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ABSTRACT

Anisotropic nanoparticles, giving rise to a large number of novel physicochemical properties and functionalities, have provoked
increasing attentions in nanoscience and nanotechnology. The remained challenge is to develop synthetic methods for the
fabrication of anisotropic nanoparticles with less symmetry under the principle of minimum surface free energy. Here, we
established a crystallization-assisted asymmetric assembly method for the synthesis of anisotropic polymer nanocrescents and
their carbonaceous analogues by using triblock copolymer F127 and octadecanol in aqueous solution. With the aid of molecular
dynamics (MD) simulation, we demonstrate that the observed crescent structure is caused by asymmetry distribution of
octadecanol crystal within the hydrophobic core of F127 micelles, via the formation of intermediate elliptic micelles bearing
hydrophobic ends that further fuse with each other end-to-end at an angle into curing nanocrescent morphology. The influences
of annealing time, annealing temperature, and mole ratios of precursors that govern the kinetics of the assembly and
polymerization process were systematically investigated and a series of polymer nanocrescents with tunable length of ~ 85 to
~ 262 nm and aspect ratio of ~ 1.1 to ~ 3.0 were prepared. The ability to create novel crescent-shaped polymer and carbon
nanoparticles and the identification of asymmetric assembly process by combining experiment and simulation study will provide a
valuable contribution both to theoretical and technological researches.
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As a specific kind of anisotropic particle, crescent-shaped
nanoparticle, with two directional sharp edges, has become a
candidate in the fields of surface-enhanced fluorescence, surface-
enhanced Raman spectroscopy, and plasmon resonance energy
transfer [21-23]. Generally, the nanocrescents are fabricated by
“top-down” approaches like e-beam lithography and nanosphere

1 Introduction

The assembled synthesis of carbon nanomaterials with well-
defined structures has been a long challenge task because they can
be harnessed to help solve the issues in many application fields
such as energy storage [1, 2], biological medicine [3, 4], catalysis
[5, 6], and adsorption [7, 8]. In particular, much current research

has been driven by anisotropic carbon materials characterized by
discrepant morphology features or physicochemical properties in
various directions [9]. The advances in the preparation of
anisotropic materials have provided a new dimension to
nanoscience due to their unusual optical [10, 11], electrical [12,
13], and photothermal [14,15] properties compared with their
higher symmetric counterparts. However, limited success has been
achieved by liquid phase assembled synthesis. Dominated by the
minimization of interface free energy, nanoparticles are usually
formed in spherical shape with isotropic properties. The ability to
synthesize new forms of anisotropic nanoparticles will open up a
mass of new possibilities for their applications in electronic devices
[16], drug delivery [17,18], colloidal superstructures [19], and
even theoretical research [20].

lithography [24,25], and their elements are confined to noble
metals mostly [26]. There is an urgent demand for novel
preparation methods saving both time and labor. Till now, there
only exists limited success which conducted free-standing
nanocrescents utilizing laboratory-made peptide-based building
blocks [27]. These systems are based on biomacromolecules,
which are not applicable to preparing thermally stable polymer
and even carbon fidelity analogues. Despite numerous advances in
the development of novel carbon materials, the detailed synthesis
of carbon nanocrescents has not been proposed yet. Therefore, it’s
necessary to propose an effective synthetic strategy for the carbon
nanocrescents. Meanwhile, the kinetics mechanism of
morphology transition is discussed in detail, which will encourage
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researchers to figure out how to build anisotropic nanoparticles by
liquid phase synthesis chemistry.

