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ABSTRACT: Water-compatible supramolecular materials have been the subject of thorough research over the last few years, 
with prospects in various application fields. An especially well researched template for such materials is that of benzene-
1,3,5-tricarboxamide derivatives. Research on these molecules has focused on nonionic variants with a C3-symmetrical core, 
whereas highly interesting structures could be obtained by deviating from this condition.  Therefore, the self-assembly be-
havior of an asymmetric BTA with two charged quaternary ammonium groups and one chiral hydrophobic tail in water with 
a variety of additives will be explored here. It is shown that by self-assembly is induced by addition of small counterions, 
where a change into small non-rigid fibers is observed upon addition of sodium sulfate. A mixture of sheets and fibers is found 
when this molecule is mixed with the surfactant sodium dodecyl sulfate (SDS) and the composition of this mixture is found to 
be dependent on the concentration of added surfactant as well as the temperature of the mixture. It is also shown that this 
BTA co-assembles with an oppositely charged asymmetric BTA into rigid nanotubes when a 1:1 mixture is used. Further 
studying of the behavior of asymmetric BTA amphiphiles could help in mastering this interesting self-assembly morphology.

Introduction 

Supramolecular materials are highly regarded as a means of 
understanding and mimicking the complex behavior of sys-
tems found in nature, where assemblies are constantly 
formed and broken down in an endless equilibrium.1,2 This 
complex behavior originates mostly from the dynamic and 
reversible character of these systems, which is caused by 
non-covalent interactions such as hydrogen bonds and π-π 
stacking3. These supramolecular materials have evolved 
from scientific curiosities into relevant materials with fu-
tures in the fields of photovoltaics, construction materials 
and biomedical applications.2 

For biomedical applications, water-compatibility is an es-
sential property of the supramolecular building blocks.  
Multiple templates for such water-compatible building 
blocks have emerged over the years, examples of which are 
the cyclodextrin (CN) or cucurbit[n]uril (CB) based building 
blocks.4 These examples rely on specific host-guest interac-
tions for their reversible bonding, which often requires mul-
tiple components in a system. Other templates utilize hy-
drogen bonding as the main driving force of supramolecular 
assemblies.5 Water however competes for these hydrogen 
bonds, making self-assembly more difficult. This introduces 
the need for hydrophobic shielding, which can protect the 
hydrogen bonds from the water, thus allowing for self-as-
sembly to occur. A different branch of templates which rev-
olutionized the field is that of discotics, where multiple driv-
ing forces were combined into a single monomeric mole-
cule, which could self-assemble into micrometer long fibers 
without any additives.5  

One of these discotics is the well-studied family of water-
compatible benzene-1,3,5-tricarboxamide (BTA) deriva-
tives.6 The research on these BTAs has largely focused on 
BTAs with three identical side chains with a standard de-
sign: a C12 alkyl chain coupled to the amides of the BTA core 
and 4 ethylene glycol (PEG) units in the periphery. These 
PEG BTAs generally assemble into micrometer sized fibers 
by hydrogen bonding of the amide groups and a hydropho-
bic effect of the alkyl spacers. The BTAs are also able to co-
polymerize with similar BTAs in which one of the side 

chains was functionalized, which makes them promising for 
biomedical applications, an example of which is drug deliv-
ery.7,8  

Another interesting area is that of charged BTAs. A lot of re-
search has been done by Besenius et al. on BTAs with vari-
ous charged groups, where the self-assembly into fibers can 
be tuned by altering the pH or by addition of salts.9–12 The 
charged chains used in the research are however quite 
bulky compared to the PEG chains mentioned before. Re-
search also shows that highly intriguing morphologies can 
be obtained by deviating from the C3-symmetrical BTAs. 
This can be seen especially well in the work of Matsumoto 
et al., where nanotubes were obtained for an asymmetric 
BTA where one of the side chains was functionalized with a 
carboxylic acid.13 The combination of asymmetry and 
charged groups was recently researched again, where an 
asymmetric BTA with two sulfonate end groups and one 
apolar chiral tail (BTA-2-sulfonate) was synthesized and 
found to self-assemble into a range of different morpholo-
gies (micelle, fiber, sheet and nanotube) depending on the 
type of small counterion added.14  

 
Figure 1: Chemical structure of BTA-2-ammonium 
In this report, a similar asymmetric BTA has been synthe-
sized and researched, where quaternary ammonium groups 
have been introduced at the end of two side chains by thiol-
ene click chemistry, to attain water-compatibility (BTA-2-
ammonium, Figure 1). The third chain is a chiral alkyl chain, 
which also possibly introduces chirality in the formed as-
sembly, because there is a helical preference. It also allows 



