-guest studies have shown that the inner diameter of 

the self-assembled tubes measures at most 7 Å, suggesting there is barely enough space to allow for a 

single file of solvent molecules.16,17 Molecules wider than the optimal radius distort the self-assembled 

nanotube and hence destabilize it. Also, the longer the solvent molecules, the more orientational entropy 

is lost upon their encapsulation. Clearly, interactions between pairs of solvent molecules in- and outside 

a tube must also be different because confinement frustrates their optimal positioning. 
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Figure 1. (a) Chemical structure of bisurea EHUT and its phase diagram in toluene.15 (b) Optimized 

nanotube structure determined by molecular mechanics and dynamics (6 individual molecules are 

represented with a different colour).13 
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Figure 2. Calorimetric characterization of the tube to filament transition. DSC thermograms (heating in 

red; cooling in blue) for solutions of EHUT in toluene/1,3,5-trimethylbenzene (TMB) mixtures. The 

molar composition of the solvent is: 0/100, 21/79, 43/57, 70/30, 100/0, from left to right. [EHUT] = 

0.01 mol/L. 

By investigating how the filament-tube transition temperature varies with composition in a variety of 

solvent mixtures, and by applying a theoretical model that describes the impact of solvent on the 

stability of self-assembled nanotubes, we are able to probe extremely small changes in interaction free 

energies between the various components caused by the confinement. The competition between tube-

solvent and solvent-solvent interactions explains the strongly non-linear dependence of the filament-

tube transition temperature T** on the bulk solvent composition. Competition between self-assemblies 

amplifies small differences in interactions that otherwise cannot straightforwardly be measured nor 

obtained from computer simulation.14  

Results and Discussion 

Figure 2 shows Differential Scanning Calorimetry (DSC) traces measured for bisurea EHUT solutions 

in toluene/1,3,5-trimethylbenzene (TMB) mixtures. The endothermic transition is characteristic for the 

transition from the tube to the filament structure. For the twelve binary solvent mixtures studied, the 

heating and the cooling runs are symmetrical confirming the reversibility of this transition. The 

transition temperature, , was taken at the maximum of the endothermic peak and is plotted versus 

solvent composition in Figures 3a and S1. The variation is clearly non-linear with a positive departure 

of as much as 10°C from the expected linearity if the solvent inside and outside the tubes would behave 

identically. Of course, a change of solvent may affect the nanotube precise structure, which is expected 

to have a direct influence on the transition temperature. However, a conformational change induced by a 

direct solvent-nanotube interaction affects only the portion of the tube in direct contact with the solvent 

molecule. Therefore, direct solvent-nanotube interactions cannot explain the non-linearity observed.  
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Figure 3. Influence of bulk solvent composition on tube stability and on solvent composition in the 

tubes. Normalized transition temperature ( ) versus bulk solvent composition (x) for EHUT in 

toluene/TMB mixtures (a) or heptane/1-chloropentane mixtures (c) (  and ). 

Drawn lines: curve fit with J =  = -0.025 (a: red), J =  = 0.016 (c: blue) or J =  = 0 (black). 

Calculated volume fraction of TMB (b) or 1-chloropentane (d) in the tubes versus bulk fraction. 

An obvious explanation for the non-linear behaviour observed is fractionation of the solvent. The 

bisurea tubes are more stable in toluene than in TMB as judged from the higher , therefore one 

expects the tubes to encapsulate toluene preferentially implying its concentration inside the tubes to be 

larger than outside. This could explain the positive deviation of the curve. In order to test this 

hypothesis, we measured the composition dependence of the bisurea transition temperature for diverse 

solvent mixtures (Table 1). Remarkably, for some mixtures a negative deviation was measured, e.g., 

heptane and 1-chloropentane (Figure 3c). If the negative deviation were the consequence of solvent 

fractionation, then this would mean that the tubes favour the solvent in which the tubes are the least 
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stable. Arguably, this is unphysical and shows that solvent fractionation cannot be the sole reason for 

the non-linear variation of the transition temperature. 

Table 1. Values for the parameters deduced from the composition dependence of  for EHUT in 

mixed solvents (compositions probed: approximately 0/100, 25/75, 50/50, 75/25, and 100/0). 

entry solvent 1 solvent 2 
a 

(°C) 

a 

(°C) 

hb 

( ) 

Dhc 

( ) 

Ded 

( ) 

TDse 

( ) 

Jf 

( ) 

1 toluene TMB 43.5 9.8 -2.0 0.9 0.12 0.8 -0.025 

2 p-xylene TMB 49.0 9.8 -2.0 0.9 0.13 0.8 -0.020 

3 octane heptane 75.4 72.9 -1.5 0.2 0.01 0.2 0.001 

4 terbutylbenzene p-xylene 50.9 49.0 -2.1 0.1 0.01 0.1 0.001 

5 terbutylbenzene toluene 50.9 43.5 -2.1 0.1 0.05 0.1 0.002 

6 p-xylene toluene 49.0 43.5 -2.0 0.0 0.03 0.0 0.004 

7 terbutylbenzene TMB 50.9 9.8 -2.1 1.1 0.14 0.9 0.010 

8 heptane p-xylene 72.9 49.0 -1.4 -0.6 0.14 -0.8 0.010 

9 heptane 1,9-decadiene 72.9 65.9 -1.4 -0.1 0.03 -0.2 0.010 

10 heptane toluene 72.9 43.5 -1.4 -0.6 0.17 -0.8 0.015 

11 heptane 1-chloropentane 72.9 54.4 -1.3 -0.3 0.08 -0.4 0.016 

12 heptane TMB 72.9 9.8 -1.4 0.3 0.20 0.1 0.035 
(0.04)g 

a transition temperature for EHUT, measured by DSC; uncertainty ±0.2°C; 
b transition enthalpy for EHUT in solvent 1, measured by DSC; uncertainty ±0.15 ; 

c difference in transition enthalpy for EHUT in solvents 1 and 2 ( ), measured by DSC; 
uncertainty ±0.3 ; 

d excess free energy; uncertainty ±0.03 ; 

e uncertainty ±0.33 ; 

f interaction parameter between solvent 1 and 2, deduced by fitting the DSC data of mixtures, 
assuming that  = J. 

