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Abstract

An effective route was demonstrated to fabricate vesicles, cylindrical micelles, fibers and hierarchical structures by using dendritic—linear
amphiphilic diblock complex as building block through hydrogen bonding. We tailored the formation and evolution of these aggregation mor-
phologies as well as the transformation among them, and found that the concentration and solvent polarity could affect the aggregation states of
the complex in solution and the self-assembling process on solid substrate. Additionally, the flexible-rigid structure of the complex and the tem-
plate effect of DMSO droplets resulting from solvent evaporation also play important roles in constructing higher level organized structures such
as hierarchical wreath-like and hollow entanglement self-assemblies at solid—gas interface. The cast film of the complex which possesses a
fibrous structure shows superhydrophobicity and when the solution was allowed to stand for some days, a transparent organic gel spontaneously
formed from the mixed solution. Based on the experiment results, the hierarchical architectures are proposed to derive from primary fibrils. The
structure of the cylindrical micelle is believed to possess an alkyl chain block shell and a poly(ethylene oxide) block core, which is consistent

with the water contact angle measurement and the simulation to the volume ratio of the two blocks of the complex.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Supramolecular self-assembling has attracted considerable
attention over recent years because it provides a method for
spontaneous generation of well-defined architectures through
non-covalent interactions such as electrostatic, hydrogen bond-
ing, —m, dipole—dipole and van der Waals interaction [1—3].
Various precisely designed building blocks such as low-weight
molecules, macromolecules and complexes have been applied
for the purpose, and many interesting self-assembled structures
such as globular, lamellar and cylindrical micelles, fibers,
nanorods and nanotubes as well as hollow vesicles have been
created [4—9]. Thus the construction of ordered aggregation
structures and the controllable transformation between
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aggregated morphologies display their significance in orga-
nized solution systems [10]. Very recently, hierarchical self-
assembling becomes a challenging topic in chemistry and
materials, especially in the aspects of dealing with understand-
ing the nature of bio-structure and constructing more compli-
cated multifunctional nanomaterials and devices [11—13].
Diverse effective methods have been developed to obtain hier-
archical structures. Among these methods, casting technique
shows special attraction due to its simple process of prepara-
tion. For example, uniform vesicle in microscale could be
transferred onto the substrate to obtain a honeycomb structure
by this method [14]. We also obtained stripe aggregated
structures by using an amphiphilic block molecule with oligo-
(phenylene vinylene) as rod and poly(ethylene oxide) as coil on
solid substrate through controlled solvent evaporation [15,16].
Among those driving forces for fabricating hierarchical self-
assemblies, hydrogen bonding is proved to be convenient and
effective in the preparation of organized systems and functional
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supramolecular structures, especially for the complex building
blocks [17—20]. In most cases, multiple hydrogen bonds are
needed to strengthen the connection force between different
components [21,22]. However, self-assembling structures con-
structed through single hydrogen bond in solution [23—25],
liquid crystal [18] and sol—gel system [26] have also been
reported.

Considering the environment sensitivity of component
structure and the tunable property of hydrogen bonded build-
ing blocks, we try to apply the components with large diversity
in molecular length, volume ratio, rigidity and flexibility as
well as hydrophobic and hydrophilic properties to build hydro-
gen bonding complex. By selecting suitable hydrogen bond
donor—acceptor pair, a rigid dendritic block (L.1) and a flexible
poly(ethylene oxide) with stilbazole terminal group part
(PyEO;,) are employed to prepare complex 1. We expect to
obtain hierarchical self-assemblies based on the hydrogen
bonded diblock complex and control the morphologies of its
aggregates in solution through careful tuning of solvent polar-
ity and concentration. Complicated hierarchical structures of
this diblock complex are constructed through transferring the
aggregates onto solid substrate by simply casting. Especially,
these hierarchical structures are proved to be at a much higher
organized level through order arrangement of complicated
aggregates on solid substrate rather than at gas—liquid and/or
liquid—solid interfaces [27,28].

