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interactions 
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Lafleur,a Lorenzo Albertazzi,a Anja R. A. Palmans,*a and E. W. Meijer*a 

 

Understanding the self-assembly of small molecules in water is crucial for the development of responsive, biocompatible 

soft materials. Here, a family of benzene-1,3,5-tricarboxamide (BTA) derivatives that comprise a BTA moiety connected to 

an amphiphilic chain is synthesised with the aim to elucidate the role of hydrophobic and hydrogen-bonding interactions 

in the self-assembly of these BTAs. The amphiphilic chain consists of an alkyl chain with a length of 10, 11, or 12 methylene 

units, connected to a tetraethylene glycol (at the periphery). The results show that an undecyl spacer is the minimum 

length required for these BTAs to self-assemble into supramolecular polymers. Interestingly, exchange studies reveal only 

minor differences in exchange rates between BTAs containing undecyl or dodecyl spacers, respectively. Additionally, IR 

spectroscopy provides the first experimental evidence that hydrogen bonding is operative and contributes to the 

stabilisation of the supramolecular polymers in water. 

Introduction 

Self-assembling systems in aqueous solution
1-5

 and low 

molecular weight (LMW) hydrogelators
6-10

 that display 

dynamic and responsive behaviour have great potential as 

scaffolds in biomedical applications. For the development of 

such systems it is important to thoroughly understand the self-

assembly process. In particular, it is important to understand 

the role of the different non-covalent interactions, as water 

molecules compete with hydrogen bonding motifs and 

solvophobic effects are particularly strong in water. In linear 

(non-ionic) amphiphiles, the role of hydrophobic domain size 

in micelle formation has been extensively studied, and a direct 

correlation has been found between the length of the 

hydrophobic domain and the critical micelle concentration 

(CMC).
11-16

 Predicting the self-assembly properties of 

molecules relying on more than amphiphilicity is difficult, let 

alone predicting the exchange dynamics of monomers 

between aggregates. Nevertheless, examples of aqueous self-

assembly that combine hydrophobic effects with π–π 

stacking
17-22

 or make use of directional hydrogen bonds to 

drive self-assembly have been reported.
23-31

 To further 

develop general design rules for aqueous self-assembly, 

studies are needed which relate systematic modifications of 

the molecular structure to the self-assembly behaviour and 

exchange dynamics. 

In the last two decades, our group and others have studied the 

aggregation and phase behaviour of N,N’,N”-trialkyl-benzene-

1,3,5-tricarboxamides (BTAs) in great detail.
32

 The simple and 

synthetically accessible structure of the BTA moiety allowed 

the establishment of structure/property relationships for bulk 

materials,
33-38

 and unravelling of the mechanism and dynamics 

of BTA self-assembly in dilute solution.
39, 40

 In apolar organic 

media, the self-assembly of the alkyl-BTAs is dominated by 

cooperative hydrogen-bond formation, which results in 

supramolecular polymers that are stabilised by a triple helical 

array of hydrogen bonds.
40, 41

 Recently, we redesigned the 

BTAs to self-assemble in water, by conjugating either water-

soluble metal complexes
28

 or tetraethylene glycol
42

 

(compound 1a, Scheme 1) to their periphery. Detailed studies, 

both experimentally as well as computationally, on amphiphilic 

BTA 1a have been conducted. The dodecyl chains of 1a were 

sufficiently hydrophobic to induce aggregation while the 

hydrophilic ethylene glycols at the periphery ensured 

compatibility of the aggregates with water. With microscopic 

techniques, long and dynamic supramolecular polymers of 

high aspect ratio were observed, and the mechanism and 

time-scale of exchange of monomers between different 

polymers was elucidated.
43, 44

 Furthermore, computational 
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studies supported that the supramolecular polymers formed 

by 1a were stabilised by hydrogen bond formation.
45

  

 
Scheme 1. Chemical structure of BTA series 1a-c, 2a-c, and 3a-c. 

