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Morphological transitions of self-assemblies of organic amphiphiles responsive to environmental

stimuli have drawn much attention. However, little has been investigated regarding the effects of

structural factors of calixarenes on their self-assembly behavior. In this paper, we studied the self-
assembly of several amphiphilic calix[6]biscrowns with emphasis on morphological transitions of the
assemblies with changes in medium polarity and the key structural factors of the calix[6]biscrowns
affecting the transition. It was found that when the medium polarity increased, the calix[6]biscrowns

with amide linkages between the backbone and the alkyl tails performed vesicle-nanotube transitions,

while the calix[6]biscrowns without such linkages showed a decrease in size of the vesicles only. Further
studies, including X-ray crystallography, FT-IR and Langmuir-Blodgett film, indicated that the
hydrogen bonding between the amide linkages is responsible for this vesicle-to-nanotube transition.
The effect of the nature of the end groups of the tails has also been studied.

1. Introduction

Self-assembly is a prevailing phenomenon in nature and is
highlighted as a powerful practical strategy for fabricating
nanostructures via proper designs of the building blocks.
Various assembled structures have been achieved, such as
micelles, vesicles,? nanotubes® and ribbons,* based on many
different building blocks, including synthetic amphiphiles, block
copolymers,® dendrimers’ and biomacromolecules.® Recently,
great efforts have been devoted to manipulate transitions
between different morphologies® responsive to environmental
changes, as it will endow the assemblies with possible tailored
applications.

As a unique kind of building block for self-assembly, calixar-
enes have attracted specific attention during the past two
decades,”™ not only because of their well-known molecular
cavities as hosts in supramolecular chemistry,'? but also due to
their relatively flexible and tunable molecular conformations,
which provide versatile platforms to construct the desired well-
defined nanomaterials.'**® For instance, Lee’s group'” reported
that increasing the hydrophilic chain length of amphiphilic calix
[4]arenes significantly decreased the diameter of the aggregates in
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aqueous solution, from large vesicles to small spherical micelles,
as a result of the increase in molecular curvature. Moreover, with
a highly branched hydrophilic part introduced to the upper rim
and the relatively smaller hydrophobic part modified on the
lower rim, amphiphilic calixarenes self-assembled into precise
and stable micelles.'® However, because of the rather flexible
molecular backbone of the calixarenes, assemblies with regular
shape or narrow size distributions were obtained'® only for those
with bulky head groups, which greatly restricted the conforma-
tion change of the molecules. Very recently, unlike the popular
spherical structures obtained by calixarene, a nanotubular
structure fabricated from amphiphilic calix[4]resorcinarene was
also reported, in which the co-contribution of intermolecular
hydrogen bonds from amide groups on the upper rim and the
interaction between alkyl chains on the lower rim was
proposed.?® Nevertheless, limited tubular structures from calix-
arenes have been reported so far, and the key structural factors of
the building blocks leading to nanotubes, especially sphere-to-
tube transitions, have not yet been addressed.

In the family of calixarenes, calix[rn]crowns, combining the
calixarene framework and one or two crown ether loops, have
great advantages in self-assembly. The ether loops restrict the
original flexible framework, which gives the molecule more
regular and controllable self-assembled structures without
chemical modification of the bulky head groups. However,
investigation on the self-assembly behavior of calix[n]crowns,
still lacks sufficient attention. Recently, our group demonstrated
the morphological transition from vesicles to nanotubes in the
self-assembly of calixcrowns.?! We found that calix[6]crown
molecules bearing two ether loops and two alkyl chain tails
(CamA3, Scheme 1) gave uniform vesicles in a mixture of water
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Scheme 1 Chemical structures of amphiphilic calix[6]crowns, e.g.
CamA3, CamA6, Cam2, CAS, Cca5. (“C”: calixarenes; “am”: amide; “A”:

terminal amine; “ca”: carboxyl group; “a”: number of carbons in the R
chain.).