hydrochloride acid dropwise. The precipitate was collected
by filtration, drying to give (1) (11.2 g, 57 mmol) in 57%
yield as a pale yellow solid. 'H NMR (500 MHz, CDCl;,
TMS): 6.79—6.81 ppm (d, J=8Hz, 1H), 7.02ppm (d,
J=16Hz, 1H), 7.45 ppm (d, /=16 Hz, 1H), 7.49 ppm (t,
J=4Hz, 4H), 8.50 ppm (d, J/ =5 Hz, 2H), 9.74 ppm (s, 1H).

2.1.2. p-Toluenesulfonyl poly(ethylene oxide) monomethyl
ether (2)

To the mixture of poly(ethylene oxide) monomethyl ether
(EO, 550, M/M,=1.03) (11 g, 20 mmol), the commercial
product from Fluka, and 24% sodium hydroxide aqueous solu-
tion (5.5 mL) in an ice bath was added dropwise THF (15 mL)
solution of p-toluenesulfonyl chloride (4.2 g, 22 mmol) with
continuous stirring at 0 °C. The resulting mixture was further
stirred at 0 °C for 6 h and then poured into ice water. The
aqueous solution was extracted with three portions of chloro-
form (20 mL). The combined organic extracts were dried over
anhydrous MgSO,, filtered and concentrated under reduced
pressure. The residue was purified by column chromatography
on silica gel with chloroform as an eluent followed by 10:1 of
chloroform/methanol to give 3.0 g (1.85 mmol) of product (2)
in 93% yield as a colorless oil. 'H NMR (500 MHz, CDCl;,
TMS): 3.37 ppm (s, 3H), 3.58—3.73 ppm (m, 46H), 4.16 ppm
(t, J=5Hz, 2H), 7.35 ppm (d, J =8 Hz, 2H), 7.80 ppm (d,
J =8 Hz, 2H).
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Synthetic Path

2. Experimental section
2.1. Synthesis

2.1.1. trans-4-[2-(4'-Phenol)vinyl]pyridine (1)

A mixture of 4-hydroxyl benzaldehyde (12.2 g, 100 mmol)
and 4-methyl pyridine (10.2 g, 110 mmol) was dissolved in
anhydride acetate and stirred at 125 °C for 8 h. After cooling
to room temperature the precipitate was collected by suction
under reduced pressure and recrystallized from ethanol to give
the product ester of acetate. To 150 mL of mixed solution of
ethanol and water (volume ratio 1:1) were added the ester solid
(10.0 g, 28 mmol) and potassium hydroxide (4.0 g, 71 mmol),
and then the solution was refluxed for 6 h. The resulting reac-
tion mixture was neutralized by the addition of diluted

2.1.3. trans-4-{2-[4-Oligo(oxyethylene)oxyphenyl]vinyl}-
pyridine (PyEO;,)

A mixture of (1) (2.0 g, 10 mmol), (2) (3.0 g, 5 mmol), and
K;CO; (2.0g, 15mmol) in DMF (50 mL) was stirred at
100 °C for 24 h under N, atmosphere. DMF was then removed
under reduced pressure and the residue was redissolved in
chloroform. The organic phase was washed with water and
brine, dried over anhydrous MgSQO,, and filtered. The excess
solvent was evaporated off and the crude product was purified
by column chromatography on silica gel with 15:1 of ethyl
ether/methanol as an eluent followed by 10:1 of chloroform/
methanol to give PyEO;; (2.75 g, 4.2 mmol) in 85% yield as
a pale yellow oil at room temperature. '"H NMR (500 MHz,
CDCl;3, TMS): 3.37 ppm (s, 3H), 3.58—3.73 ppm (m, 46H),
4.16 ppm (t, J=5Hz, 2H), 6.88 ppm (d, /=16 Hz, 1H),



Q. Liu et al. | Polymer 48 (2007) 3759—3770 3761

6.92 ppm (d, J=8 Hz, 2H), 7.26 ppm (d, J =16 Hz, 1H),
735ppm (d, J=4Hz, 2H), 7.47 ppm (d, J=8 Hz, 2H),
8.54 ppm (d, /=5 Hz, 2H). MALDI-TOF MS: m/z: 651.2
[M*], 695.7 [M*], 739.1 [M*], 783.1 [M*], 831.8 [M'],
871.2 [M*]. My/M, = 1.01.

