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Abstract

We report on the self-assembly in water of a set of bis-urea amphiphiles. A

range of techniques, including dynamic light scattering, Cryo-TEM, SAXS, and

MS are used to study the effect of structural variation on the morphology of

the assemblies. The length, dispersity, and end-group of the ethylene glycol

hydrophilic part of the molecule, as well as of the alkyl chain length are varied

to tailor the morphology towards soluble wormlike micelles. Slight modifica-

tion on molecular structures gave a large difference in self-assembly behavior

in water, giving guidelines for the design of rodlike supramolecular fibers with

novel functionalities, such as strain-stiffening and bioactivity.
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1 | INTRODUCTION

Controlling aqueous self-assembly plays a central role in
tuning the morphology and properties of functional
materials. In supramolecular chemistry, a combination of
hydrophobic interactions and hydrogen bonding is often
used to tailor the formation of self-assembled
nanostructures in water, including micelles, filaments,
ribbons, and sheets.1–3 As an alternative to the use of
amide groups in peptide amphiphiles,4 the urea group is
among the most reliable and well-studied hydrogen
bonding motifs used to build supramolecular architec-
tures. The urea group combines a C=O hydrogen bond
acceptor with two strong N-H hydrogen bond donors, to

give a motif that aggregates in a predictable geometry
with high cooperativity.5 It is not surprising that urea
units, especially bis-urea motifs have been extensively
used, not just to facilitate the formation of robust
nanostructures in organic solvent,6,7 and in water,8–10 but
also to successfully produce supramolecular materials,
such as gels,11,12 membranes,13,14 and thermoplastic
elastomers.15,16

The self-assembly of bis-urea domains has been stud-
ied extensively to gain a full understanding of its assembly
mechanism17–19 and to obtain hydrogels with targeted
properties.20,21 These studies are complicated by the fact
that the mode of self-assembly of bis-ureas is often
strongly influenced by even small changes in structure.
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For example, in a series of fiber forming bis(ureido)-
cyclohexane derivatives studied by Feringa and
co-workers,22–24 minor modification of the peripheral sub-
stituents and hydrophobicity of alkyl chains resulted in a
large change in gelation ability and pH sensitivity of the
hydrogel.23 In another well-known bis-urea supramolecu-
lar system based on bis(ureido)-toluene derivates studied
in great detail by Bouteiller and coworkers,25,26 variation
of the position of the methyl substituent on the aromatic
spacer gave rise to different self-association and solubility
in polar solvents.27 In our group, much research has been
aimed at self-assembly of oligo(ethylene glycol) (OEG)
bis-urea based bolaamphiphiles in aqueous solution28,29

and the development of strain-stiffening hydrogels to
mimic the unique mechanical properties of the extracellu-
lar matrix.11,30 In general, a bolaamphiphilic bis-urea
monomer combines two polar hydrophilic OEG outer
moieties to increase water solubility and a linear hydro-
phobic alkyl core that promotes aggregation into micelles.
Hydrogen bonding of the urea groups in the hydrophobic
core further directs and strengthens aggregation. These
bolaamphiphiles self-assemble into semi-flexible, rod-like
micelles, and form hydrogels when chemically or physi-
cally cross-linked.31,32 However, full exploration of the
self-assembly of OEG bis-urea bolaamphiphiles has been

limited by a lengthy synthesis, making a study of structure
- self-assembly relationship more difficult in these sys-
tems. In particular, in order to optimize strain-stiffening
properties, we aim at bolaamphiphiles that self-assemble
into strong, stiff fibers without forming bundles.33 Thus, a
facile synthetic approach for producing OEG
bolaamphiphiles will facilitate the identification of the
structural parameters that gives improved control over
the formation of supramolecular hydrogels with strain-
stiffening behavior by tuning cross-linking densities.31

Here, we report the synthesis and self-assembly prop-
erties of a set of bis-urea bolaamphiphiles with OEG
hydrophilic segments with variation in the end group of
hydrophilic OEG chain, size and dispersity of the linear
hydrophilic and hydrophobic moieties. The effect of these
structural variations on the aggregation properties in
water are characterized.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis of OEG amphiphiles