 

for the use of circular dichroism (CD) spectroscopy for stud-
ying the self-assembly behavior. The self-assembly of this 
BTA has been studied in pure water and with various 
charged additives. The goal of this research is to study if it 
is possible to assemble this molecule in water. Additionally, 
the self-assembly will be compared to the self-assembly of 
BTA-2-sulfonate as previously studied by Pongphak 
Chidchob and Sandra Schoenmakers.14 Finally, the co-as-
sembly of BTA-2-ammonium and BTA-2-sulfonate will be 
investigated to determine the way these molecules interact 
and what interations play a role in such a system, as well as 
to check for other interesting properties. 

Results & discussion 

The self-assembly of BTA-2-ammonium without any addi-
tives was investigated in methanol, acetonitrile, and water. 
It is expected that BTA-2-ammonium will be molecularly 
dissolved in both methanol and acetonitrile, as these sol-
vents do not allow for any hydrophobic effects which would 
make BTA-2-ammonium self-assemble. These solvents also 
have hydrophobic parts, which lets the BTA dissolve molec-
ularly. Figure S1A shows that the absorption maxima vary 
slightly between water (207 nm) and the organic solvents 
(204 nm), which suggests that BTA-2-ammonium is not mo-
lecularly dissolved in water. The CD spectrum shows no CD 
signal for any of the solvents, which suggests that the 
formed states are too small to induce any chirality (Figure 
S1B). Because some solvation of the hydrophobic group of 
BTA-2-ammonium in water is expected to be required, it is 
believed that BTA-2-ammonium self-assembles into small 
micelles in water. Static light scattering (SLS) shows small, 
fluctuating Rayleigh Ratios for the BTA in water, which cor-
responds to a small particles size (Figure S2). An attempt 
was made to visualize these assemblies using cryogenic 
transmission electron microscopy (cryoTEM) but no assem-
blies could be observed, which further confirms the for-
mation of small micelles when BTA-2-ammonium is assem-
bled in water.  

Repulsive interactions between charged species often dom-
inate when working with charged molecules, which limits 
their self-assembly. To overcome this, counterions can be 
added to oppose the repulsive interactions and thus allow 
for the formation of larger self-assemblies by electrostatic 
screening.11 By increasing the ionic content in the solution, 
an increase in concentration of anions is present near the 
quaternary ammonium groups of BTA-2-ammonium, thus 
effectively screening the positive charges of these groups 
from each other. The assembly of BTA-2-ammonium was 
checked in the presence of  CsF, NaOAC, NaCl and Na2SO4 
(Figure 2A/B and Figure S3). In general, a sodium salt was 
used, however, as sodium fluoride was not available, cesium 
fluoride was used instead, which is acceptable as the cation 
should not influence the self-assembly behavior. The UV 
spectra show the appearance of a peak at 196 nm for NaOAc, 
NaCl and Na2SO4 at 20 equivalents, while the peak at 209 nm 
largely disappears for Na2SO4. This new peak at 196 nm is 
expected to be absorption of a different morphology, which 
is formed instead of the micelles. For CsF, this shift from 209 
nm to 196 nm is also observed, but only at higher salt con-
centrations (Figure S3). For NaCl it is unclear to what de-
gree the shift takes place, as the chloride ions strongly ab-
sorb at lower wavelengths and thus influence the UV 

spectrum. Contrary to addition of Na2SO4, the peak at 209 
nm does not disappear completely upon addition of NaCl, 
which suggests that the BTA behaves differently with chlo-
ride anions compared to sulfate anions. The CD spectra 
show that the helical preference is the highest for Na2SO4, 
followed by NaCl, NaOAc and CsF, in that order. This is most 
likely due to larger assemblies being formed at 20 equiva-
lents of Na2SO4, which allows for more induced chirality. For 
20 equivalents of NaCl and NaOAc either a larger morphol-
ogy or larger micelles could be formed, whereas for 20 
equivalents of CsF it is seen that little to no increase in CD 
intensity is observed, which suggests that no new morphol-
ogy is formed. 