2.14. trans-4-[2-(4-Dodecylphenol)vinyl]pyridine (PyC;,)
trans-4-[2-(4-Dodecylphenol)vinyl]pyridine was previously
synthesized according to the literature [29].

2.1.5. 3,4,5-Tris{3,4,5-tris[n-(cetane-1-yloxy)benzyloxy]-
benzyloxy}benzoic acid (L1)

L1 was synthesized according to a reported method with-
out modification [30]. 'H NMR (500 MHz, CDCl;, TMS):
0.87 ppm (t, 27H), 1.25 ppm (m, 264H), 1.42 ppm (m, 18H),
1.71 ppm (m, 18H), 3.88 ppm (m, 18H), 5.04 ppm (d,
J=5Hz, 6H), 6.59 ppm (s, 2H), 6.63 ppm (s, 4H), 7.43 ppm
(s, 2H).

2.2. Sample preparation

The complex (1) solution was prepared by mixing PyEO,,
(average molecular weight) and L1 with 1:1 molar ratio in the
mixed solvent of toluene and DMSO and underwent a 20-min
sonication at room temperature. After standing overnight, the
solution was cast dropwise onto a silicon wafer until the sol-
vent was naturally evaporated to dryness in air. Samples for
SEM were coated with a very thin film of gold before
measurement.

The samples for TEM were prepared by immersing a car-
bon-coated copper grid in the solution, and the excess solvent
was sucked with filter paper to dryness. The samples for AFM
were prepared by casting mixed solution on the silicon wafer
and quickly removing the excess solution with filter paper.
The samples for FT-IR spectra were prepared by casting the
concentrated solution onto KBr tablets.

2.3. Measurements

FT-IR spectra were performed on a Bruker IFS66V FT-IR
spectrometer equipped with a DGTS detector (256 scans). The
spectra were recorded with a resolution 4 cm™'. '"H NMR
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spectra (TMS) were carried out on a Bruker UltraShield™
500 MHz spectrometer. The small-angle X-ray diffraction
(SAXRD) of thick casting film on silicon wafer was character-
ized on a Rigaku X-ray diffractometer (D/max rA, using Cu
Ko radiation with the wavelength of 1.542 A). MALDI-TOF
spectra were recorded on a Kratos-Shimadzu AXIMA-CFR
mass spectrometer. The optical photographs were obtained on
a FUJIFILM A202 camera. Scanning electron microscopy
(SEM) images were obtained with Shimadzu SSX-550 Super-
scan and FEI XL 30 using ESEM and operating at an acceler-
ating voltage of 25kV. Atomic force microscopic (AFM)
images were obtained with a commercial instrument (Digital
Instrument, Nanoscope III, and Dimension 3000™), operating
in tapping mode at room temperature in air. Transmission elec-
tron microscopic (TEM) images were obtained on a HITACHI
H 8100 TEM with an accelerating voltage of 200 kV without
staining. Contact angle analysis (CA) was performed on
a DSA 10 MK2 (a drip is 8 puL). The dynamic light scattering
(DLS) was carried out on a Wyatt DAWN EOS Enhanced
Optical System at 20 °C.