and ethanol (v:v = 1:3). Then, the vesicles were fused into
nanotubes by the polarity change of the medium. During this
transition, the fusion of vesicles into nanotubes was observed
when the water content of the medium was increased. We already
proved the importance of the two ether loops for this transition,
since its counterpart, which has the same framework but without
the loops, turned from vesicles to irregular aggregates with
increasing polarity of the medium. However, little was explored
regarding the contributions of some structural factors, such as
the nature of the terminal groups, the number of carbons in the
hydrophobic tails, and the amide linkage between the tails and
the backbone, to the self-assembly. On the other hand, the self-
assembly into a tubular structure inspired more and more
research interest>*2* as numerous biologically-generated micro-
tubules with intrinsic functions have been discovered. Thus this
article focuses on the key structural factors affecting this
morphology transition.

The self-assembly of amphiphilic calix[6]biscrowns shown in
Scheme 1 was studied with emphasis on the morphological
transition of the assemblies with changing polarity of the
medium, and their self-assembly behavior while tuning the
medium polarity was investigated. Besides the amino-terminal
calix[6]biscrown we reported previously, which has two three-
carbon alkyl chains (CamA3, Scheme 1), CamA6, which has two
longer alkyl tails, and CAS, which has almost the same tail as
CamA6 but without the amide linkage, were also synthesized.
Subsequently, in order to investigate the influence of the end
groups, a carboxylic group was introduced to replace the amine
end to make CcaS. These amphiphilic calix[6]biscrowns were
obtained by multi-step synthesis as described in the Experimental
section. The obtained molecules were characterized by '"H NMR
spectroscopy and MALDI-TOF mass spectroscopy (Scheme S1,
S2, S3 and S4, ESIt). The self-assembly behavior of the calix[6]
biscrowns in water/ethanol were investigated by a combination
of dynamic light scattering (DLS), transmission -electron
microscopy (TEM), scanning electron microscopy (SEM),
atomic force microscopy (AFM) and Fourier transform infrared
spectrometry (FT-IR). Additionally, the self-assembly behavior
at the air—water interface was also investigated.

2. Results and discussion

The self-assembly behavior of CamA6 was first investigated,
which has six-carbon alkyl chains instead of the three-carbon
chains as in the previously studied CamA3.*"* When deionized
water was injected into the ethanol solution of CamA6

(1 mg mL™") as a poor solvent, blue opalescence in the solution
was quickly observed, indicating the formation of self-assem-
blies. Spheres were visualized directly by TEM and SEM (Fig. 1a
and 1b) with the diameter ranging from 120 nm to 180 nm as the
volume ratio of water/ethanol reached 1 : 1, which was consistent
with the data from AFM (Fig. 1c) and DLS (Fig. S1, ESI). Itis
noteworthy that, when the ratio of water/ethanol reached 3 : 1,
spherical structures could not be observed any more, and only
tubular aggregates were obtained. The diameter of the nanotubes
was found to be around 55 nm and the length reached a micro-
metre scale (Fig. 1d and 1le). This transition was very similar to
the self-assembly behavior of CamA3, although higher solvent
polarity was required for the transition and broader size distri-
bution was observed. This phenomenon could be attributed to
the introduction of the longer alkyl chain, which provides more
flexibility to the molecule and may induce looser aggregates.
Moreover, since both CamA3 and CamA6 have amide linkages
as well as amine ends, we were curious about which would be
crucial to obtain the tubular structure when the polarity of the
medium was increased. Thus, CA5, which has a similar structure
to CamA6 but without the amide linkage (Scheme 1), was
designed for this purpose. Through the same approach, vesicles
with an average diameter of 140 nm and membrane thickness of
15 nm were observed from the solution of CAS (water/ethanol =
1:1, Fig. 2a and 2c, SEM results in Fig. S2, ESIt). As the
polarity of the medium was increased, i.e. water/ethanol 3 : 1, in
contrast to CamA®6, vesicles of CAS5 only tended to dissociate
with a little fusion (Fig. 2b). As shown in Fig. S3, ESL,} the
diameter of the obtained structure was smaller than that from the
solution with lower polarity (water/ethanol = 1 : 1). The same
trend was also monitored by DLS in solution (Fig. 2d). Since
particles with a very large size were not detected in the solution of
water/ethanol 3 : 1, the observed fusion in TEM probably took
place during the process of solvent evaporation in the sample
preparation. From analysis of the AFM results, the diameter of
the aggregates found in the high polarity medium was about
92 nm and thickness was 9 nm. Upon further increase of the
water/ethanol ratio (as high as 10:1), no regular tubular
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Fig. 1 TEM (a), SEM (b) and AFM (c) images of CamA6 in water/
ethanol (v = 1:1); AFM (d) and TEM (e) images of the tubular
aggregates of CamAG6 in water/ethanol (v:iv = 3 : 1).
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Fig. 2 Images of the aggregates formed by CAS in water/ethanol 1 : 1
(TEM (a), AFM (c)) and 3 : 1 (TEM (b)). (d) DLS data of CA5 in water/
ethanol 1 : 1 (line a) and 3 : 1 (line b). (¢) TEM image of CAS in water/
ethanol 10 : 1.