Symmetric OEG bolaamphiphiles were synthesized in
two steps, except for M8-10 OH, which required four

FIGURE 1 Synthetic route of OEG bolaamphiphiles (M: Monodisperse OEG; P: Polydisperse OEG; p or pa: Repeat units of

oligoethylene glycol; m: Repeated units of methylene units between carbamate and urea group); (B) structural illustration of OEG bis-urea

bolaamphiphile by varying hydrophilic/hydrophobic balance; (C) optical images of OEG bolaamphiphiles aqueous suspensions at

10.0 mg/ml (M8-10 OMe: 7.5 mM; M8-10 OH: 7.7 mM; P8-10 OMe: 7.5 mM; P8-6 OMe: 8.2 mM; P8-12 OMe: 7.2 mM; P12-10 OMe:
5.9 mM) and no visible precipitants were observed after standing for at least 1 month at room temperature [Color figure can be viewed at

wileyonlinelibrary.com]
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steps. As shown in Figure 1(A), synthesis was straightfor-
ward, and started with activation of the hydroxyl group
in methoxy OEG by using 1.0 eq. of carbonyldiimidazole,
followed by adding 3.0 eq. of alkyl diamine to form a car-
bamate in a one-pot reaction. After removal of the excess
diamine by flash column chromatography,
hexamethylene diisocyanate was used to obtain symmet-
ric bis-urea structures. Coupling via carbamate instead of
ester groups simplifies the large scale synthesis of OEG
bolaamphiphiles with different length of aliphatic
domains or water-soluble OEG domains.29,34 The synthe-
sis of M8-10 OH required two additional steps: protecting
one of the alcohol groups of octaethyleneglycol with
dihydropyran, and acidic deprotection in the final step to
yield OEG bolaamphiphile with free hydroxyl groups
(Scheme S1). With these simple procedures, a series of
OEG bis-urea bolaamphiphiles derivatives was success-
fully prepared on a gram scale with yields between
50 and 60%, allowing us to examine the relationship
between molecular structure and mode of self-assembly
in water. As shown in Figure 1(A), monodisperse
bolaamphiphiles with eight ethylene glycol units on each
side were synthesized with methoxy and hydroxy end
groups (M8-10 OMe and M8-10 OH, respectively, where
M stands for monodisperse), whereas the other
bolaamphiphiles contain polydisperse OEG chains (P8-6
OMe, P8-10 OMe, P8-12 OMe P8-10 OMe, P12-10
OMe, where P indicates polydisperse). In Figure 1(B),
the compounds are arranged with increasing hydropho-
bic core size from left to right, while the OEG size and
hydrophilicity increase from top to bottom.

2.2 | Characterization in aqueous
solution

The use of fluorescence probes is an effective method to
determine critical micelle concentration (CMC) of

surfactants.35 The CMC values were determined from a
plot of the band intensity ratio (I3/I1) of pyrene versus
concentration (Figure 2 and S13), and the lower inflec-
tion point was taken as CMC. Among the three 8–10
amphiphiles, the CMC values of M8-10 OH
(1.6 × 10−7 M), M8-10 OMe (5.2 × 10−7 M) and P8-10
OMe (1.5 × 10−6 M) were highly influenced by the end
groups and the dispersity of OEG chains. P8-6 OMe,
P8-12 OMe and P12-10 OMe had CMC values of
4.3 × 10−6 M, 4.6 × 10−7 M and 1.0× 10−6 M, respectively,
indicating that the CMC decreases with increasing alkyl
chain length when P8-6 OMe, P8-10 OMe and P8-12
OMe are compared. Increasing hydrophilicity of OEG
amphiphile by elongating OEG chain length from OEG8
in P8-10 OMe to OEG12 in P12-10 OMe only has a slight
influence on CMC value. At a concentration of
10.0 mg/ml, well above the CMC, all compounds formed
suspensions of various turbidity (Figure 1(C)). M8-10
OH, M8-10 OMe, P8-6 OMe and P12-10 OMe gave opti-
cally clear solutions after sonication for 1 h, whereas
P8-10 OMe and P8-12 OMe remained turbid during stor-
age at room temperature, suggesting larger aggregates in
water. On increasing the concentration, P8-10 OMe and
P8-12 OMe formed opaque gels at room temperature
above 40.0 mg/ml and 20.0 mg/ml, respectively.