3. Results and discussion
3.1. Hydrogen bonding of the complex

Scheme 1 shows the structure of complex 1, which is com-
posed of a hydrophobic dendritic donor, L1, and a hydrophilic
flexible stilbazole-containing EO acceptor, PyEO;,. The cast-
ing film and the solution (mixture of toluene and dimethylsulf-
oxide) of complex 1 were characterized by FT-IR spectral
(Fig. 1) and dynamic light scattering (DLS) measurements
(Fig. 2), respectively. The disappearance of O—H stretching
band at 3300 cm™' and the appearance of the absorption
band at 1937 cm ™' provide the evidence for the formation of
hydrogen bond between PyEO,, and L1. The C=O0 stretching
vibration of L1 at 1683 cm ™' cleaves into two bands and shifts
to 1700 and 1730 cm ™', respectively, also confirming the ex-
istence of intermolecular hydrogen bond in the casting film
of complex 1 [31,32]. The hydrodynamic radius R}, of complex
1 aggregates at 1 x 10~* M was measured to be about 120 nm
(Fig. 2a), much larger than that of single-component L1
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Scheme 1. Schematic chemical structures of complex 1 and complex 2, which are composed of grafted L1 with PyEO,, and PyC,, through hydrogen bonding,

respectively.
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Fig. 1. FT-IR spectra of complex 1 and its separated components in solid state.

aggregates, which is found to be about 52 nm (Fig. 2b) in the
mixed solution of 20:1 toluene/DMSO (v/v). The large size
difference of aggregation between L1 and complex 1 implies
the stable existence of intermolecular hydrogen bonding in so-
lution, which leads to a large increase of Ry, of complex 1. We
believe that the stable hydrogen bonding is possibly assisted
by the contribution of strong amphiphilic interaction from
the two-component aggregation in the mixed solution although
the percentage of hydrogen bonding between L1 and PyEO,,
cannot be estimated exactly.

3.2. Transformation of aggregation morphologies

By simply varying the concentration of complex 1 such as
solvent polarity based on the volume ratio of toluene and
DMSO and the casting volume of solution, diverse self-
assemblies including sphere, fiber, entangled structures, and
the transformation among them can be obtained and character-
ized by SEM, as shown in Fig. 3. The observed spherical struc-
tures are hollow and possess a diameter of 200—300 nm, and
the fibers are found to be composed of elementary cylindrical
micelles based on the surface dents and grooves as shown in

51.6 nm

1 10 100 1000
Rp(nm)
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the insets of Fig. 3a and b. Interestingly, more complicated hi-
erarchical architectures, wreath-like and hollow entanglement
structures are observed (Fig. 3¢ and d), which can be inferred
to be composed of more tangled fibers with increasing sample
concentration. Evidently, the wreath-like structure is derived
from the incomplete spinning of twisted fibers and the hollow
entanglement structures are attributed to almost complete
spinning of abundant twisty fibers on the wreaths.

Based on the observation of various self-assembled struc-
tures of complex 1 it is certain that there are transformations
among the aggregation morphologies. The primarily formed
spheres can gradually translate into cylindrical micelles with
increasing concentration, which is similar to the case occurred
in the general surfactant aggregation system [33,34]. Keeping
the mixing ratio (20:1 in v/v) of the mixed solvent and the
identical preparing procedure, as shown in Fig. 4, spherical
aggregates obtained through rapid evaporation are observed
by TEM under lower concentration, 1.5 X 107*M and
2.5 x 107*M (Fig. 4a and b), respectively. When increasing
the concentration up to 5 X 107 M, however, rough fibrous
aggregates with branches and knots start to emerge, which
are obviously derived from the fusion of the original spherical
aggregates (Fig. 4c). When the concentration rises up to
1 x 107> M, the spherical aggregates disappear completely
and fibrous aggregates are observed instead (Fig. 4d), further
indicating the concentration-dependent transformation of ag-
gregation morphologies. For the gelation transformation of
amphiphilic coil—rod—coil molecules, it is confirmed to rely
on the addition of another rod—coil—rod component acting
as the linking agent of originally formed cylindrical micelles
[35]. Remarkably, in contrast to that, complex 1 itself can
change slowly from fluid phase (Fig. 5a) into a transparent or-
ganogel in the concentrated solution (about 3 mg/mL) after
a few days’ standing at room temperature (Fig. 5b). The gela-
tion of complex 1 indicates that canned bundles of primary cy-
lindrical micelles can spontaneously be prolonged and finally
entangle into cross-linked three-dimensional network structure
[36]. Therefore, the transformation process can be well con-
trolled by varying concentration and we believe that it is a
thermodynamically stabilized process at high concentrated
solution, which could be attributed to the space requirement
of crowded alkyl chains of dendron block because the fibrous