structure was observed, although more fusion of the irregular
aggregates appeared, marked by arrows in Fig. 2e.

Comparing the self-assembly behavior of CamA3 and CamA6
with CAS, the amide linkage seemed an important factor for the
transition from vesicles to nanotubes. It is well known that the
amide group would form hydrogen bonds, which can be probed
by FT-IR.?® For the assembled nanotubes of CamA6, compared
to the native sample of CamA6 (in pure ethanol), the wave-
number of N-H and carbonyl stretches shifted from 3395.3 and
1679.4 cm™' to 3352.1 and 1652.4 cm™! respectively (Fig. S4,
ESIt). The results indicated that hydrogen bonds between the
amide groups in the nanotubes are obviously stronger than those
in the native state.

Further evidence of this hydrogen bonding came from X-ray
single crystal diffractometry. As it was hard to obtain the crys-
tallography data of CamA®6, instead, we studied compound
Cam?2 (Scheme 1). It has the same backbone and the same amide

linkage as in CamA#6, but with shorter alkyl tails and without the
terminal amine, Cam2 was easier to crystallize. We expected that
the result from Cam2 would help to decipher CamA6, because
Cam?2 itself can also self-assemble into tubular structures in the
same medium of water/ethanol (v:v = 3 : 1) as shown in Fig. S5,
ESI.f The X-ray diffractometry of Cam2 showed that the
distance from N1 to O4 was 2.89 A (the distance from H1 to O4
is 2.06A, Fig. 3 and Fig. S6, ESIt), which indicated the existence
of an intermolecular hydrogen bond between the two adjacent
amide linkages. For each Cam2, the -N-H bond on the right
amide linkage serves as the proton donor (N-H---O=C) to the
carboxyl from its right neighbor calixarene, while the carbonyl
group on the left amide acts as the acceptor (C=0---H-N) to the
N-H from the neighbor on the other side.

In this study, besides the crown ether loop bridge and the
amide linkages, another important factor, the end group of the
alkyl tails of the amphiphilic calixcrowns, is discussed. As
described in the previous literature, changes in the volume ratio
of hydrophilic to hydrophobic parts influenced the molecular
curvature, and thus the self-assembled morphology.'” In our
work, instead of an amino group, a carboxylic acid, which has
a larger hydrophilic surface than the former, was introduced
(Cca5). As shown in Fig. 4a and 4c, the TEM and SEM images of
Cca5 indicated the formation of spherical structures in solutions
of low water content. With the aid of AFM, the diameter of the
spheres was determined to be 80 nm (Fig. 4b), which was
consistent with the DLS result (Fig. S7, ESIT). The low value of
the height of the spherical aggregates (~10 nm) indicated the
vesicular structure. It is noteworthy that, although having the
same rigid molecular framework, the vesicular diameter of Cca$
aggregates is smaller than that of CAS. This result showed that
the greater hydrophilic volume of the end group gave a higher
molecular curvature, resulting in vesicles with smaller sizes.
When the water content of the medium was increased, tubular
structures cannot be observed (Fig. S8, ESIt), which supports the
interpretation of the amide linkage playing an important role in
the formation of the nanotubes.