The observed difference in UV and CD spectra between 
Na2SO4 and other salts could be due to the higher valency of 
the sulfate anion compared to the other anions, which al-
lows a single sulfate anion to coordinate to two BTA mole-
cules, whereas monovalent anions do this less effectively. 
Another possibility is that the morphology of the sulfate ion 
makes it easier to form assemblies compared to the other 
anions. It is expected that the intensity of the peak at 196 
nm is related to the amount of assemblies formed, and it can 
be seen that at a fixed number of equivalents of each anion, 
there is a clear difference in preference to form assemblies 
with various anions (Figure 2A). The order from high to low 
intensity is as follows:  

𝑆𝑂 > 𝐶𝑙 > 𝐴𝑐 > 𝐹  

This series suggests that size and shape are important fac-
tors in the effectivity of coordination of these anions. Fluo-
ride might be too small to interact with multiple BTA mole-
cules, which is why it only shows assemblies at extremely 
high concentrations, as at these concentrations the charges 
of the BTA are completely saturated, thus allowing for self-
assembly. The chloride anion has the same spherical mor-
phology as the fluoride anion but is slightly larger and might 
therefore be able to interact with multiple BTA molecules, 
thus inducing self-assemblies at lower concentrations. Ace-
tate also seems to only interact weakly, which could be due 
to the delocalization of its charge and therefore weaker in-
teraction with the BTA. This would imply however that sul-
fate also interacts weakly with the BTA, as the partial 
charges on the oxygens of both anions are the same. This is 
not observed, which suggests a different effect is in play. It 
is suspected that this has to do with the morphology of the 
acetate group, as the charges are localized on one side of the 
molecule, with an apolar part at the other side.  

Further investigation was done on the sample containing 
Na2SO4. In Figure 2C, the UV spectra of BTA-2-ammonium in 
water with various concentrations of Na2SO4 are shown. 
The UV spectrum for 2 equivalents of Na2SO4 shows the 
peak at 196 nm and a small shoulder at 208 nm. This sug-
gests that there are still some micelles present, and not all 
BTA molecules have assembled into the new morphology. 
The shoulder at 208 nm gradually shrinks at higher num-
bers of equivalents of Na2SO4 but does not disappear com-
pletely. The peak at 196 nm increases at higher number of 
equivalents of Na2SO4, which shows that more  assemblies 
are formed at higher counterion concentrations. This shows 
that the occurring process is most likely some sort of equi-
librium between BTA molecules assembled in micelles and 
some other morphology, where the addition of counterions 



 

pushes the equilibrium to the side of the new morphology. 
The CD spectra shows minima around 225 nm upon addi-
tion of Na2SO4, which shows that there is some helical pref-
erence in the new morphology (Figure 2D). The CD intensity 
seems to increase at higher numbers of equivalents, but this 
increase gradually becomes weaker, which suggests that at 
some point the system is saturated, and very little new as-
semblies are formed upon addition of more Na2SO4. The for-
mation of larger assemblies is complemented by SLS exper-
iments which show a higher Rayleigh Ratio for the sample 
with 20 eq sodium sulfate, in comparison to BTA-2-
ammonium without additives (Figure 2E, red triangles). 
CryoTEM was used to visualize these assemblies, and small 
fibers were observed as shown in Figure 2F and Figure S4. 
The length of these fibers is in the order of several hundreds 
of nanometers while the width is around 4 nm. Interest-
ingly, these fibers seem to be short and non-rigid, and ap-
peared mostly in large clusters. Even in relatively straight 

fibers a wiggly pattern is observed, which suggests that 
there is some interaction which repels the formation of 
straight fibers., but the exact origin of this is unclear. The 
possibility was considered that this occurs because the fiber 
consists of fused micelles, but this theory was discarded as 
the width found in the cryoTEM images corresponds well to 
the diameter of a stretched BTA-2-ammonium molecule 
(Figure S5). A sample containing 20 equivalents of NaCl was 
also investigated using SLS and shows that similar sized as-
semblies to those formed with Na2SO4 are formed, with 
however a different slope which means that the ratio be-
tween width and height of these assemblies is different. Cry-
oTEM of this sample showed no large assemblies, which 
could be due to the assemblies with NaCl having a different 
morphology which could be more difficult to see using cry-
oTEM. This was not confirmed but could possibly be inves-
tigated by using small angle x-ray scattering.  