(b) [ 120 nm

Intensity

1 10 100
Rp(nm)

1000

Fig. 2. DLS graphs of 1 x 10™*M of (a) separated component L1 and (b) complex 1 in dilute mixed solution of toluene/DMSO of 20:1 (v/v), respectively. Ry, is

51.6 nm for component L1 and 120 nm for complex 1, respectively.
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Fig. 3. SEM images of various self-assembling structures by casting complex 1 solution on silicon substrate: (a) spherical vesicular structure by casting small
amount of 1 x 1074 M sample solution, (b) fiber structure by casting small amount of 1 x 107°M sample solution, (c) hierarchical wreath-like structure by casting
suitable 1.5 x 10~* M sample solution with toluene and DMSO volume ratio of 10:1, respectively, and (d) hierarchical entanglement structure by casting excess

3 x 10~* M sample solution with toluene and DMSO volume ratio of 10:1.

structure provides a larger curvature and more space than that
of spherical vesicle.

3.3. Aggregation structure of the complex

The spherical aggregates in dilute solution were examined
to possess a vesicular structure by AFM measurement. By
casting the mixed solution of complex 1 (1.5 x 10~*M)
onto a silicon wafer and quickly removing excess solvent
with a piece of filter paper, spherical aggregates are observed.
The measured statistic height and diameter of spherical aggre-
gates are about 22.8 nm and 286 nm, respectively. Considering
shape-induced and tip radius-induced errors (7.6—15.2 nm and
15.9 nm, respectively), the exact diameter of spherical aggre-
gates should be 254.9—262.5 nm. This value is little bit larger
than the one from DLS, 240 nm. This is reasonable and possi-
ble because there will be a scale increasing of aggregates

during spherical aggregates being compressed into a dried
pie aggregates. But in any case, the present comparison is
rough as there are a lot of factors to affect the size when trans-
ferring the aggregates from solution to the solid substrate
through the evaporation of solvent. For the height of spherical
aggregates, in contrast to its diameter, is very short and just
corresponding to the double bilayer thickness of complex 1,
which is simulated from the result of SAXD. Generally, for
soft vesicles, the AFM height image (Fig. 6) and TEM micro-
graph are not often presented typically like those of unde-
formed ones. For example, the identification of the staved
vesicles formed by dendritic—dendritic copolymers was done
through the phase analysis of AFM image because the high
periphery and lower center morphology was seen from AFM
rather than TEM image due to the deformation of the aggre-
gated objects during the deposition and measurement [37].
In view of the dented aggregates in phase image together
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Fig. 4. TEM images of complex 1 aggregates obtained by casting its mixed solution of toluene and DMSO (20:1 in v/v) at the concentration of (a) 1.5 x 10™* M,
(1) 2.5 x107*M, (c) 5 x 107*M, and (d) 1 x 107> M, respectively.

Fig. 5. SEM (a) images and inserted photographs of fresh solution and (b) transparent organogel of complex 1 under the concentration of 1 x 107> M (3 mg/mL) in
the mixed solvent with toluene and DMSO ratio of 20:1 (v/v), respectively.
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Fig. 6. AFM (a) height and (b) phase images of deformed complex 1. The spherical aggregates are obtained by casting its 1.5 x 10™* M mixed solution with

toluene/DMSO of 10:1 and removing the excess solvent rapidly.

with the measured height in our case, which is similar to that
reported in the literature, we infer that the spherical aggregates
(Fig. 3a) are hollow vesicles. The speculation also can be sup-
ported by SEM and TEM measurements independently. When
the spherical aggregates on silicon wafer have been annealed
in vacuum for 6 h, a mass of cracked spheres is observed by
SEM (Fig. 7a). Especially, the cracked spherical aggregates

with weak contrast were observed from TEM image (Fig. 7b)
by increasing solvent polarity of lower concentration solution.
All these characteristics indicate that the hollow vesicle of
complex 1 mainly exists in diluted solution.