We studied the monolayer behavior of these amphiphilic cal-
ixarenes at the air/water interface, which was expected to provide
further insight into the difference in their self-assembly in solu-
tion.?® Fig. 5 showed the compression isotherms of CamA6, CA5
and Cca5. CamA6 with amide groups gave out a very different

Fig. 3 The X-ray structure of Cam2; the distance of the N1---O4 is 2.89 A.
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Fig. 4 The TEM (a), AFM (b) and SEM (c) images of Cca5 in water/
ethanol (v:iv =1:2).
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Fig. 5 Surface pressure (7t)-area (cm?) isotherms of CamA6, CA5 and
Cca5, the dotted lines indicate the limiting area per molecule (4,).

isotherm from the other two. At the very beginning of the
compression (the area of 300-340 cm?), CamA6 shows a very
sharp surface pressure increase. We presumed that, because of
the strong interaction between the amide linkage and water, the
amide residues were fully extended on the water/air interface, so
CamAG6 had a large extended surface per molecule (352.1 /D\z). At
the surface pressure of about 8 mN m~!, an isothermic platform
started. During this compression process, CamA6 was forced to
adjust its orientation from parallel to perpendicular to the air/
water interface until the second significant increase of the surface
pressure. CamAG6 gave a limiting area (A4,) of 208.2 A%molecule,
moderately larger than that of CA5 and Cca5 (183.5 A%molecule
and 182.9 A%molecule, respectively). The three numbers are
close to the previous reported A, for calix[6]arene*” and calix[8]
arene,?® where the perpendicular orientation of the molecule was
as proposed in the literature. In addition, CamA6 presented
a higher collapse pressure (34.5 mN m™') than that of CA5 and
Cca5 (24.97 and 21.52 mN m™"). All of these results gave a clear
indication of the distinctive self-assembly behavior of CamA6 on

a water/air surface under pressure compared to CA5 and Cca$5, as
a result of the intermolecular interactions of CamA6 being
stronger than those of the other two molecules.

As we just mentioned, calix[r]crowns are a kind of unique
building block compared with other types of calixarenes, since
the ether loops reduce the flexibility of the framework. However,
as the ether loop itself is flexible, its ability to restrain the
molecular conformational exchange is limited, so conformation
adjustment is still possible. Based on the results mentioned
above, we supposed that the strong hydrogen bonding between
the amide groups on CamA6 may provide additional steric
hindrance to the conformation change when the medium polarity
changed.

Scheme 2 shows our suggestions for the self-assembly
mechanism. For the case of the amphiphilic calixcrowns
without the amide linkage (CA5 and Cca5), as the polarity of
the medium increases, their relatively flexible frameworks allow
them to adjust the zert-butyl groups and the alkyl chains into
a more tightly packed model to decrease the hydrophobic
portion, resulting in a higher molecular curvature. The observed
change in size of the vesicles of CAS and CcaS was very large
when the medium changed from water/ethanol 1/1 to 3/1, which
may involve the dissociation of the large vesicles and re-
assembly into small vesicles. Without the strong intermolecular
hydrogen bonding the conformational adjustment of CAS and
Cca5 is relatively easy and thus makes such reorganization
possible. On the other hand, for the case of amphiphilic cal-
ixcrowns with amide linkages (CamA3, CamA6 and Cam2), in
the initial vesicles in water/ethanol 1/1, the molecules are linked
by strong intermolecular hydrogen bonding. Thus, when the
medium polarity increases, the conformational adjustment of
the individual molecules is, to some extent, restricted and thus
the dissociation and re-assembly would be very difficult.
Therefore, in response to the increase in medium polarity, the
initial vesicles tend to link to each other and extend on the axis
direction accompanying a compression on the plane perpen-
dicular to the axis, and then gradually fuse into nanotubes.
Obviously, in this process, much less conformational adjust-
ment is required than for the large vesicles transforming into
small ones.
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Scheme 2 Schematic representation for morphology transitions in self-
assembly of CamA6 and CA5 with changes in medium polarity.
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3. Experimental section
General procedures