In our previous work, the synthetic strategy of an asymmetric
intramicellar phase-transition induced tip-to-tip assembly has
been developed for the preparation of polymer and carbon
nanorings, and a morphology transition process from
nanocrescents to nanorings is observed [28]. As an indispensable
intermediate, nanocrescents are crucial to the ring-forming
process. However, the underlying formation mechanism and an
effective synthetic strategy for size-controlled nanocrescents have
not been discovered and developed. Hence, in the present study,
we established a crystallization-assisted asymmetric assembled
synthesis of polymer nanocrescents and their carbonaceous fidelity
analogues based on the structure-directing role of crescent
micelles assembled from triblock copolymer F127 and crystalline
octadecanol. Nanocrescents with tunable length and aspect ratio
can be readily regulated by altering the synthetic conditions.
Molecular dynamics (MD) simulations were carried out for the
fundamental understanding of the formation mechanism of the
crescent micelles, as well as the morphology transformation with
respect to annealing temperature and octadeconal/F127 mole
ratio. We show that elliptic micelles, with ends bearing partially
exposed hydrophobic core, were firstly formed by the asymmetric
distribution of octadecanol crystal in F127 coronal. Then, the
obtained elliptic micelles fused with each other end-to-end at an
angle, leading to the formation of crescent micelles.

2 Experimental section

2.1 Materials

Resorcinol (99.5%), ammonia solution (25 wt.%), propylamine
(98.5 wt.%), formaldehyde (37 wt%), and octadecanol were
obtained from Sinopharm Chemical Reagent Co., Ltd. Pluronic
F127 was purchased from Sigma. All chemicals were used without
further purification.

2.2 Synthesis of crescent-shaped micelles

In a typical procedure, F127 (800 mg) was first dissolved in
deionized water (80 mL), then octadecanol (85.7 mg) was added.
The hot solution was stirred vigorously to form a uniform
microemulsion, followed by a quick transfer to a water bath of
28 °C for 0.5 h. Then, a microemulsion of crescent-shaped
F127/octadecanol micelles with a shallow milky appearance was
achieved.

2.3 Synthesis of polymer nanocrescents

Resorcinol (110 mg) and formaldehyde (38%) (146 pL) were
dissolved in water (90 mL) at 20 °C for half an hour. Then,
microemulsion of F127/octadecanol micelle (10 mL) was added to
the solution mixture. After that, propylamine solution (0.25 mL,
1 M) and ammonia solution (0.25 mL, 1.5 M) were added in
sequence with gentle stirring for 1 h. The white dispersion was
further heated to 70 °C for 4 h. Finally, the polymer nanocrescents
were collected by centrifugation, rinsing three times, and freeze-

drying.
24 Synthesis of carbon nanocrescents

The as-prepared polymer nanocrescents were calcination at
600 °C for 2 h under an argon atmosphere to achieve carbon
nanocrescents.

2.5 MD simulations

The LAMMPS program was used for carrying out MD
simulations of the self-assembly of F127 and octadecanol
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molecules [29]. All simulation systems were carried out in the
canonical (NVT) ensemble at 8 or 48 °C with implicit solvents.
The velocity-Verlet algorithm with a time step of 0.05 ps and the
Langevin equation were used for integrating the equations of
motion and temperature. The cut-off L] potentials were used to
describe the interaction between every two particles, and the
interaction parameters referred to the Dry Martini force field [30].
All the systems were carried out on a 100 nm x 100 nm x 100 nm,
and the morphologies were observed by OVITO [31]. To solve the
barrier of spatial scale between the simulation system and the
experimental system, the self-assembly process was simulated by
the step-by-step method. The detailed simulation process is
introduced in Section S1 in the Electronic Supplementary Material
(ESM).

2.6 Characterization

The detailed characterization information is given in Section S2 in
the ESM.

3 Result and discussion

3.1 Asymmetric assembled synthesis of polymer and
carbon nanocrescents

The polymer and carbon nanocrescents were synthesized based on
the asymmetric assembly of F127 and octadecanol, and the
synthetic route is presented in Fig. 1(a). Bi-component micelles
with F127 coronal and molten octadecanol core were first formed
through hydrophilic and hydrophobic interaction as the water is a
poor solvent of hydrophobic octadecanol. After annealing the
micelles below the melting point of octadecanol for crystallization
and assembly, crescent micelles with two opposite tips were
formed. The micelles were used as the soft templates, guiding the
nucleation and growth of polymer precursors (resorcinol,
formaldehyde, and n-propylamine) through abundant hydrogen
bond interaction, and the faithful replicas of polymer
nanocrescents were achieved. Finally, carbonaceous nanocrescents
were obtained through fidelity morphology transformation after
carbonization of polymer nanocrescents under an argon
atmosphere.

