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Spatial distribution control of polymer nanoparticles
by liquid crystal disclinations

Kenji Higashiguchil, Kei Yasui?, Masaaki Ozawa?, Keisuke Odoi? and Hirotsugu Kikuchi3

A perylene-labeled hyper-branched polymer with a mesogenic shell was observed to migrate toward a field with a large distortion
of directors. This polymer was captured by disclination lines of 1/2 strength in its nematic and chiral nematic phases using a
confocal fluorescence microscope. In particular, the well-aligned particle array of the hyper-branched polymers was produced

by the chiral nematic phase confined in a wedge cell. The hyper-branched polymer with its mesogenic shell was completely
dissolved into an isotropic phase. Immediately after a phase transition to the chiral nematic phase, numerous droplets appeared
over a wide area owing to phase separation, and the free droplets moved toward the disclination lines via Brownian motion.
Finally, the droplets were rapidly attracted to the disclination lines and trapped within them.
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INTRODUCTION
Controlling the spatial arrangements of molecules or particles on
different length scales is one of the crucial issues of bottom-up
nanotechnology.? Recently, dispersions of colloidal particles and
polymers in nematic or cholesteric phases have attracted considerable
attention because they demonstrate a diversity of self-assembled
arrangements, such as linear or circle chains and 2D lattices.>® The
long-range force of self-assembly originates from the elastic energy of
the distortions produced around the particles in the nematic
phase.””'* The particles have also been observed to be attracted to
and to migrate toward a disclination or domain boundary in the
nematic field. Because the director distortions of nematic liquid
crystals!>16 are large near the disclination, the elastic energy is higher
near the disclination than in uniform director regions.> The particles
near the disclination might be exposed to an attractive force toward
the disclination core, where the highest director gradient is formed.

In terms of particle polymers, hyper-branched polymers (HBPs), a
novel class of polymer with highly branched structures and large
numbers of end groups, are attractive because dendritic chain structures
can be produced via an one-pot reaction, and the chemical structure
and molecular weight of HBPs can be easily modified.!”2*> Therefore,
the physical properties of the HBPs, such as solubility to a host phase,
molecular weight, viscosity, refractive index and fluorescence, can be
easily controlled. If the spatial distribution and arrangement of HPBs
are further controlled, the range of applications of these materials will
expand extensively, especially in photonics and electronics.

In this paper, we synthesize perylene-labeled HBPs with mesogenic
shells (1) that can be dispersed in a nematic liquid crystal and study

the behavior of the HBPs captured by disclinations of the nematic
phase. A well-aligned periodic array of HBP-droplet chains is
successfully built subsequently using a topologically induced disclina-
tion array in a chiral nematic phase.

EXPERIMENTAL PROCEDURE

Synthesis

A methacrylate monomer with initiator 2-(N,N-diethyldithiocarbamyl)ethyl
methacrylate!” was synthesized via the reaction of 2-chloroethyl methacrylate
with N,N-diethyldithiocarbamate sodium salt in acetone. The details
concerning the synthesis and purification have been provided elsewhere.!”

A liquid crystalline monomer, 5-(4-cyanobiphenyl—4’-yloxy)pentyl metha-
crylate (3) was prepared from 4-cyano-4'-hydroxybiphenyl using a procedure
described by Craig et al.?*

The precursor, N-(1-hexylheptyl)perylene-3,4:9,10-tetracarboxy-3,4-anhy-
dride-9, 10-imide,?> was prepared according to a procedure similar to that
found in the literature.2® The synthesis of methacryl derivatives is illustrated in
Supplementary Information Scheme S1.

Synthesis of the core polymer

Photo-copolymerizations in tetrahydrofuran (109.7g) solution of 2-(N,N-
diethyldithiocarbamyl)ethyl methacrylate (12.2g) with perylene methacrylate
derivative 2 (60.9mg, feed fraction of 2=0.5wt%, monomer
concentration = 10 wt%) were performed via irradiation with ultraviolet
(UV) light in a sealed glass ampoule under Ar atmosphere at room
temperature for 7h. After the photoreaction, the copolymer was separated
by preparative gel permeation chromatography (GPC) because perylene
derivative 2 was hardly soluble in methanol, which was the reprecipitation
solvent. The isolated HBP in tetrahydrofuran was recovered by precipitation in
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methanol at —10°C and precipitated as a pink powder. GPC analysis
produced a conversion of 69% and only 1.0g of the HBP was isolated. The
polystyrene-reduced M,, and M,,/M,, of the HBP with perylene were measured
to be 6.96 x 10* and 5.64, respectively.