Aqueous solutions of OEG amphiphiles36,37 and
poly(ethylene glycol) (PEG) based amphiphilic block poly-
mers38 usually have a lower critical solution temperature
(LCST) above which phase separation takes place and a
transparent-turbid transition is typically observed due to
dehydration of OEG or PEG chains at higher temperature.
Optical transmittance of OEG bolaamphiphile aqueous
solutions was recorded at 550 nm while heating from
20 to 80�C to determine cloud point. The transparency of
1.0 mM solutions of M8-10 OMe and P8-10 OMe dramat-
ically decreased and the solution turned into a milky dis-
persion upon heating with a relatively sharp transition at
67�C for M8-10 OMe, whereas the polydisperse

FIGURE 2 The fluorescence intensity ratio of I3/I1 from pyrene emission spectra versus the concentration of different OEG bis-urea

amphiphiles: (A) M8-10 OMe, M8-10 OH, P8-10 OMe and (B) P8-6 OMe, P8-12 OMe and P12-10 OMe [Color figure can be viewed at

wileyonlinelibrary.com]
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amphiphile P8-10 OMe gave a broad transition between
54 and 80�C. In contrast, no turbidity was observed when
M8-10 OH was heated to 80�C, indicating the absence of
a phase transition (Figure 3(A)). Similar effects of end
groups on the LCST are observed in aqueous solutions of
triblock copolymers.39 From these data it is evident that in
these bolaamphiphiles, the LSCT is very sensitive to the
peripheral substituents and dispersity of OEG chains.
P8-12 OMe also exhibited a broad transition from 40 to
80�C at a lower temperature range than P8-10 OMe. In
contrast, solutions of more hydrophilic P8-6 OMe and
P12-10 OMe remained transparent up to 80�C, the highest
temperature measured (Figure 3(B)). We can conclude
that the LCST behavior of OEG amphiphiles is strongly
related to hydrophilic/hydrophobic balance, and more
hydrophobic amphiphiles have lower LCST's, in line with
observations of thermo-induced aggregation in bis-urea
functionalized supramolecular bottlebrushes system.40

Dynamic light scattering (DLS) was subsequently
used to study aggregate behaviors in more detail.
Bolaamphiphiles with apolar segments larger than 10 car-
bon atoms may form non-equilibrium aggregates, and
the kinetics of exchange are further slowed down by
hydrogen bonding of urea motifs.41,42 All samples were
heated to 80�C for 30 min, aged at room temperature for
at least 3 days, and DLS was measured without filtration.
The correlation function curves were recorded for each
sample at a concentration of 1.0 mM, which can provide
information on both diffusive properties and hydrody-
namic dimensions of the aggregates.43,44 Single exponen-
tial correlation functions with a well-defined
characteristic decay time were obtained on three 8–10
amphiphiles, suggesting homogenous aggregates. Surpris-
ingly, the obtained correlation curves of M8-10 OH over-
lap with those of P8-10 OMe, whereas the decay time of

M8-10 OMe was slightly longer, as shown in Figure 4
(A). Interestingly, an intriguing two-step decay in the cor-
relation functions was observed for both P8-6 OMe and
P8-12 OMe, possibly due to high polydispersity of aggre-
gate size distribution, which is generic to many colloidal
gels.45,46 In contrast, P12-10 OMe, the most hydrophilic
bolaamphiphile, had the shortest delay time, implying
smaller aggregates (Figure 4(B)).