The X-ray diffraction (XRD) pattern of crescent micelles is
presented in Fig. 1(b), where the reflections of octadecanol crystal
are clearly exhibited. The peaks located at around 21.8° and 24.6°
can be assigned to monoclinic y phase of octadecanol [32].
Scanning electron microscopy (SEM) image of the polymer
nanocrescents in  Fig.1(c) revealed a crescent-shaped
nanostructure with length along the long axis of ~ 116 nm and
thickness along the short axis of ~ 77 nm. After carbonization at
600 °C, carbon nanocrescents were formed, as seen in Fig. 1(d).
Noteworthy, the crescent-shaped morphology was faithfully
retained, while the length and the thickness shrunk to ~ 87 and
~ 49 nm, respectively.

To explore the forming process of the crescent micelles, the
morphology transformation of the micelles with annealing time
was investigated. Since the micelles are vulnerable under SEM
measurements, the morphologies of all samples were frozen by the
polymerization process, making it easier for us to observe. As seen
in Figs. 2(a)-2(c), the crescent micelles assembled quickly in 0.5 h
and the morphology can be well-preserved with annealing time
extending to 24 h. According to the statistics of 100 particles, we
found that the length of nanocrescents increased from 116 to 184
and 189 nm, while the thickness increased from 77 to 107 and
117 nm with the annealing time prolonging from 0.5 to 12 and
24 h (Fig.2(d)), due to the continuous assembly process.
Noteworthy, the aspect ratio was relatively maintained at about
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Figure1 (a) Fabrication scheme of polymer and carbon nanocrescents. (b) The XRD pattern of crescent micelles. SEM images of (c) polymer and (d) carbon

nanocrescents.
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Figure2 SEM images of polymer nanocrescents prepared based on different templates with annealing time of (a) 0.5, (b) 12, and (c) 24 h, respectively. The evolution
of (d) length and thickness and (e) aspect ratio of the polymer nanocrescents along with the annealing time. (f) Dynamic light scattering (DLS) plots of micelles with
different annealing time. Insets are optical photographs of polymer nanocrescents after high-speed centrifugation.

1.6, indicating the aspect ratio of the nanocrescents is not sensitive
to the annealing time (Fig. 2(e)). The coexistence of nanocrescents
and nanorings (Fig. 2(b), marked with yellow circles) was visible
after 12 h annealing, which indicated that the crescent micelles
spontaneously fuse with each other to form ringy superstructures
along with the annealing process. And more ringy nanoparticles
were formed after annealing for 24 h (Fig.2(c), marked with
yellow circles). The growth trend was firmly proved by the
distributions of the hydrodynamic diameter of F127/octadecanol
micelles dispersion at different annealing time (Fig. 2(f)). The
average size, as well as the particle dispersion index (PDI), showed
an upward trend due to the increase of nanocrescents size and the
undesired ringy nanostructures. The morphology transition was
also reflected in the color changes from dark red to grey of the
centrifugal polymer products (the inset of Fig. 2(f)).