By casting the concentrated solution with low polarity on
solid substrate repeatedly the fabricated self-assembly struc-
ture can be controlled to consist of fibers mainly, as confirmed

1 Jm

Fig. 7. SEM and TEM images of complex 1, in which (a) deformed vesicles were obtained by casting its 1.5 x 10~* M mixed solution with toluene and DMSO
of 5:1, and standing in vacuum for 6 h, (b) the cracked vesicles were obtained by increasing polarity of mixed solution to the volume ratio of 1:1.
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Fig. 8. SAXRD pattern of thick film of complex 1 fibers and contact angle
photograph of the film (inset).

by SEM (Fig. 3b). From the SAXRD measurement (Fig. 8),
the ¢ ratio according with 1/3:2 suggests that the fibers are
constructed by elementary cylindrical micelles with hexagonal
columnar arrangement. So, the diameter of elementary cylin-
drical micelle is estimated to be 10.2 nm (a = djgp X 2/\/§).
The estimated diameter is smaller than the double length of
fully extended complex 1 but it seems rational if we consider
the folding and filling of flexible EO block in the cylindrical
micelle. The fiber structure can also be further demonstrated
by AFM measurement independently (see Supplementary
data). By casting concentrated sample solution (1.5 x 107> M,
20:1 v/v) on silicon wafer and then quickly removing the extra
solvent, a single fiber can be observed. From the magnified
phase images, we propose that the fiber is composed of ele-
mentary cylindrical micelles with a width of 10—12 nm, which
is just corresponding to the diameter of elementary cylindrical
micelle deduced from SAXRD data. Meanwhile, the thick
casting film of the fibers shows a water contact angle (CA)
of 153 £ 1° (Fig. 8, inset). Besides the influence of the special
surface structure on the contact angle, the superhydrophobicity
suggests a hydrophobic surface of the fiber as well. Therefore,
we suppose that the EO block locates at interior part as a core
and the dendritic block locates at exterior part as a shell in the
cylindrical micelle [30,38]. Considering the hydrophobic
property of alkyl chains and volume ratio of dendritic and lin-
ear blocks, such a stacking structure should be favorable in
space.

3.4. Hierarchical self-assembling of the complex

By controlling evaporation condition, the fibers sequen-
tially self-assemble into wreath-like and finally into hollow en-
tanglement structures at the last stage of natural evaporation
because we distinctly see the spinning of the fibers on these
wreaths and hollow entanglement structures, as shown in
Fig. 3c and d. Linear—dendritic—rod triblock copolymer in
tetrahydrofuran/water mixed solution can self-assemble into

ring-like aggregate, which was explained resulting from the
fusion of cylindrical micelles, which is assisted by the addition
and connection of another semirod—coil—semirod molecules
[39]. But in the present case, besides the weak hydrophobic
and concentration-driven forces there is no additional interac-
tion in the dendritic—coil block structure for the fusion of
cylindrical micelles, even taking account of other similar sys-
tems such as dendritic—linear, linear—linear and dendritic—
dendritic diblock copolymers other than rod—coil—rod and
coil—rod—coil triblock copolymers [40]. Therefore, the
wreath-like aggregates should be derived from the simple in-
tertwist of micelle bundles. To the best of our knowledge,
the novel hierarchical self-assembling wreath-like aggregates
are firstly obtained through bottom-up growth of wedge-like
complex on the solid substrate. Considering that the employed
solvent is a mixture of two solvents with different polarity and
boiling point, and the velocity of volatilization of DMSO is
slower than that of toluene due to its higher boiling point,
the solvent polarity will increase along with the evaporation,
especially at the last stage. So we believe that both the polarity
of solvent and the amphiphilic property of the complex are
involved in the formation of the hierarchical structures.