Here, we vary the length of the aliphatic spacer from a dodecyl 

(1a) to an undecyl (1b), to a decyl spacer (1c), respectively, to 

systematically study the effect of the hydrophobic/hydrophilic 

ratio and to establish which length suffices to induce 

supramolecular polymer formation of the amphiphilic BTAs. 

Throughout this series, the tetraethylene glycol unit is kept 

constant and the end group of the glycol motif is a free alcohol 

function. This free alcohol provides superior water solubility 

compared to a methoxy end-group
46

 and allows for synthetic 

functionalisation, although its use requires protecting group 

chemistry. Importantly, this study aims to verify 

experimentally whether intermolecular hydrogen bonds 

stabilising the supramolecular polymers are present in water. 

In addition, we want to understand how the length of the alkyl 

chain affects the time scale of monomer exchange between 

the assemblies formed. To this end, the BTAs were labelled 

with either Cy3 dye (compounds 2a–c) or Cy5 dye (compounds 

3a–c). These dyes allow the characterisation of the formed 

assemblies with fluorescence spectroscopy and microscopy.  

Results 

Design, synthesis and characterisation in the solid state.  

The synthesis of 1a has been reported elsewhere,
42

 and 1b and 

1c were obtained through an analogous synthetic approach. 

BTAs 1b and 1c were obtained in high purity as an off-white 

waxy solid and colourless oil, respectively, and were fully 

characterised by 
1
H NMR, 

13
C NMR and IR spectroscopy and 

MALDI-TOF-MS (ESI). Dye-labelled BTAs 2a–c and 3a–c 

(Scheme 1) were conveniently prepared from 1a–c through a 

series of high-yielding transformations, followed by separation 

using preparative HPLC to give the singly-dye-labelled BTAs in 

high purity (see ESI for detailed synthesis).
45

  

FT-IR spectroscopy has been used to identify threefold 

intermolecular hydrogen bonding in BTA assemblies, both in 

the solid state and in solution in organic solvents.
40, 47

 In the 

bulk, BTA 1a displays vibrations for the N–H stretch, amide I, 

and amide II typical for threefold intermolecular hydrogen 

bonding (Figure 1). The FT-IR spectrum of 1b displays three 

different frequencies for the N-H stretch (Figure 1a), two 

frequencies for the amide I, and one frequency for the amide II 

vibration (Figure 1b). This either suggests partial ordering or 

the presence of more than one type of packing. For 1c, only 

frequencies typical for the absence of hydrogen bonds are 

observed (Figure 1), similar to 1a and 1b at elevated 

temperature (Figure S1 and S2). We attribute the loss of 

hydrogen bonds in the bulk of 1c to backfolding of the 

oligo(ethyleneglycol) side chains that interfere with the 

intermolecular amide hydrogen bonding.
48 

 
Figure 1. FT-IR spectra of 1a (black curve), 1b (grey curve), and 1c (light grey curve) in 

the solid state at 25 °C. A) Zoom of the N-H vibration region. B) Zoom of the amide I 

and amide II region. 

Self-assembly of 1a-c in aqueous solution. 

Previously, cryoTEM has been employed to visualise the 

supramolecular polymers formed by 1a.
42

 Similarly, cryoTEM 

reveals fibrillar assemblies of 1b (Figure 2A, dark spheres are 

domains of crystallised ice). Although the contrast of the 

cryoTEM image is low (a digitally enhanced image is shown in 

Figure S4), 1b forms supramolecular polymers with lengths in 

the order of micrometres and a diameter of below 10 nm. 

These aspect ratios are comparable to those previously found 

for 1a. In contrast, no aggregates could be observed for 1c. 

Light scattering measurements were in line with these 

findings; the correlation functions of 1a and 1b show a nearly 

identical correlation time with comparable count rates, while 

the very low count rate recorded for 1c is illustrative for the 

low tendency of 1c to self-assemble (Figure S4). 