3.2 Temperature and mole ratio effects on nanocrescent
size and aspect ratio

As known, the temperature is an essential parameter for

crystallization and assembly process of micelle. Therefore, to
understand the influence of annealing temperature on the
morphology of nanocrescents, the micelle dispersions were cooled
to a series of crystallization temperatures (8, 28, 38, and 48 °C)
below the melting temperature (T,,) of octadecanol and annealed
for 0.5 h before polymerization. After the exposure to a relatively
low temperature (8 and 28 °C), monodispersed polymer
nanocrescents with similar lengths (110 and 116 nm) and aspect
ratios (1.36 and 1.5) were obtained, indicating a parallel assembly
behavior (Figs. 2(a) and 3(a)). As the annealing temperature
increased to 38 °C, an obvious stretch along the long axis of
nanocrescents was detected (Fig. 3(b)), and thinner crescents with
an aspect ratio of ~ 1.9 were obtained. With a further rise in
annealing temperature, slender and curving nanostructures were
formed, whose aspect ratio further increased to ~ 3.0 (Fig. 3(c)).
The evolutions of the length and aspect ratio along with the
annealing temperature are shown in Fig. 3(d). The results indicate
that a higher annealing temperature would facilitate the loose
packing of monomers and induce the assembly of
F127/octadecanol micelles into slender nanocrescents, whereas the
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Figure3 SEM images of polymer nanocrescents prepared with different annealing temperatures of (a) 8, (b) 38, and (c) 48 °C, respectively. (d) The evolution of
length and aspect ratio along with the annealing temperature. SEM images of polymer nanocrescents prepared with different octadecanol/F127 mole ratios of (e) 2:1,
(f) 10:1, and (g) 15:1, respectively. (h) The evolution of length and aspect ratio along with the octadecanol/F127 mole ratio. SEM images of polymer nanocrescents
prepared with different octadecanol/resorcinol mole ratios of (i) 0.02, (j) 0.01, and (k) 0.004, respectively. (I) The evolution of length along with the
octadecanol/resorcinol mole ratio and the fitting graph between aspect ratio and octadecanol/resorcinol mole ratio. Scale bars: 200 nm.

octadecanol molecules are rapidly frozen under a significant
temperature difference when cooled down at low temperature,
leading to mini-nanocrescents with small aspect ratio. To verify
the availability of carbon nanocrescents with different aspect
ratios, the polymer nanocrescents prepared at different annealing
temperatures are pyrolysis at 600 °C to give their carbonaceous
analogues. As shown in Fig. S1 in the ESM, carbon nanocrescents
retained the morphology features of their polymer precursors.
Their length and thickness shrunk by 20%-30%, respectively,
while the aspect ratio remained constant roughly.

Next, we studied whether the octadecanol/F127 mole ratio has
an impact on the asymmetric assembly process. The SEM images
of polymer nanoparticles with mole ratios of octadecanol/F127 =
2:1, 5:1, 10:1, 15:1, and 20:1 have been presented in Figs. 3(e), 1(c),
3(f), and 3(g), and Fig.S2 in the ESM, respectively. When the
mole ratio increased from 2:1 to 10:1, ie, the fraction of
hydrophobic octadecanol gradually increased, the length steadily
increased from 85 to 147 nm. With a further increase to 15:1 and
20:1, smaller polymer nanocrescents with gradually decreased
length together with nanorings as byproducts were observed due
to the increasing concentration of primary micelles. Whereas there
has been no great change in aspect ratio (Fig. 3(h)), implying a
parallel crystallization and assembly behavior at a consistent
annealing temperature of 28 °C.

Since the polymerization process provides an alternative
method for the morphology regulation of nanoparticles, we
further studied the morphology transformation of the polymer
nanocrescents prepared with different mole ratios of
octadecanol/resorcinol. As shown in Figs. 1(c), 3(i), and 3(j), when
the ratio decreased from 0.04 to 0.02 and 0.01, the nanocrescents
transformed into soybean-like shape with increased lengths. When
the ratio further decreased to 0.004, quasi-spherical nanoparticles
with aspect ratio of ~ 1.1 were prepared (Fig.3(k)). Thus, we
hypothesized that the polymer precursors may preferentially grow

around the smooth domain to offset the morphology anisotropy.
A good linear relationship between the aspect ratio and
log(octadecanol/resorcinol mole ratio) was obtained (Fig. 3(1)), of
which the linear equation is y = 1.36x + 1.99. It shows that we can
readily switch the degree of anisotropy of polymer nanocrescents
by simply regulating the octadecanol/resorcinol mole ratio in the
process of polymerization. To verify the texture structure of the
carbon nanocrescents, the CO, adsorption isotherm and XRD
pattern were measured. From the results displayed in Figs. S3(a)
and S3(b) in the ESM, the carbon nanocrescents show high
surface area (714 m’/g), dominant micropores (0.23 m’/g), narrow
pore size distribution (0.5-0.6 nm), and amorphous carbon
skeleton.