2.3 | Study of self-assembled morphology

In order to get detailed structural information of the
assemblies, cryo-TEM images were acquired for OEG
bolaamphiphiles in aqueous solution (Figure 5 and
S15-S19). At 1.0 mM, M8-10 OMe forms abundant
fibrous aggregates and possibly sheetlike objects with
larger size (Figure 5(A) and S16), in line with the longer
decay time in DLS measurement (Figure 4(A)). Fibrillar
structures were also observed in M8-10 OH, with an
average length of 33.8 ± 2.0 nm determined with image
analysis (Figure 5(B) and S17). For P8-10 OMe, at
1.0 mM, only a few short fibers are present (Figure S18),
but at 2.0 mM many rodlike aggregates with a length of
<200 nm and a diameter of 6–7 nm were observed
(Figure 5(C)). Micrographs of P8-6 OMe predominantly
displayed fiber bundles, with a smaller population of
sheets (Figure 5(D) and S19), while the most hydrophobic
of the bolaamphiphiles, P8-12 OMe similarly gave rod-
like aggregates, but at lower concentrations of 0.1 mM
and 0.5 mM (Figure 5(E) and Figure S20). Finally, and
P12-10 OMe formed spherical micelles with a diameter
of 6–8 nm (Figure 5(F)).

Small-angle X-ray scatting (SAXS) was employed to
further investigate aggregate morphology of the OEG

FIGURE 3 Turbidity curves of 1.0 mM solutions of different OEG bis-urea amphiphiles: (A) M8-10 OMe, M8-10 OH, P8-10 OMe and

(B) P8-6 OMe, P8-12 OMe and P12-10 OMe at a heating rate of 2.0�C/min [Color figure can be viewed at wileyonlinelibrary.com]
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bolaamphiphiles. The experimental SAXS profiles of
5.0 mM solutions of the bolaamphiphiles were well
described using a cylindrical (M8-10 OMe, M8-10 OH
and P8-10 OMe) or spherical (P12-10 OMe) form factor
model. The scattering profiles of M8-10 OMe, M8-10 OH
and P8-10 OMe are characteristic for long, rod-like struc-
tures with a length beyond the experimental resolution of

our lab instrument as the I / q−1 power law regime
extends to the smallest accessible q-values. The scattering
profiles of M8-10 OMe and M8-10 OH nearly overlap at
high q values, suggesting that the influence of end group
on fiber radius and length is small. A simple, cylindrical
form factor model captures the key features of the experi-
mental SAXS profiles of all three OEG amphiphiles and

FIGURE 4 DLS correlation function curves of (A) M8-10 OMe, M8-10 OH and P8-10 OMe and (B) P8-6 OMe, P8-12 OMe and P12-10
OMe. All samples were measured at a concentration of 1.0 mM after cooling from 80 �C to room temperature before measurement. DLS,

dynamic light scattering [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Representative cryo-TEM images of OEG bis-urea bolaamphiphiles (A) M8-10 OMe; (B) M8-10 OH; (C) P8-10 OMe;
(D) P8-6 OMe, (E) P8-12 OMe and (F) P12-10 OMe with a fast cooling process (the concentration of samples was at 1.0 mM, except for

P8-10 OMe at 2.0 mM and P8-12 OMe at 0.5 mM, and sheet structures are marked by arrows). The scale bar is 100 nm
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gives a cross-sectional radius smaller than 4.0 nm
(Figure 6(A)–(C)). Although the quality of the fit is only
weakly dependent on the length (Table S1-S2), fitting the
scattering results provides a well-defined radius of 3.1
and 3.2 nm for M8-10 OMe and M8-10 OH, respectively.
At high q values, the scattering intensity of P8-10 OMe
was higher than other two 8–10 amphiphiles, implying
that P8-10 OMe fibers have a higher mass per cross-sec-
tion, possibly due to bundling at the high concentration
of the measurement (5.0 mM). As a consequence, a

slightly larger radius (3.5 nm) was fitted for P8-10 OMe
(Table S3). The SAXS profile of P12-10 OMe with the
longest hydrophilic OEG chains differs markedly from
the other compounds. It displays a clearly visible plateau
of q-invariant forward scattering intensity at low q values
followed by a steep decay at intermediate to high q-values
(Figure 6(D)). Fitting a homogenous, spherical form fac-
tor model to the experimental data yielded a micellar
diameter of 7.8 nm, in accordance with the micellar
diameter determined by cryo-TEM but considerably