Synthesis of the grafted polymer 1

A tetrahydrofuran (50ml) solution of the recovered perylene-labeled
HBP (265mg, 1.0mmol), N,N,N’,N’'-tetraethylthiuram disulfide (297 mg,
1.0mmol), liquid-crystalline monomer 3 (1.09g, 3.0mmol), and dodecyl
methacrylate (763 mg, 3.0 mmol) in a sealed glass ampoule under Ar atmo-
sphere was exposed to UV irradiation for 2h. After the photoreaction, the
grafted polymer was recovered by precipitation in methanol at —10 °C, and a
perylene-labeled HBP with a liquid-crystalline shell 1 was precipitated as a
pink powder (250 mg). The molar ratio of 2-(N,N-diethyldithiocarbamyl)ethyl
methacrylate and mesogenic methacrylate 3 was measured by 'H NMR as 97.8
and 2.1, respectively. The ratio of the core to shell was expected to be 95.8:4.2.
The polystyrene-reduced M,, and M, /M, of the HBP with perylene were
measured as 7.13 x 10* and 6.87, respectively.

Materials
GPC and GPC-MALS analyses were performed to estimate the conversion
factor between the absolute and polystyrene-reduced molecular weight for
HBP. The core-HBP from the polymerization of 2-(N,N-diethyldithio-
carbamyl)ethyl methacrylate without perylene 2 was analyzed as follows:
GPC M,=155x10% M,=5.15x10% and M,/M,=3.33; GPC-MALS
M, maLs = 3.79 X 10%, M, vars = 1.08 X 10%, and M, mars/Mpmars = 2-84.

The liquid crystal materials used in this study consisted of nematic
4-cyano —4'-pentylbiphenyl (5CB). A chiral dopant, 2,5-bis-[4'-(hexyloxy)-
phenyl —4-carbonyl] —1,4;3,6-dianhydride-p-sorbitol ~ (ISO-(60BA),), was
used to induce a chiral nematic phase (ca. 1-2wt%). The perylene-labeled
HBP with LC shell was added to isotropic LC, and various sandwiched glass
cells were filled with the homogeneous mixture. To obtain a nematic LC in a
thick cell, a glass cell with 75pum spacers was filled with a homogeneous
mixture at 50 °C and quenched to room temperature. The initial in-plane
defects were instantly fixed upon exposure to UV irradiation (365nm,
12859-01, Hamamatsu Photonics, Hamamatsu, Japan) for several minutes.
However, for the chiral nematic LC in Grandjean—-Cano wedge cells
(tan® = 0.0078), photopolymerization was not required because the defects
formed in the equilibrium state.

Imaging experiments were conducted with a transmission optical micro-
scope (OPTIPHOT2-POL, Nikon, Tokyo, Japan) with a Xx10 objective lens
(NA (numerical aperture) =0.21, Nikon) and a confocal fluorescence

Scheme 1 Polymer 1, compounds 2 and 3.
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polarizing microscope (LSM 510, Carl Zeiss, Tokyo, Japan). The excitation
beam (488 nm, Ar laser) was split using a beam splitter (HFT488) and was
focused by an objective into a small volume within the LC slab. The fluorescent
light from this volume was detected by a photomultiplier tube in the spectral
region from 535-590 nm. The pinhole size was adjusted according to the
magnification and NA of the objective, which was 51 pm and 92 pm for the
%10 (NA=0.45, Plan-Apochromat, Carl Zeiss) and %20 (NA=0.5, Plan-
Neofluar, Carl Zeiss) objective lenses, respectively. Because the excitation beam
was polarized, the anisotropy of the nematic LC could be observed. Small HBP
concentrations and the light intensities were needed to avoid director field
distortions resulting from the Janossy effect, that is, the light-induced
reorientation of small-sized fluorescent HBP.?’