Figure 2: A) UV spectra of BTA-2-ammonium with different counterions at 20 equivalents (cBTA = 500 µM, l = 1 mm, T = 20 ºC). B) CD spectra of BTA-2-ammonium 
with different counterions at 20 equivalents (cBTA = 500 µM, l = 1 mm, T = 20 ºC).  C) UV spectra of BTA-2-ammonium with different equivalents of Na2SO4 (cBTA = 
500 µM, l = 1 mm, T = 20 ºC). D) CD spectra of BTA-2-ammonium with different equivalents of Na2SO4 (cBTA = 500 µM, l = 1 mm, T = 20 ºC). E) SLS spectra of BTA-2-
ammonium with 20 equivalents Na2SO4 and NaCl(cBTA = 500 µM, T = 20 ºC). F) CryoTEM images of BTA-2-ammonium (cBTA = 500 µM ) with 20 equivalents of Na2SO4 
(scale bar = 100 nm). 

With small counterions there might not be enough protec-
tion of the hydrogen bonds to form large assemblies. By in-
troducing a charged surfactant, additional hydrophobic ef-
fects are gained which could induce self-assembly into 
larger structures. When sodium dodecyl sulfate (SDS) is 
added, the UV and CD spectra of BTA-2-ammonium change 
drastically (Figure 3A/B). Upon addition of SDS, the absorp-
tion maxima shift from 207 nm towards a wavelength of 
194 nm and a shoulder arises around 243 nm. The shoulder 
around 243 nm is more distinct for the samples containing 
2,4 and 8 equivalents of SDS. For 1 equivalent of SDS, a neg-
ative CD signal is observed with a minimum around 219 nm. 
The intensity of the CD signal is significantly higher than ob-
served upon addition of small counterions, which suggests 

assemblies with more preferred helicity upon addition of 
SDS. Upon addition of more equivalents of SDS (2/4/8 eq), 
minima at 217 nm and shoulders around 243 nm are found. 
At these numbers of equivalents the shape and intensity of 
the spectra is roughly the same, which suggests that the 
formed assemblies are saturated, and the additional SDS is 
not contributing to the self-assembly. At 16 equivalents a 
significant increase in CD intensity is observed, the cause of 
which was not identified. It is however suspected that it is 
correlated to the fact that at this number of equivalents, the 
critical micelle concentration (CMC) is almost reached (CMC 
of SDS is 8 mM equal to 16 equivalents). This is also the rea-
son why concentrations above 8 mM were not investigated, 
as going above the CMC could lead to unwanted effects. 



 

Interestingly, the shoulder around 243 nm only appears 
only upon addition of more than one equivalent of SDS, 
which indicates a change in morphology. This was further 
investigated by going to lower numbers of equivalents, as 
shown in Figure S6. When less than 1 equivalent of SDS is 
used only a single maximum around 219 nm is observed in 
the CD spectrum. One equivalent of SDS seems to be at a 
transition point from one broad maximum around 219 nm 
to a maximum at 217 nm and the shoulder around 243 nm.   

 

SLS shows high Rayleigh ratios for samples containing 1 and 
16 equivalents of SDS, which confirms that larger assem-
blies are formed (Figure 3C). SLS also shows that there is a 
difference in size between these two samples, which further 
supports the idea that the morphologies of these samples 
are different. CryoTEM images were made of samples con-
taining 1 equivalent and 16 equivalents of SDS and are 
shown in Figure 3D and 3E, respectively. For the sample 
containing 1 equivalent of SDS a mixture of sheets and fibers 
was observed, while for 16 equivalents mostly long fibers 
were found. It must be noted that several smaller sheets 
were observed with 16 equivalents of SDS (Figure S7). 
These images show that polymorphism is observed when 
BTA-2-ammonium is mixed with SDS. The relative amount 
of fibers or sheets formed seems to depend on the concen-
tration of SDS. This also shows that the CD maximum at 219 
nm corresponds to more sheets being present, and when 
the shoulder at 243 nm appears more fibers are present. 
Note that it follows from these results that it is still possible 
for either morphology to form in either number of equiva-
lents. The polymorphism of BTA-2-ammonium with SDS can 