g interaction parameter between solvent 1 and 2, deduced by fitting the DSC data of mixtures, 
assuming that  = 0. 
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In order to provide an explanation for our observations, we apply a statistical theory based on the law 

of mass action and a model for the interaction of the solvent mixture with the assemblies, described in 

the Supporting Information. There are seven model parameters, five of which are fixed by DSC of the 

solutions in the pure solvents 1 and 2, see Table 1. These include the transition temperatures  and 

 in the two solvents, and the difference between binding enthalpies  and  of 

single bisureas in tubes and in filaments.18 The difference of the solvent-contribution De to the excess 

free energy of binding of the monomers in a tube in the two types of solvent is also fixed by the pure 

solvent data, because the transition temperature difference  is proportional to De.19 Only two 

unknowns are left: a free energy J and its associated enthalpy , describing the effect of confinement 

on the interaction between the two types of solvent. If J > 0, unlike contacts are penalized by the 

confinement in the nanotube whilst if J < 0 the reverse is true.  

Because , we for simplicity consider the enthalpy-dominated case where  and the 

entropy-dominated one where . Hence, in the curve fitting to our experimental data we have a 

single adjustable parameter, J, and examine the two cases  or . Figures 3a and 3c show 

curve fits for two solvent mixtures. Irrespective of whether  or J, a near perfect fit is obtained 

suggesting our results are robust albeit that we cannot discriminate between enthalpic and entropic 

confinements effects. 

The curve with a positive deviation (Figure 3a) gives a good agreement with a negative value for J, 

while the curve with a negative deviation (Figure 3c) gives a positive value for J. We applied our model 

to the data obtained for all twelve solvent mixtures investigated: all of them can be fitted accurately 

requiring a single adjustable parameter J. The numerical values that we find (Table 1), are mere 

fractions of the thermal energy, yet setting J = 0 does not describe the data adequately (see Figures 3a 

and 3c). As before, setting  equal to 0 or J has no discernible effect, except for mixtures of the 

solvents heptane and TMB. For this single case, we therefore have a larger uncertainty for J: 

. Still, the robustness of the model is remarkable; all the data can be explained on 

the basis of the strength of interactions between two unlike solvent molecules confined in one spatial 

dimension relative to that in three. Apparently, unlike contacts are penalised under confinement for all 

mixtures, except TMB/toluene and TMB/p-xylene. That the magnitude of J that we find is small, at 
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most 0.04 20 seems reasonable, given that the solvents selected do not possess strongly interacting 

groups and in bulk seem to behave like ideal mixtures.21 

In spite of this, it is possible to detect a clear trend in our results. The four mixtures in which the 

smallest interaction energy is found ( ) involve similar solvents: two linear alkanes (entry 

3) or two aromatic hydrocarbons with a single substituent (entries 4 through 6). All the mixtures for 

which  concern less symmetrical systems: (i) a linear alkane and an aromatic hydrocarbon 

(entries 8, 10 and 12); (ii) a linear alkane and an unsaturated or chlorinated alkane (entries 9 and 11); 

(iii) an aromatic hydrocarbon with a single substituent and an aromatic hydrocarbon with substituents in 

the 1, 3 and 5 positions (entries 1, 2 and 7). The correlation between the value of the interaction 

parameter J and the similarity of solvent molecules suggests that the main physical effect is captured by 

our model. 

Table 1 also presents our findings for the difference between the solvent contributions to the excess 

free energy of binding of the monomer in a tube, De, and its breakdown in the contributions from the 

enthalpy Dh and entropy, TDs = Dh - De. The enthalpies are up to ten times larger than the free energies. 

This shows the important role that solvent entropy plays in the driving force for the supramolecular 

assembly of molecules. 

We now return to the fractionation of the solvents in- and outside the nanotubes. Results of our 

calculations in Figures 3b and 3d show that it must be insignificant, at most a few %. This is to be 

expected because the interaction free energies we find are small, see Table 1. Also, the quasi 1D 

character of the solvent in the tubes makes it sensitive to fluctuations that diminish any tendency toward 

fractionation. This confirms that fractionation cannot explain our findings and must be due to the effects 

of confinement on the interactions between the solvent molecules in the tubes.  

Conclusion 

In conclusion, the interaction free energy between neighbouring solvent molecules placed in a single 

file configuration, caused by confinement in a nanotube, differs from that in a bulk mixture. Although 

that for all mixtures tested the difference is very small, we are able to conclude that the larger the 

difference in the molecular structure of the solvent molecules, the larger the influence of confinement 

on the net interaction between them. In most but not all mixtures interactions between unlike species are 

penalised under conditions of extreme confinement. It is not clear why this is so, and hopefully our 
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experiments inspire (ab initio) calculations of intermolecular interactions and help increase our 

understanding of the consequences of extreme confinement on molecules. 
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