Next, we evaluated whether the aggregates could be visualised 

with fluorescence microscopy. To this end, we mixed small 
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amounts of dye labelled BTAs 2a–c or 3a–c (5 mol%) with the 

parent BTA 1a–c, prior to assembly (Figure 2B), following 

protocols we established previously.
43-45

 With this procedure, 

the dye labelled BTAs incorporate randomly into the formed 

aggregates, creating a fluorescently labelled structure. When 

imaging the solution, differences between the samples are 

observed. The snapshots from full movies (see ESI) clearly 

show the presence of supramolecular polymers in samples of 

1a (Figure 2C). Because of the resolution limit (250 nm) the 

fibres appear much wider than those observed with cryoTEM. 

Samples of 1b also show the presence of elongated aggregates 

although these were more difficult to capture in a snapshot 

due to fast diffusion. (Figure 2D). Furthermore, in line with 

cryoTEM, no resolved self-assembled structures of 1c were 

observed.  

 
 

Figure 2. A) CryoTEM image of 1b (0.5 mg/mL) in H2O revealing the presence of 

supramolecular polymers. B) Schematic representation of mixing a small amount of dye 

labelled BTAs with unlabelled BTAs prior to injection into water, to allow the assembly 

of the BTAs into fluorescently labelled fibres. Snapshots from movies taken during 

fluorescence microscopy (samples were equilibrated at 1 × 10
-5 

M, and diluted to 1 × 

10
-6 

M prior to imaging. See ESI for sample preparation) show C) fibres formed by 1a 

with 5 % 3a and D) fibres formed by 1b with 5 % 3b with lengths close to the resolution 

limit. 

The self-assembly of 1a–c was evaluated in more detail by 

spectroscopy. UV spectroscopy and fluorescence spectroscopy 

using the dye Nile Red were applied to identify aggregate 

formation and the presence of a hydrophobic pocket, 

respectively. Solutions of 1a–c were prepared by injecting a 

small aliquot of a concentrated methanol solution into water 

to obtain the desired final concentration (5 × 10
–5 

M). In all 

cases, the solutions were optically transparent. Similar to 

previous results
42

 the UV spectrum of 1a at 20 °C shows two 

absorption bands at 211 and 226 nm (Figure 3A), indicating 

aggregation. In acetonitrile, a solvent in which BTAs are 

molecularly dissolved,
39

 the absorption spectrum of 1a 

displays a maximum at 207 nm (Figure 3A). The UV spectrum 

of 1b closely resembles that of 1a at 20 °C with two absorption 

maxima at 211 nm and 226 nm, respectively (Figure 3A). In 

contrast, the UV spectrum of 1c shows only a single absorption 

maximum at 209 nm at 20 °C (Figure 3A), similar to 1a in 

acetonitrile. This indicates that 1b does, but 1c does not self-

assemble at this concentration and temperature in water.  

 

 
Figure 3. A) UV-vis spectra at 20 °C of 1a, 1b, 1c in H2O (c = 5 × 10

–5 
M), and 1a in 

acetonitrile (c = 1 × 10
-5 

M) B) Fluorescence emission spectra of Nile Red in solutions of 

1a–c in H2O (cBTA = 1 × 10
-5 

M, cNR = 5 × 10
-6 

M) at 20 °C. 

The formation of a hydrophobic pocket upon self-assembly by 

1a–c was probed using the solvatochromic dye Nile Red.
49

 In 

pure water, Nile Red shows low fluorescence intensity with 

λmax at 650 nm. In a more apolar environment, the 

fluorescence intensity increases and the λmax emission shifts to 

shorter wavelengths.
10

 Solutions of 1a–c were prepared by 

injection from methanol into water following the same 

procedure as described before (cBTA = 1 × 10
–5

M), a 

concentrated solution of Nile Red in methanol (5 μL cNR = 

2.5 × 10
–3

M) was added (cNRfinal = 5 × 10
–6

M), and the solutions 

were allowed to equilibrate. Compared to water (λmax = 647 

nm, intensity 1.8 A.U.), the fluorescence emission intensity of 

Nile Red in solutions of 1a and 1b increases by two orders of 

magnitude. This is accompanied by a large blue-shift to λmax = 

603 and 607 nm for 1a and 1b, respectively (Figure 3B). On the 

other hand, the emission intensity of 1c is very low and the 

emission maximum is less blue-shifted (λmax = 612 nm). The 

intensity increase and similar shift in λmax in the solutions of 1a 

and 1b indicate aggregation and the formation of a 

hydrophobic pocket in both cases, while in the case of 1c no 

significant hydrophobic pocket is formed. 
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Hydrogen bond formation in water probed by FT-IR spectroscopy.  