be explained by looking at the way that the surfactant mol-
ecule most likely coordinates to BTA-2-ammonium. A sheet 
morphology requires a bilayer, where the hydrophobic tails 
of the BTA are positioned towards each other in the middle 
of the bilayer, and the charged groups are pointed outwards 
for solubility. A fiber morphology assumes single molecules 
stacked on top of each other in the direction perpendicular 
to the aromatic core. From the previous segment about ad-
dition of salts it became clear that screening of the positive 
charges is necessary for self-assembly. This suggests that 
the negative charge of the SDS molecule coordinates in be-
tween two quaternary ammonium groups, whereas the hy-
drophobic part is pointed towards the aromatic core. This 
increases the packing factor of BTA-2-ammonium by de-
creasing the surface area of the hydrophilic part, which en-
ables sheet formation. The screening of the positive charges 
has the highest priority, as self-assembly into a larger mor-
phology will otherwise not occur. SDS will therefore first go 
to this position. If more SDS is available, it is also able to co-
ordinate to the chiral hydrophobic tail of the BTA, to in-
crease the hydrophobic effect and thus the shielding of the 
hydrogen bonds of the BTA. In this case, a fiber morphology 
is preferred as the hydrophobic chains of the BTA are solu-
bilized and there is sufficient screening of the hydrogen 
bonds. BTA molecules that are stacked on top of each other 
can also align the positive charges with the negative charges 
for further stabilization of the fiber morphology. This ex-
plains why for a low number of equivalents (≤1), as sheet-
like morphology is preferred, while for a higher number of 
equivalents more fibers are observed. 

 

 
Figure 3: A) UV spectra of BTA-2-ammonium with different equivalents of SDS (cBTA = 500 µM, l = 1 mm, T = 20 ºC). B) CD spectra of BTA-2-ammonium with different 
equivalents of SDS (cBTA = 500 µM, l = 1 mm, T = 20 ºC). C) SLS spectra of BTA-2-ammonium with different equivalents of SDS (cBTA = 500 µM, T = 20 ºC). D-E) CryoTEM 
images of BTA-2-ammonium (cBTA = 500 µM ) with 1 equivalent of SDS (D) and 16 equivalents of SDS (E) (scale bar = 100 nm). F) CD spectra of BTA-2-ammonium 
with 16 equivalents of SDS (cBTA = 50 µM, l = 1 cm) during heating (0.2 ºC/min, corresponding UV and UV/CD during cooling can be found in Figure S8A-C). 
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Finally, the effects of time and temperature on assemblies 
of BTA-2-ammonium with 16 equivalents of SDS were stud-
ied. It was found that the formation of the fibers is almost 
instant, because the CD and UV spectra are the same 5 
minutes and 12 hours after preparation (Figure S8D/E). 
Upon heating of the sample, a shift of the maximum at 217 
nm and shoulder around 243 nm towards a single broad 
peak at 228 nm is observed, as shown in Figure 3F. The tran-
sition shows that the fibers are most likely broken down 
and converted to sheets at higher temperatures, which is 
possible as the fiber morphology originates from the hydro-
gen bonding of the aromatic cores of the BTA, which are rel-
atively weak, whereas the sheets probably originate from 
hydrophobic interactions. The sheets seem to remain for 
higher temperatures which implies that they require more 
energy to break down.  Upon cooling of the sample, the orig-
inal CD spectrum, containing a peak at 217 nm and the 
shoulder around 243 nm, is recovered, which shows that fi-
bers are the more favorable morphology for this system at 
lower temperatures. It also shows that the sheets are not 
completely rigid, as some sheets are converted into fibers 
upon cooling.  

Despite BTA-2-ammonium and BTA-2-sulfonate being ex-
tremely similar molecules, both similarities as well as large 
differences in self-assembly of these molecules were found. 
Perhaps the largest difference lies in the ability of BTA-2-
sulfonate to form nanotubes with both monovalent and di-
valent counterions, while BTA-2-ammonium does not favor 
this morphology with any of the additives used in this re-
port up to this point.14 In general, it has become apparent 
that BTA-2-ammonium tends to self-assemble less com-
pared to BTA-2-sulfonate. The origin of this difference can 
be traced back to the difference in charges of these two 
BTAs. This can be explained in two ways, the first of which 
has to do with the localization of the charge on the charged 
groups of the BTAs. For BTA-2-sulfonate, the charge is delo-
calized over three oxygen atoms, which means that each ox-
ygen effectively has a charge of − , whereas BTA-2-
ammonium has its charge localized on the nitrogen atom of 
the quaternary ammonium. Furthermore, the oxygen 
groups of the sulfonate extend into free space,  while the 
methyl groups attached to the nitrogen make the charge 
less accessible, thus making it more difficult for counterions 
to coordinate to it. This effect can be seen when looking at 
the assembly of the BTAs with sodium chloride. Both so-
dium and chloride ions are spherical in shape and similar in 
size, but BTA-2-sulfonate can self-assemble into nanotubes 
with sodium, while BTA-2-ammonium barely does anything 
with chloride.14 The second is the difference in morphology 
of most anions compared to cations. Whereas cations are 
generally spherical in shape, anions carry a variety of mor-
phologies which could introduce additional hurdles. This ef-
fect becomes apparent when looking at the assembly of 
BTA-2-ammoinum with the acetate ion. The interaction 
with BTA-2-ammonium is even weaker with acetate com-
pared to chloride, which shows that the delocalized charge 
and non-spherical morphology of the acetate ion make 
screening more difficult, thus limiting the self-assembly. 
The two mentioned reasons are believed to be the main 