FIGURE 6 SAXS profiles (symbols) and cylindrical form factor fits (lines) for M8-10 OMe (A), M8-10 OH (B) and P8-10 OMe (C); and

spherical form factor fit (lines) for P12-10 OMe (D). The concentration of OEG amphiphiles was 5.0 mM [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Solution behavior, assembled morphologies and size parameters of self-assembly structures obtained by different techniques

Compounds M8-10 OMe M8-10 OH P8-10 OMe P8-6 OMe P8-12 OMe P12-10 OMe

CMC (×106 M) 0.52 0.16 1.5 4.3 0.46 1.0

Cloud point (�C) 67 no 56–80 no 40–80 no

Morphologya Fibers Fibers Fibers Bundles + sheets Fibers Micelles

Fiber length (nm)c — 34 — — — -

Radiusb (nm) 3.1 3.2 3.5 — — 3.9

aObserved by cryo-TEM images.
bDetermined by SAXS fitting with different form factor models.
cExtracted from cryo-TEM image by ImageJ software.
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smaller than the hydrodynamic size of ca.16 nm obtained
from DLS (Figure S14). The values differ because the
SAXS radius reflects the size of the micellar core rather
than the overall micellar size as probed by DLS. The mea-
sured and fitted parameters are summarized in Table 1
and Table S1-S4, and we can conclude that M8-10 OMe,
M8-10 OH and P8-10 OMe self-assemble in water into
rodlike micelles with a radius of 3–4 nm, but they have
markedly different CMC values and LCST transition
temperatures.

2.4 | Dynamics of M8-10 OH

The dynamics of supramolecular polymers are central to
understanding their behavior, and distinctive material
properties, such as self-healing arise from it.47,48 The
dynamics of M8-10 OH fibers were studied with
hydrogen-deuterium exchange mass spectrometry (HDX-
MS), a powerful label-free method to unravel the
dynamic processes of biological and synthetic supramo-
lecular polymers.49,50 Monodisperse M8-10 OH was
selected for this study because it has two hydroxyl hydro-
gens, two carbamate hydrogens and four urea hydrogens
that can undergo H/D exchange. Carbamate and
hydroxyl hydrogen atoms exhibit rapid exchange if they
are accessible to the solvent but reduced exchange rates if
they are hydrogen bonded and/or buried in hydrophobic
regions. The molecular weight increases of 1 Da per
exchange event can easily be followed with MS. In the
HDX experiment, a 500 μM solution of M8-10 OH was
diluted 100 times in D2O (to a final concentration of
approximately 30 times the CMC). Typical MS spectra at
different exchange stages of H/D exchange are shown in
Figure 7. In Figure 7(A) the reference mass spectrum of
(d0-M8-10 OH) without deuterium exchange is shown.
After exchanging for 3 min and 24 h, two major distribu-
tions corresponding to d2-M8-10 OH and d8-M8-10 OH
can be easily identified in Figure 7(B),(C), respectively.
d2-M8-10 OH is most probably formed by exchanging the
two solvent-exposed OH groups at the periphery into
OD. In d8-M8-10 OH, on the other hand, also the six
exchangeable hydrogen atoms bound to nitrogen have
been replaced by deuterium, which becomes very clear
from the spectrum taken after dilution with (ACN-D2O,
1:1 v/v), when all assemblies are dissociated into mono-
mers (Figure 7(D)).51