To identify the morphology dependence of the fibrous as-
semblies on the solvent polarity, the organized behavior of
complex 1 is further examined by adjusting the mixing ratio
of toluene and DMSO. When the sample concentration is
kept at 1.5 x 1073 M, the linear fibrous assemblies are found
to exist as main aggregates and tend to be twisty accompanied
by increasing the content of DMSO (Fig. 9). Due to the mis-
cibility of PyEO,, block of complex 1 in DMSO, the increase
of the solvent polarity facilitates the amount of DMSO con-
tained in PyEO;,, thus decreases the interaction between
PyEO;, blocks and the packing density (or crystalline ten-
dency), which consequently leads to more flexible cylindrical
micelles. To confirm this speculation, complex 2, an analogue
of complex 1, in which hydrophilic PyEO,, chain is replaced
by hydrophobic alkyl chain, is chosen as a contrast against the
polarity-induced morphological change of complex 1. Only
straight fibers rather than wreath-like or entanglement struc-
tures are observed under the same condition. The reason for
complex 2 forming only straight fibrous structure can be attrib-
uted to its more hydrophobic rigid core than that of complex 1
fiber under the same condition of polarity. The result can be
further supported by the fact that when PyEO;, block is re-
placed by much more rigid groups, 1,2-bis(4-pyridyl)ethylene
and 1,4-bis(4-vinylpyridyl)phenylene, their complexes with
L1 form neither the wreath-like nor the entanglement structure
besides straight fibers at the same polarity condition.

The polar DMSO in the mixed solution plays important
roles not only in the adjustment to the polarity of solvent
but also in the formation of wreath-like and hollow entangle-
ment hierarchical structures. By putting a drop of pure mixed
solvent with 10:1 (v/v) of toluene and DMSO onto a glass
slide, the dispersion and evaporation processes are carefully
examined by optical microscopy. With the evaporation of sol-
vent, DMSO starts to separate from toluene and forms isolated
small droplets on solid surface at the end of toluene
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Fig. 9. TEM images of complex 1 aggregates in concentrated mixture solution (1.5 x 107> M) versus the solvent polarity with the volume ratio of toluene and
DMSO at (a) 20:1, (b) 10:1, (c) 5:1, respectively, and (d) SEM image of the sample (c).

evaporating off completely. Under the case that the pure mixed
solvent is replaced by complex 1 sample solution, systematic
changes in endgame of the evaporation are observed, as ex-
hibited in Fig. 10. The fibrous aggregates are soluble in the
mixed solvent on the substrate initially, then gradually become
indiscerptible and shrink away to the interface between tolu-
ene and DMSO droplets with the evaporation of toluene
(Fig. 10b and c). When the whole toluene is evaporated to dry-
ness, the fibers attach on the surface of DMSO droplets
because of the high surface tension, which leads to a hierarchi-
cal fiber architecture possessing hydrophobic surface (Fig. 10d
and e). After DMSO droplets also evaporate off completely,
the fibers absorbed on the surface of DMSO spots leave over
on the substrate and form wreath-like structure (Fig. 10f). In
contrast to this result, by using pure toluene instead, only lin-
ear structure of complex 1 is gathered. When increasing the
casting concentration to increase the amount of fibers in the
complex solution the wreath-like structure develops to hollow
entanglement structure because in this case DMSO droplets

can be fully covered by excess fibers. Independent wreath-
like or entanglement structures could be obtained through con-
trolling casting concentration, polarity and dripping volume.
For example, by fixing the solution polarity under the ratio
of toluene and DMSO at 8:1—20:1 (v/v), we can selectively
obtain wreath-like or hollow entanglement architectures in
a large area mainly.