factors for the differences in observed assemblies of the two 
BTAs.  
This self-assembly of the asymmetrical BTAs changes when 
the surfactants SDS and cetyltrimethylammonium (CTAB) 
are used. Because in either case the system depends on the 
interaction of sulfonate groups and quaternary ammonium 
groups, similar morphologies are expected for both sys-
tems. This is also observed, in the form of a mixture of 
sheets and fibers for both BTAs with their respective surfac-
tant. Some differences still occur, like the formation of large 
vesicles for BTA-2-sulfonate with CTAB.14 This could be an 
effect of the C16 tail of CTAB compared to the C12 tail of SDS, 
but more research will have to be done to uncover the exact 
origin.  
Next, we investigated if BTA-2-ammonium could be co-as-
sembled with BTA-2-sulfonate. In homo-assemblies, there 
is repulsion between the charged groups of these asymmet-
ric BTAs, however, when oppositely charged BTAs are 
mixed in, these repulsive interactions could in theory turn 
into attractive interactions. During the research on this sys-
tem, it became apparent that it is extremely sensitive to 
sample preparation. Various methods have been tested and 
are described in the Supporting Information. The UV and CD 
spectra for a 1 to 1 (5:5) mixture are shown by the green 
lines in Figures 4A/B, respectively. The UV spectrum shows 
two absorption peaks, one at 209 nm and one at 229 nm. 
The UV spectrum does not seem to be a linear combination 
of the UV spectra of pure BTA-2-ammonium and pure BTA-
2-sulfonate in water, which suggests that a morphology is 
formed in which the two BTAs are combined. In the CD spec-
trum of a 5:5 ratio, a large CD signal is observed, with max-
ima at 209 nm and 257 nm, and a minimum at 229 nm. Such 
large CD intensity often originates from linear dichroism 
(LD), however, no traces of LD were found for this system 
(Figure S9). The shape of the CD signal of the mixture is sim-
ilar to the shape of BTA-2-sulfonate in water with magne-
sium chloride or sodium chloride, which corresponded to a 
nanotube morphology.14 It is therefore expected that the 
mixture of BTAs also forms nanotubes. Although the CD 
spectrum of the mixture has the same shape as the CD spec-
trum of BTA-2-sulfonate with MgCL2 or NaCl the intensity of 
the signal is much lower. To drive more BTAs into self-as-
sembly, addition of salt to this BTA mixtures was also at-
tempted. Addition of salts however seemed to lead to pre-
cipitation of the formed assemblies, making the samples 
turbid and thus unsuitable for UV, CD or SLS measurements, 
which is why this was not pursued and further. The SLS 
spectrum for the 5:5 ratio (green markers) shows that large 
assemblies are formed in comparison to the pure BTAs in 
water. The 5:5 ratio mixture of BTAs was investigated using 
cryoTEM and a nanotube morphology indeed was found for 
this sample (Figure 4D and Figure S10). The tubes are quite 
polydisperse, with diameters ranging from several tens of 
nanometers to close to one hundred nanometers. The tubes 
contain many defects and were often found in large clusters, 
which is expected to happen because of attractive interac-
tions between the walls of separate nanotubes. 
Other ratios of BTA-2-ammonium to BTA-2-sulfonate were 
also investigated, in order to gain information about the 
type of self-assembly that is occurring. It can be seen that 
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for all other ratios, a peak at 196 nm is observed. This peak 
is expected to originate from the absorption of micelles, as 
was also visible in the UV-Vis spectra of the homo-assem-
blies. For a ratio of 1:9 (BTA-2-ammonium:BTA-2-
sulfonate), we see a peak at 196 nm and one around 207 nm. 
These two peaks lie close to that of the pure BTAs in water, 
and also show similarities in shape, which is why it is ex-
pected that for this ratio, micelles are formed. These mi-
celles could be homo-assemblies due to narcissistic self-
sorting or they could be co-assemblies. For the 9:1 ratio a 
broad absorption peak at 207 nm is observed, together with 
a small peak at 196 nm. These are also suspected to both 
originate from micelles, again in either homo- or co-assem-
blies. The CD signal is the highest for a 5:5 ratio, where es-
pecially the maximum at 257 nm is much larger compared 