The H/D exchange kinetic profiles of M8-10 OH are
displayed in Figure 7(E). At the beginning of the H/D
exchange the (d8-M8-10 OH)% increases quickly, reaches
around 50% in 1 h. Nonetheless, the rate of increase
levels off after a few hours and the fraction of (d8-M8-10
OH) only reaches about 70% after 24 h. Formation of the

fully exchanged molecule clearly does not follow simple
mono-exponential kinetics (Figure S21), which excludes
a mechanism in which all aggregated monomers have
the same solvent accessibility and exchange with free
molecules in the solution at the same rate. For HDX of
synthetic supramolecular polymers in water, monomer
release/incorporation is an important mechanism.51

When a monomer is released from the fiber, all
exchangeable hydrogen atoms will be exposed to the

FIGURE 7 Time-dependentH/D exchange experiment of

compoundM8-10OH. Mass spectra during exchange reaction after

100-fold dilution of 0.5 mM M8-10OHH2O solution inD2O or ACN.

The spectra at four different stages are (A) presented as a reference by

only diluting inH2O; (B) recorded after addingD2O for 3min;

(C) recorded after addingD2O for 24 h; (D) presented as a control

experiment where the solutionwere diluted 100 times in a solvent

mixture containing acetonitrile (ACN-D2O, 1:1 [v/v]) to break down the

supramolecular assemblies; (E) percentage of deuterated d2- and d8-

M8-10OH as a function of equilibration time. Inset shows exchange in

the first hour. Error bars represent standard deviation of three separate

experiments [Color figure can be viewed at wileyonlinelibrary.com]

1168 LIU ET AL.

http://wileyonlinelibrary.com


solvent, and they will be quickly replaced by deuterium.
Based on this mechanism, d8-M8-10 OH should be the
sole exchange product in pure D2O. By inspecting the
HDX mass spectra (Figure S22), however, it is clear
that a significant amount of d3- and d4-M8-10 OH are
also formed, although (d2-M8-10 OH) is about two
times more abundant than the total of (d3 + d4-M8-10
OH) throughout the exchange process. Both (d3-M8-10
OH) and (d4-M8-10 OH) were found to increase
slightly at the beginning of the exchange experiment,
and decrease slowly after 10 h. Apparently, part of the
carbamate groups undergo H/D exchange without
release of the molecule into the solvent. We propose
that within fibers, some carbamate groups are more
exposed to water than others.32 In contrast, only small
amounts of d5-, d6- and d7-M8-10 OH were observed at
the beginning of H/D exchange and became negligible
after half an hour. The results suggest that the urea
hydrogens in the hydrophobic core are well protected
from water penetration and are mainly exchanged via
monomer exchange. Under the assumption that urea
NH exchange only takes place in the free monomer,
the complex kinetics of formation of d8-M8-10 OH
indicates heterogeneity in the release rate of monomer
from the fibers.

3 | CONCLUSION

Water-soluble OEG bis-urea bolaamphiphiles were syn-
thesized in good yields with a simple procedure. Aggrega-
tion studies in water with a range of analytical
techniques provide a coherent picture of their self-
assembly in fibers, spheres and bundles. Small modifica-
tions of end group and dispersity of OEG chain in M8-10
OH, M8-10 OMe, and P8-10 OMe with the same hydro-
philic/hydrophobic balance results in significant changes
in solubility, CMC and LCST behavior, while all three
amphiphiles self-assemble in water into rodlike micelles
with a length ≥ 30 nm, and a radius of 3–4 nm. When
the hydrophilic/hydrophobic balance in the amphiphiles
is varied by changing hydrophobic alkyl chain length
with constant OEG length, the aggregate morphology
changes from a mixed morphology of bundles in P8-6
OMe to fibers in P8-10 OMe and P8-12 OMe. Increasing
hydrophilic/hydrophobic ratio in P12-10 OMe results in
a morphological transition to spherical aggregates.
Hydrogen bonding in the bis-urea motif and hydrophobic
interaction results in slow H/D exchange with complex
kinetics, indicating heterogeneity in the escape rate of
individual molecules from the rodlike micelles. Thus, this
research gives new insights into the relationship between
self-assembled morphologies and chemical composition,

and affords guidelines for designing new molecules with
novel functionalities, such as bioactivity and strain-
stiffening behavior.
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