The above results show that BTAs 1a and 1b self-assemble into 

supramolecular polymers of high aspect ratio while 1c does 

not. This indicates that a critical hydrophobic spacer length of 

11 methylenes is required for the formation of these 

supramolecular polymers. To investigate whether hydrogen 

bonds form between the BTAs in water, IR measurements 

were carried out. We selected D2O as the solvent instead of 

H2O since the O–H vibrations of water obscure the amide 

vibrations. Because of the increased mass of deuterium 

compared to hydrogen, the frequencies of the vibrations 

change. To assign the amide vibrations, we first investigated 

the deuterium-amide vibrations in bulk by exchanging all labile 

OH and NH protons of 1a with deuterium to afford 1a-d6. The 

bulk FT-IR spectrum of 1a-d6  recorded at 25°C (Figure 4, black 

curve, Figure S3) was compared to that of 1a (Figure S1). In 

addition, we measured the IR spectrum of 1a in MeOD (c = 50 

mg/mL), a solvent in which BTAs are molecularly dissolved and 

intermolecular hydrogen bonding is absent (Figure 4, grey 

curve). 

 
Figure 4. FT-IR spectrum of 1a-d6 in the bulk at 25 °C (black), FT-IR spectrum of a 

solution of 1a (c = 50 mg/mL) at room temperature in D2O (blue) displaying an amide I 

vibration indicative for hydrogen bonding and in MeOD (grey) displaying an amide I 

vibration indicative for the absence of hydrogen bonding.  

In the bulk, the behaviour of 1a-d6 is similar to that of 1a 

(Figure S1). At 25 °C the N–D stretch vibration at 2363 cm
–1

 

(Figure S3) is indicative for intermolecular hydrogen bond 

formation. The amide I vibration at 25 °C is split up into two 

very sharp peaks at 1634 and 1620 cm
–1

, respectively, whereas 

the amide II vibration has shifted to 1468 cm
–1

. The origin of 

the split in the vibration at ~ 1600 cm
-1

 for 1a-d6 is unclear at 

the moment and warrants more detailed investigations. The IR 

spectrum of 1a in MeOD shows an amide I vibration at a 

frequency of 1648 cm
–1

, a value indicative of the absence of 

intermolecular hydrogen bonds.  

With these spectra as reference, the FT-IR spectrum of a 

solution of 1a in D2O (c = 50 mg/mL) was measured (Figure 4, 

blue curve). In D2O, the amide I gives a particularly sharp 

vibration at 1635 cm
-1

, which overlaps perfectly with one of 

the amide I vibrations observed in the bulk. This vibration – 

when compared to the amide I vibration at 1648 cm
–1

 in MeOD 

solution – clearly indicates the presence of intermolecular 

hydrogen bonds. The amide II vibration in D2O solution has a 

frequency of 1460 cm
–1

 and is more difficult to interpret. In the 

field of protein secondary structure determination by FT-IR 

spectroscopy, the amide I vibration is commonly considered to 

be highly informative while a correlation between the amide II 

vibration and the secondary structure is not well established 

due to its low sensitivity to the secondary structure.
50-52

 

Furthermore, upon N-deuteration the amide II vibration 

overlaps with aliphatic CH2 vibrations
53

 and with the bending 

mode of HOD.
54,55

 This may cause the position of the amide II 

vibration to be different for 1a in the solid state compared to 

1a-d6 in the solid state and the same position for 1a-d6 in the 

solid state and for 1a in D2O. Therefore, as is common in 

secondary structure determination of peptides, solely the 

amide I vibration is regarded informative for the presence of 

hydrogen bonds. As such, these results provide the first 

convincing experimental evidence for the presence of 

intermolecular hydrogen bonds stabilising BTA assemblies in 

water.  