RESULTS AND DISCUSSION

Materials

We synthesized perylene-labele HBPs with mesogenic shells
(1) as shown in Scheme 1 that could be dispersed in a nematic
liquid crystal and studied the behavior of HBPs captured by
disclinations using confocal fluorescence polarizing microscopy.>>*
A perylene derivative with a methacryl group (2) was introduced to
the HBP using photo-copolymerization. Additional graft polymerization
of a liquid-crystalline methacryl monomer, 5-(4-cyanobiphenyl-4’-
yloxy)pentyl methacrylate (3), and dodecyl methacrylate mixture was
performed after synthesizing the HBP, resulting in the formation of a
mesogenic shell surrounding the HBP to improve its solubility in 5CB.
The chemical structures are presented in the Supplementary Information
section. A well-aligned periodic array of HBP-droplet chains was
successfully built using a topologically induced disclination array in a
chiral nematic phase. We used 4-cyano-4'-pentylbiphenyl (5CB) as the
nematic LC. To induce the creation of a chiral nematic phase, the chiral
dopant, 2,5-bis-[4’-(hexyloxy)-phenyl-4-carbonyl]-1,4;3,6-dianhydride-
p-sorbitol (ISO-(60BA),), was doped in nematic 5CB.

A dithiocarbamate with a primary aliphatic alkyl bond, such as
methacrylate, has little tendency to be homolytically cleaved in
comparison with a conjugated alkyl, such as benzyl. In general, the
partially-branched polymers were obtained from the polymerization
of 2-(N,N-diethyldithiocarbamyl)ethyl methacrylate, and therefore
the viscosity ratio ¢= [MNpranched]/[Miinear] Of methacrylate-HBP
(¢=0.38-0.44)'7 was larger than the value of benzyl-HBP
(¢=10.16-0.28).%

d28—32 24-26

CeHis~  CeHis
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The solubility of HBPs was strongly dependent on the chemical
structure of the shell surrounding the HBPs. The HBP without a shell
and the HBP with a mesogenic shell prepared from only monomer 3
were insoluble in 5CB for both the nematic and isotropic phases.
However, the HBP with the mesogenic shell prepared using
50/50 mol% of 3 and dodecyl methacrylate exhibited good and poor
solubility in 5CB for the isotropic and nematic phase, respectively.
When 0.02wt% of 1 was dissolved in 5CB, the solution was
completely homogeneous and transparent in the isotopic phase,
whereas 1 precipitated in the nematic phase.

Microscopic measurement of HBP 1 in the nematic phase

The phase-separated behavior of 1 in 5CB was observed using a
confocal fluorescence polarizing microscope,***? which allows high-
spatial resolution of localized fluorescence-labeled molecules in a
thick medium.***> When the solution of 5CB and 1 was in the
isotropic phase at 50 °C, the observed field was uniformly and slightly
bright using fluorescent light from 1 with a wavelength of
approximately 535nm over the entire specimen; that is, 1 was
uniformly dispersed at a nearly molecular level in the isotropic
phase of 5CB. When the solution transformed into the nematic phase
after quenching to ambient temperature, numerous small fluorescent
droplets suddenly appeared during the phase transition. Because of
the thick cell and lack of surface treatment of the substrate surface,
many thread-like line defects occurred in the specimen in the nematic
phase. The defects were unsteady and moved drastically just after the
phase transition occurred. A number of disclinations merged with
each other and subsequently disappeared. Finally, a Schlieren texture
was obtained in which the line defects, the disclinations with strengths
sof 1/2 or —1/2, were formed vertically with respect to the substrate
surface. We observed that the fluorescent small droplets were trapped
by the thread-like line defects, and the particles aggregated along these
lines before the lines disappeared. To immobilize the line defects filled
with 1, the specimen was irradiated with UV light, which induces
chemical interconnection among 1 molecules. The HBPs underwent
photo- and thermal-living radical polymerization that originated
from the cleavage and recombination of the thiocarbonyl groups on
the HBP surface.!”~23 The living radical polymerization produced not
only the additional chain polymerization of the monomers to the
surface of the HBP, such as in graft polymerization, but also induced
the addition of polymeric segments to the other polymeric segments
at the surface of the HBP. Therefore, the HBPs in the disclination lines
could be further polymerized using UV irradiation to immobilize
these disclination lines before the mobilization or merging of these
disclination lines and the formation of micrometer-sized HBP
particles. Figures 1a and b present the polarizing optical micrograph
and the confocal fluorescence polarizing micrograph, respectively, of a
line defect after immobilization in the nematic phase. The thread-like
line includes a core with two black brushes under crossed polarizers as
shown in Figure la, indicating that the line is a disclination of s=1/2
or —1/2. Furthermore, the line was identified to be —1/2 because
when the sample was rotated with respect to the axes of polarizers, the
black brushes rotated in the same direction as the sample rotation.
Figure 1b clearly illustrates that the fluorescent small particles, the
bright regions in Figure 1b, are captured and aggregated along
the disclination line.