to other ratios. For the 1:9 and 9:1 ratios, this CD maximum 
at 257 nm is absent, and the signal resembles that of BTA-
2-sulfonate in pure water. It is therefore further expected 
that micelles are formed at these ratios, and the CD spectra 
show that there is some sort of chirality in these micelles. It 
is also interesting that in a ratio of 9:1, where there is only 
a bit of BTA-2-sulfonate, such a large CD signal is observed. 
The homo-assembly of BTA-2-ammonium in pure water did 
not seem to have any chirality, which means that BTA-2-
sulfonate induces this chirality into the formed micelles. A 
similar effect is observed in the sample with 1:9 ratio, where 
addition of a small amount of BTA-2-ammonium increases 
the CD intensity around 229 nm substantially. 
 

 
Figure 4: A) UV spectra of a mixture of BTA-2-ammonium and BTA-2sulfonate with varying stoichiometry (cBTA = 500 µM, l = 1 mm, T = 20 ºC,Stoichiometry is 
expressed as BTA-2-ammonium:BTA-2-sulfonate). B) CD spectra of a mixture of BTA-2-ammonium and BTA-2sulfonate with varying stoichiometry (cBTA = 500 µM, 
l = 1 mm, T = 20 ºC). C) SLS spectra of the BTA mixture with varying stoichiometry (cBTA = 500 µM, T = 20 ºC). D) CryoTEM image of a 1 to 1 mixture of BTA-2-
ammonium and BTA-2-sulfonate (500 µM in MQ-water) (scale bar = 100 nm). E) CD spectra of a 1 to 1 mixture of BTA-2-ammonium and BTA-2-sulfonate (cBTA = 
50 µM, l = 1 cm) during heating (0.2 ºC/min). F) CD spectra of a 1 to 1 mixture of BTA-2-ammonium and BTA-2-sulfonate (cBTA = 50 µM, l = 1 cm) during cooling 
(0.2 ºC/min).

In the UV spectrum of a ratio of 3:7, the peak around 207 
nm is smaller compared to the 1:9 and 9:1 ratios, and a 
shoulder around 244 nm is observed, which suggests that 
some nanotubes are formed. The peak at 196 nm does 
however have a relatively high intensity, which means that 
most likely not all BTAs  are able to self-assemble into 
nanotubes and therefore form micelles. The UV spectrum 
of the 7:3 ratio shows only a small peak around 196 nm, 
while the intensity of the shoulder around 244 nm is a lot 
higher compared to the 3:7 ratio. In the CD spectrum of the 
3:7 ratio, the peak at 272 nm is observed, which is ex-
pected to originate from a form of helical preference in the 
formed nanotubes. For a ratio of 7:3, the CD intensity of 

this maximum is higher and it occurs at 264 nm. The shift 
from 272 nm to 264 nm (and 257 nm for a 5:5 ratio) could 
be due to a different size or diameter of nanotube that is 
being formed, but this is largely speculation. What is inter-
esting is that the CD intensity of the peak at 264 nm for the 
7:3 ratio is higher than that of the peak at 272 nm for the 
3:7 ratio. This could mean that a single BTA-2-sulfonate 
molecule is able to drive more than one BTA-2-ammonium 
molecule into self-assembly.  
The SLS results indicate that the Rayleigh Ratios, and thus 
the sizes, of the formed assemblies of the 3:7, 5:5 and 7:3 
ratios are similar, which could be due the fact that larger 
morphologies such as sheets and tubes contribute more to 
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the scattering than smaller morphologies such as micelles, 
which makes it difficult to differentiate in size. The 1:9 and 
9:1 ratios clearly show lower Rayleigh Ratios, which shows 
that the formed assemblies are smaller and thus most likely 
a different morphology than a nanotube. After considering 
all the findings above, the conclusion was reached that the 
optimal stoichiometry, which is defined as the ratio at which 
the most nanotubes are formed, is the 5:5 ratio. The 3:7 and 
7:3 ratios form some nanotubes but also micelles, whereas 
at the ratios of 1:9 and 9:1 only micelles are formed. 
A schematic model for the co-assembly of BTA-2-
ammonium and BTA-2-sulfonate was made to illustrate the 
possible interactions. The assumption has been made that 
the smallest subgroup which makes up the assemblies is the 
‘BTA dimer’ shown in Figure 5A. This dimer consists of one 
BTA-2-sulfonate molecule and one BTA-2-ammonium mol-
ecule, indicated in blue and red, respectively. This dimer fol-
lows the optimal ratio of 5:5 (1:1) and is formed due to the 
hydrophobic interactions between the hydrophobic chains. 
Note that this dimer will most likely not form outside of a 
sheet-like or tubular assembly. This dimer can stack favor-
ably in an alternating fashion perpendicular to the aromatic 
cores of the BTAs, where the charges that are on top of one 
another are opposite (Figure 5B). The dimer will also stack 
sideways (Above or below in Figure 5A), to minimize the ex-
posure of the alkyl spacers to the water. These two types of 
stacking combined cause sheet formation. Due to thermal 
motion the sheet will move around and roll up, where even-
tually the two sides of the sheet find each other and combine 
to form a nanotube (Figure 5C).  