Temperature stability of supramolecular polymers in water.  

The thermal stability of the assemblies formed by 1a and 1b 

was assessed by variable temperature UV measurements 

(Figure S5). At 20 °C, the UV spectrum of 1a shows two 

absorption bands at 211 nm and 226 nm (Figure 2A). Only 

after heating to above 50 °C the absorption spectrum changes, 

which finally results in an absorption band at 207 nm at 70 °C. 

Around this temperature the lower critical solution 

temperature (LCST) of 1a is reached. We hypothesise that at 

70 °C the assemblies are disrupted but the molecularly 

dissolved state is not reached. Rather, small aggregates held 

together by the amphiphilic nature of the molecules and 

hydrophobicity resulting from the LCST are present. Similar to 

1a, the UV spectrum of 1b is stable up to 50 °C. At 60 °C, the 

intensity around 226 nm significantly drops resulting in a single 

absorption maximum at 209 nm. This implies that the self-

assembly of 1b is somewhat more sensitive to temperature 

than the self-assembly of 1a and indicates a somewhat lower 

stability of the assemblies. These observations are in line with 

the results of variable temperature IR measurements of 1a and 

1b in the bulk, which show a higher thermal stability of the 

hydrogen bonds in 1a; in the bulk of 1a the hydrogen bonds 

are lost above 45 °C compared to 35 °C for 1b (Figure S1 and 

S2, respectively). 

Fluorescence exchange studies.  

After studying the effect of varying the spacer length on the 

self-assembly properties, we were interested in the monomer 

exchange rates within the series 1a–c. Förster resonance 

energy transfer (FRET) has been widely relied on to probe 

dynamics and exchange processes,
56-60

 and has recently been 

introduced to follow the reversible assembly and disassembly 

of BTA-based systems.
43,45

 By co-assembling either 2a–c (FRET 

donor) or 3a–c (FRET acceptor) (5 mol%) with the parent BTA 
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1a-c fibres labelled with either Cy3 or Cy5 were prepared 

(Figure 5A, cBTA = 1 × 10
-5 

M). Mixing these solutions and 

monitoring the FRET ratio allowed the determination of the 

rate of equilibration. Both systems of 1a and 1b show a rise in 

the FRET ratio upon mixing, indicating monomer exchange 

between the stacks (Figure 5B). This increase in FRET ratio 

follows similar kinetics for 1a and 1b, plateauing around 40 

minutes. Both of these curves can be fit by a single 

exponential, resulting in similar time constants (Figure S6). In 

contrast, for 1c the FRET ratio as function of time proved very 

erratic and highly irreproducible (Figure 5c), likely due to poor 

self-assembly.  

 

 
Figure 5. A) Schematic of FRET exchange experiment. B) FRET experiments of 1a and 1b 

show similar exchange kinetics, while C) 1c shows erratic behaviour due to poor self-

assembly. (cBTA = 1 × 10
-5 

M) 

Discussion 

The influence of the number of carbons in the aliphatic spacer 

on the self-assembly of BTAs in water is noteworthy and a C10 

spacer corresponds to the limiting case in which self-assembly 

does not occur. BTAs 1a and 1b self-assemble in water into 

supramolecular polymers of high aspect ratio. Both form fibres 

of micrometres in length and of a comparable diameter of less 

than 10 nm. In sharp contrast, 1c does not form fibrillar 

aggregates at the same conditions. This indicates that a critical 

hydrophobic spacer length of 11 carbon atoms is required in 

order for these BTAs to self-assemble in the concentration 

regime studied. If we consider 1a–c as simple ethylene-oxide 

based amphiphiles, the removal of one -CH2- unit is expected 

to increase the CMC by less than an order of magnitude and 

this effect becomes smaller with increasing chain length.
12-16

 