All materials and reagents were used directly from commercial
suppliers unless mentioned. CamA6, CAS and Cca5 were
synthesized from a calix[6]biscrown precursor? separately as
shown in Scheme S1-S3, ESIL.f¥ In order to obtain the self-
assembled aggregates, distilled water was injected into the
ethanol solutions of the calix[6]biscrowns to give different
volume ratios of water/ethanol. Transmission Electron Micros-
copy (TEM) was performed on a Philips CM 120 electron
microscope. A small droplet of the solution was deposited onto
a carbon-coated copper grid, and then dried at room tempera-
ture. Scanning Electron Microscopy (SEM) experiments were
performed on a Tescan 5136MM scanning electron microscope.
Atomic Force Microscopy (AFM) images were acquired in
tapping mode using a Nanoscope IV from Digital Instruments
equipped with a silicon cantilever with a 125 Pmand E-type
vertical engage piezoelectric scanner. For SEM and AFM
observations, the samples were prepared on freshly cleaved mica
and dried at room temperature. Dynamic Light Scattering (DLS)
results were obtained on an Autosizer 4700 after filtration
through a PTFE membrane. Fourier Transform Infrared (FT-
IR) spectra were obtained on a Magna-550 FT-IR instrument
(quick evaporation of sample solution on CaF, tablet). 'H-NMR
was carried out on a Bruker (500 MHz) NMR instrument, using
tetramethylsilane (TMS) as reference and CDCl; as solvent.
Matrix-Assisted Laser Desorption Ionization Time-of-Flight
Mass Spectroscopy (MALDI-TOF MS) analysis was performed
on a Voyager-DE STR with the accelerating potential of 20 kV.
The surface pressure—area (—A) isotherm was measured in the
High Performance Alternate Layer Combination System (KSV
2000) with the water subfaces (pH 6.80 and 25 °C). After evap-
oration of the organic solvent (chloroform), the monolayer was
compressed using two symmetric barriers with a compression
velocity of 15.0 mm min~'. The measurements were repeated
several times and the isotherms were reproducible. X-ray single
crystal data are shown in detail in Table S1, ESI.}

4. Conclusion

We synthesized and characterized amphiphilic calix[6]biscrown
derivatives with different structural characteristics. In the study
of their self-assembly in solution, we found that CamA6, with an
amide linkage between the backbone and alkyl tails, gave a clear
transition from vesicles to nanotubes when the content of water
in solution was increased. For CA5 and Cca5, without such an
amide linkage, only size decreases of the vesicular structures
upon the same change in medium were displayed. Furthermore,
the FT-IR analysis of CamA6 and the crystallographic data of its
analog Cam2, as well as the difference in the air/water interface
behavior of CamA6 compared with CAS and Cca5, pronounced
the key effect of the amide residue in forming intermolecular
hydrogen bonds in the self-assembly.

These results provide a clear view of the relationship between
specific molecular structures and aggregation morphologies of
the calix[6]biscrowns: Firstly, not only the bridging crown ether
loops, but also the amide linkage between the backbone and the
tails, contributed to the structural transition from vesicles to

nanotubes; Secondly, the replacement of the terminal groups of
the tails can efficiently adjust the size of spherical aggregates.
Such results will be promising to manipulate novel and exciting
functional materials with controllable size and morphology
based on calixcrowns.
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