3.3 Insight into the asymmetric assembly mechanism

Figure 4(a) shows the differential scanning calorimetry (DSC)
melting curves of neat octadecanol and octadecanol/F127 crescent
micelles. There existed one exothermic peak for neat octadecanol
at 60.6 °C, and as for the crescent micelles, the exothermic peak
appeared at a lower temperature of 55.9 °C, revealing that the
F127 coronal would suppress the crystallization of octadecanol
and lead to a lower T, of octadecanol core. Meanwhile, the
adverse effect of octadecanol upon F127 led to negligible T;, of
crystalline poly(ethylene oxide) (PEO) block [33]. This result
firmly demonstrated the interaction between F127 and
octadecanol.

Fourier transform infrared (FT-IR) spectra of F127,
octadecanol, and the crescent micelles were measured to
understand the molecular interaction between FI27 and
octadecanol (Fig. 4(b)). The peaks at 3236 and 3330 cm™ in neat
octadecanol can be ascribed to ~OH stretching in y-phase of
octadecanol. In contrast, no evident peak of -OH groups could be
found in F127 due to the tiny proportion of -OH groups.
Compared with neat octadecanol, the -OH peak at ~ 3230 cm™ in
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Figure4 (a) DSC melting curves of crescent micelles and net octadecanol. (b) FT-IR spectra of neat octadecanol, F127, and crescent micelles.

crescent micelles changes to rounded and broad peak with slight
red shift, which can be attributed to the formation of H-bond
between octadecanol and F127. According to Ref. [34], primary
alcohols have a strong capacity for the formation of hydrogen
bonds and interaction with adjacent molecules. Therefore, it is
convincing that the -OH groups of octadecanol core may interact
with —~O- groups of F127 through hydrogen bonds in the crescent
micelles.

To gain insight into the mechanism of the formation of
crescent-shaped  micelles, we studied the morphology
transformation during the assembly of F127 and octadecanol
through MD simulations in a 100 nm x 100 nm x 100 nm box
using a Brownian dynamic algorithm. Two systems with
annealing temperatures of 8 and 48 °C are chosen as typical ones,
and the detailed model and simulation method are shown in
Section S1 and Figs. S4-S6 in the ESM.

In the beginning, the F127 spherical micelles consisting of 800
molecules are pre-assembled and undergo structural relaxation for
50 ns at 80 °C. After that, 4000 octadecanol molecules are added
into the hydrophobic core of F127 micelles and followed by
structural relaxation at 8 or 48 °C for another 50 ns. Then,
elliptical micelles are formed following the first step of the
assembly process. We find that the octadecanol aggregators,
existing in the form of laminar crystals, asymmetrically distribute

(a)

48 °C/5:1

8 °C/5:1

8 °C/5:1 48 °C/5:1

8 °C/5:1

48 °C/5:1

within the hydrophobic core after structural relaxation at
annealing temperatures. Meanwhile, the hydrophilic blocks at the
end of the elliptical micelles cannot enclose well the hydrophobic
core, which shows that micelles tend to fuse at the end of micelles
(Fig. 5(a)). In addition, we find that the bending angles of most
micelles are obtuse angles, and the bending angles of micelles after
fusion strongly depend on the fusion angle (Fig. S5 in the ESM).
Therefore, in the second step of the assembly, we make two
elliptical micelles to fuse along the long axis of them at an obtuse
angle (~ 150°) (see Fig. S6 in the ESM for the simulation process).
Because of the large molecular structure of F127 and the rigid
skeleton of octadecanol crystals within the hydrophobic core of
micelles, the partially fused micelle is kinetically locked, giving rise
to the formation of anisotropic crescent structures, as shown in
Fig. 5(c). It is needed to note that the enclosing of the hydrophilic
blocks is influenced by the ratio of octadecanol molecules.
According to Figs. S7(a) and S7(b) in the ESM, when the number
of octadecanol molecules is excessive (e.g., 15:1), many areas at the
end of micelles are needled by the octadecanol crystals, causing
more exposure of the hydrophobic section, which then promotes
the fusion rate of micelles. While too little amount of octadecanol
does not affect how the hydrophilic layer encloses the
hydrophobic layer (e.g., 2:1).