Interestingly, when casting 1.5 x 10™* M of sample solu-
tion with mixing ratio of 20:1 on silicon wafer, all five self-
assembled structures can be clearly observed from the outside
edge to the center of the spreading field in one step (Fig. 11a).
Vesicles appear in the beginning of evaporation and locate at
the outside edge of the casting area (Fig. 11b); fibers and
pearl-necklace structures mainly appear in the middle region
at the interim stage of evaporation (Fig. 1lc and d); and
wreath-like and hollow entanglement structures locate at the
central part at the endgame of evaporation (Fig. 11e and f).
The evolution of the aggregation structure with natural
evaporation also supports the conclusion that there is
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Fig. 10. Optical microscopic photos of (a) pure mixed solvent with toluene and DMSO volume ratio of 10:1, (b—e) various stages of natural evaporation until to (f)
dryness on the silicon substrate by casting complex 1 solution (1.5 x 10~* M) with toluene and DMSO volume ratio of 10:1.

Fig. 11. Optical photograph and SEM images of the superstructures at different regions of the casting film of 1.5 x 10~* M complex 1 mixed solution with 20:1 of
toluene/DMSO on a silicon substrate. (a) Optical photograph of outside view of the silicon wafer, (b) spherical structure at the edge of casting field, (c) and (d)

fibrous and pearl-necklace structures in the middle area of casting field, (e) and (f) hierarchical wreath-like and entanglement structures at the site near the central
area of the casting field.
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Fig. 12. Schematic representation of various self-assembled structures of
complex 1 versus the forming condition.

a transformation of self-assemblies from vesicle to cylindrical
micelle with increasing concentration and polarity, because
both of them are gradually increasing in the process of
evaporation.

From the above data and analysis, we propose a possible
model for understanding various self-assembled structures
formed by the hydrogen bonded complex 1 in solution and
on the solid substrate (Fig. 12). Vesicles mainly exist in the so-
lution at lower concentration (Fig. 12a), where PyEO, block
interlayered between double dendritic block layers can hold
DMSO molecules, leading to a curved lamellar structure. The
transformation from vesicle to cylindrical micelle occurs while
increasing concentration. Here, the cylindrical micelle of com-
plex 1 is more stable because the crowded dendron blocks need
more space for their stacking capacity at concentrated solu-
tion, just as the self-assembling of low-weight amphiphilic
molecules in the similar condition (Fig. 12b) [34,35]. The
fibers grow and further branch and entangle into three-
dimensional network structure forming transparent organogel
by standing. Transferring the mixed solution of complex 1
onto the solid substrate by casting method, dispersive DMSO
droplets leave on the substrate after the evaporation of toluene
to dryness and flexible fibers fasten and spin to assemble into
hierarchical wreath-like and entanglement structures with the
DMSO leftover as template (Fig. 12d). The wreath-like and
entanglement structures are easily dominated by the casting
volume and solution concentration.

4. Conclusions

In conclusion, a single hydrogen bond complex composed
of dendritic and linear block molecules as an amphiphilic
building block can be applied for the construction of supra-
molecular self-assemblies. This kind of complex not only has
specific geometric shape, amphiphilic property and enough
flexibility, but also forms various self-assemblies such as ves-
icles and cylindrical micelles in two-component solution by
adjusting preparation condition. Interestingly, these novel

hierarchical self-assemblies based on primary cylindrical mi-
celles obtained by present procedure are different from previ-
ously reported superhelical structures [41]. The main factors
for the formation of the complicated self-assembled structures
are the polarity separation of solvent components and the tem-
plate effect of DMSO in the casting film due to its difference
of evaporation velocity from toluene. The gelatification and
superhydrophobicity of the self-assembled structures are sig-
nificant for exploitation of new functional materials. Impor-
tantly, the present results may provide a convenient route for
understanding the nature of self-assemblies of complicated
systems and structures.
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