Time-dependent UV, CD and cryoTEM measurements were 
performed, and it was found that the assemblies are formed 
during or shortly after the preparation of the sample, and 
do not vary much over time (Figure S11 and Figure S12), as 
was also the case with BTA-2-ammonium samples contain-
ing SDS. For this reason, temperature measurements were 
decided to be performed directly after mixing the BTAs be-
fore they were heated, to try to capture the transition from 
micelles to tubes. The CD spectra at varying temperatures 
of this experiment can be found in Figure 4E, where a shift 
of the broad minimum around 225 nm to a sharp minimum 
at 228 nm is observed between 30°C and 60°C, which is 
paired with the increase of the maximum around 257 nm. 
This shows the transition from micelles to tubes. The inten-
sity and shape of this CD signal is lower than previously 
seen, which is due to the difference in concentration used 
(see Supporting Information for details). Upon heating to 
90°C and cooling, a further increase of the maximum around 
257 nm is observed (Figure 4F), which disappears over time 
(light blue line). This effect was not explored further but is 
expected to either be a secondary structure appearing or 
due to some sort of reconfiguration of the nanotubes after 
heating. It was also seen that the nanotubes do not decom-
pose at the temperatures used. This shows that the com-
bined strength of the hydrogen bonds, opposing charges 
and hydrophobic effect in these nanotubes is high enough 
to withstand temperatures up to 90°C. 

 

 

Conclusions 

The self-assembly behavior of a BTA with two quaternary 
ammonium groups and one chiral hydrophobic tail has been 
explored in water with a variety of additives. In pure water, 
BTA-2-ammonium assembles into small micelles. It is 
shown that the addition of small counterions induces self-
assembly by electrostatic screening, where a change into 
small non-rigid fibers was observed upon addition of so-
dium sulfate. The assembly behavior once again changes 

when the surfactant SDS is added, where a mixture of chiral 
sheets and fibers is obtained. The composition of this mix-
ture is found to be dependent on the concentration of added 
surfactant as well as the temperature. It is also shown that 
this BTA self-assembles in the presence of an oppositely 
charged BTA, where a 1:1 mixture forms rigid nanotubes 
with a large number of defects, which originates from the 
quick assembly time, repulsion of charges and irreversibil-
ity even upon heating. The ideal stoichiometry within such 

Figure 5: Schematic representa-
tion of the co-assembly of BTA-2-
ammonium and BTA-2-sulfonate.  
A) the so called ‘dimer’, which is 
expected to be the smallest recur-
ring part of the nanotube. The 
blue spheres indicate the sul-
fonate groups whereas the red 
groups indicate the quaternary 
ammonium groups. B) Schematic 
representation of the stacking of 
‘dimers’ C) Schematic representa-
tion of the formation of nano-
tubes from dimers. 
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nanotubes is found to be 1:1, however nanotubes are still 
expected to be formed with ratios close to this. These nano-
tubes could be promising for drug delivery by functionaliz-
ing a small part of the monomers to bind to one or even mul-
tiple different types of drugs, similar to what is being done 
with carbon nanotubes.15,16 For future experiments, it 
would be interesting to investigate a water-soluble asym-
metric BTA without charges, to weaken the interaction en-
ergy and hopefully obtain a more reversible system, which 
could become a template for research on designer supramo-
lecular nanotubes for drug delivery.  
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