Furthermore, the influence of annealing temperature on
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Figure5 (a) The morphology of the elliptical micelles following the first step of the assembly process at different temperatures, and the structural details of
hydrophobic cores for the corresponding micelles. (b) The Ls and LI of the elliptical micelles. (c) The whole structure of the crescent micelles after the second step
assembly, in which the different elliptical micelles from the first step are described by different colors. (d) The V and V; of the crescent micelles.
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morphology was studied. In the case of the elliptical micelles,
which are obtained after the first step of the assembly process, the
lengths of the short axis (Ls) and long axis (Ll) at 8 °C are shorter
than the length at 48 °C, indicating that the low temperature
makes micelles shrink (Fig. 5(b)). In addition, the shorter LI and
Ls cause a larger overlapping ratio and smaller total volume under
the same fusion depth. Therefore, the overlap volume (V,)
decreases and the total volume (V,) of micelles increases with
increasing temperature, leading the proportion of V, to decrease
with increasing temperature (Fig. 5(d)). Furthermore, the smaller
proportion of V, promotes the degree of separation for the two
elliptical micelles and makes the assembled crescent structure
spindlier and the bending angle (An) more obvious (Figs. 6(a) and
6(b)), consistent with the experiments. Regarding the octadecanol
molecules, the crystallization process would cause the volume of
these molecules to decrease. However, the volume at 48 °C is
larger than the volume at 8 °C when the systems are balanced (Fig.
6(c)). Figure 7(a) shows the crystallization process of the
octadecanol molecules in detail and the transformation of the
packing way along with the relaxation time. Figures 7(b) and 7(c)
show that the proportion of the close-packed structures is
significantly decreased at 48 °C, leading to the larger volume, and
finally inducing the lengthening of the micelles. At 8 °C, however,
more close-packed structures make the octadecanol aggregators
more rigid, and the micelles shrink with decreasing the
temperature at the same time. As a consequence, the octadecanol
aggregators are more likely to needle the hydrophilic layer at 8 °C,
as shown in Fig. 5(a).

Based on the experiment and simulation study, the morphology
transformation mechanism during the assembly of F127 and
octadecanol is proposed as follows. Firstly, the crystallization and
asymmetric distribution of octadecanol molecules can make the
hydrophobic core exposed at the end along the long axis of the
elliptical micelles, consequently facilitating the subsequent
directional fusion of micelles. Secondly, the large molecular
structure of F127 and the octadecanol crystals within the
hydrophobic core of micelles can prevent the micelles from
diffusing further after the fusion of the elliptical micelles, resulting

Nano Res. 2023, 16(8): 11503-11510

in the formation of the crescent micelles. Then, lower temperature
favors the close-packed structures of octadecanol molecules and
smaller volumes of micelles, leading the octadecanol aggregators
not to cling to the hydrophobic core and to needle the hydrophilic
layer. On the contrary, higher temperature causes smaller V and
larger V, under the same fusion depth, making the bending angle
more obvious and thus curving the morphology to a great extent.

4 Conclusions

In summary, we have reported a facile crystallization-assisted
asymmetric assembly synthesis of polymer and carbon
nanocrescents based on the asymmetric assembly of amphiphilic
F127 and crystalline octadecanol. Theoretical simulations
provided fundamental insights into the underlying mechanism of
the assembly of crescent micelles and the morphology
transformation process as a function of annealing temperature
and octadencanol/F127 mole ratio. It is the crystallization of
octadecanol molecules that breaks the symmetry of spherical
F127/octadecanol micelles and induces the transformation from
spherical into elliptical, and finally crescent-shaped. More
importantly, the morphology of the nanocrescents is regulable by
changing the reaction conditions. We expect these anisotropic
nanostructures would serve as a model system and afford a
specialized horizon for fundamental study in catalysis,
biomedicine, and sensing,
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molecules following the time at 8 °C (above) and 48 °C (below). (c) The cell of four packing structures.
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