Going from 1b to 1c three -CH2- units are removed (one per 

side chain), which according to this trend would increase the 

CMC by roughly two orders of magnitude. Although we have 

not been able to determine the CMC of 1a and 1b, it is below 

10
-6 

M for both compounds, while at two orders of magnitude 

higher concentration no aggregation was observed for 1c. This 

suggests that our system does not behave like simple (non-

ionic) amphiphiles. Instead, we propose that the hydrophobic–

hydrophilic balance in the BTA molecular design plays a double 

role. First the hydrophobic collapse represents a primary 

driving force for aggregation, this was also concluded from MD 

simulations.
45

 When the hydrophobic domain is too small, the 

molecules become too soluble in water, whereas the 

molecules become insoluble when the domain is too large. 

Secondly, although hydrophobic collapse may suffice to induce 

aggregation, a sufficiently large hydrophobic pocket around 

the benzene-tricarboxamide core stabilises amide–amide 

intermolecular hydrogen bonding interactions, and shields 

these interactions from the surrounding water. In that case, 

intermolecular hydrogen bonding further stabilises the formed 

aggregates. This is supported by FT-IR measurements on 

solutions of 1a in aqueous solution, which confirm the 

formation of hydrogen bonds. The Nile Red experiments show 

that the polarity of the hydrophobic local domain in 

aggregates of 1a and 1b is very similar, indicating that the BTA 

core is effectively shielded from surrounding water in both 

systems. In the case of 1c, the hydrophobic collapse and 

hydrophobic shielding appear insufficient to enable 

interactions between the BTAs needed for the formation of 

supramolecular polymers.  

The difference of the thermodynamic stability in water as well 

as the thermal stability in bulk between 1a and 1b is more 

subtle. The loss of hydrogen bonds in IR in the bulk occurs at 

45 °C and 35 °C for 1a and 1b, respectively, and the stability of 

the self-assembled structures formed by 1b is lower. 

Interestingly, the exchange dynamics bteween BTAs with C11 

(1b) or C12 (1a) spacers seem to dependend less on the spacer 

length. In a previous study the rate of monomer exchange 

between BTA based supramolecular polymers in water was 

shown to depend on the character of the hydrophobic 

spacer.
45

 The stereogenic nature of that modification was 

concluded to be the major cause for the change in exchange 

dynamics. It is of note that within these experiments we 

observe the exchange of the dye labelled monomers, and not 

the unlabelled monomers. Despite this limitation, the similar 

profiles in the FRET experiment observed for 1a and 1b 

suggest that the extension of the hydrophobic substituent by 

one CH2 unit does not necessarily affect the exchange 

dynamics. 

Conclusions 

We have studied the role of hydrophobic and hydrogen-

bonding interactions on the aqueous self-assembly behaviour 

and exchange dynamics of BTA derivatives 1a-c. The results 

stress the crucial importance of a delicate balance between 

hydrophobic and hydrophilic units within the BTA: a decyl 

spacer is too short to provide the hydrophobicity required for 

forming ordered assemblies, while the undecyl and dodecyl 

spacer do result in stable supramolecular polymer formation in 

water. Furthermore, FT-IR spectroscopy provides the first 

experimental evidence for stabilisation through hydrogen 

bond formation in these supramolecular polymers in aqueous 

solution and confirms previous computational findings. Finally, 

while variation of the hydrophobic spacer results in differences 

in aggregate size and thermal stability, the exchange dynamics 

of the supramolecular polymers appear to not show such a 

direct relation with the spacer length. This is exemplified by 

the equally fast exchange rates observed for 1a and 1b.  
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Supramolecular polymerisation in water; elucidating the role of hydrophobic 

and hydrogen-bond interactions 

 

The self-assembly of a family of benzene-1,3,5-tricarboxamides (BTAs) in water is studied 

systematically to elucidate the role of hydrophobic and hydrogen-bond interactions. Experimental 

evidence for hydrogen-bond formation is provided, and the non-covalent interactions are related to 

the dynamics of the assemblies. 

Page 8 of 8Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t