Microscopic measurement of HBP 1 in the chiral nematic phase
Disclinations are formed in an equilibrium state when a chiral
nematic phase is confined within a finite volume. When a
Grandjean—-Cano wedge-shaped cell is filled with chiral nematic
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Figure 1 (a) Polarizing optical microscope and (b) confocal fluorescence
polarizing microscope texture of a nematic liquid crystal with planar defects
in a thick glass cell (75um spacer). Bright spots imply the presence of
the perylene-labeled HBP and the bright lines of (b) correspond to the
disclination lines of (a); the disclination was defined as s= —1/2 (see
Supplementary Information).

100 um ‘

 —
Figure 2 (a) Polarizing optical microscope and (b) confocal fluorescence
polarizing microscope texture of periodically aligned defects in a Grandjean—
Cano wedge cell. The bright lines of (b) correspond to the disclination
lines of (a): edge dislocations with Burgers vectors b=p/2. The pitch
was calculated to be p=1.51um. (c) The magnified images near the
disclination line of (b).




phase, regularly aligned defect lines of |s|=1/2 form in the cell
perpendicular to the gradient of the cell thickness. The defect lines in
the thin region of the cell are edge dislocations composed of a pair of
7 and X disclinations.>#4% A wedge cell was filled with a mixture of
5CB/ISO-(60BA),/1 =99.0/0.95/ca.0.020 wt% and observed using
polarizing optical microscopy and confocal fluorescence polarizing
microscopy. Figures 2a and b present photographs of an identical field
in the cell observed using a polarizing optical microscope and a
confocal fluorescence polarizing microscope, respectively. An array of
periodically aligned defect lines was formed in the wedge cell, as
illustrated in Figure 2a. It should be noted that the fluorescent
particles consisting of 1 assembled along the defect lines, as shown in
Figure 2b. From the magnified photograph presented in Figure 2¢, the
particles are approximately 1-2 pm in diameter and are connected
with one another in a line like a string of beads. Interestingly, the
diameter of the particles increased as the cell thickness increased in
the wedge cell.

Figure 3 presents snapshots at transitional periods of the phase
transition from an isotropic phase to a chiral nematic phase in the
wedge cell. For the isotropic phase (a), no particles were observed.
Directly after the phase transition to the chiral nematic phase by
quenching to ambient temperature, numerous particles appeared
across a broad area (b) and were rapidly swept away by moving defect
lines from the left (thick) to right (thin) side (c). After several
hundred seconds, the defect lines almost stabilized; however, the free
particles that were not trapped by the defect lines moved around via
Brownian motion and sometimes coalesced with one another.
Interestingly, the motion of the particles was not random; instead,
in general, they migrated toward the left (thick) side and subsequently
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accumulated at the defect lines (d)—(l). Once the particles were
trapped in the defect lines, their motion was limited to one dimension
along the defect line. Thus, the disclinations are clearly shown to exert
a long-range attractive force on the HBP particles. The time
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Figure 4 Time trace of the Brownian motion and migration of two droplets
to a disclination line in the chiral nematic LC fluid. The black and gray
solid lines indicate the particles B and vy in Figure 3, respectively. Motion
along the z axis was not measured. The arrows indicate migrations, and the
insets illustrate the change of distance near the final migration.

Figure 3 Particle dynamics in a chiral nematic liquid crystal near the disclination line. The micrographs were obtained using a confocal fluorescence
polarizing microscope (5s per frame). The time of the phase transition from the isotropic to chiral nematic phase was set as Os. The yellow lines indicate
the disclination lines (which are offset to the left for clarity), the white arrows indicate Brownian motion without migration, the pink arrows indicate the
migration, and the sky-blue arrows indicate one-dimensional movement along the disclination line. (a) In the isotropic phase, no particles were observed,
(b, ¢) many particles appeared after quenching and the disclination line moves to right (thin side) captured particles (e.g., o), (d-f) Brownian movement
(e.g., B and y) was observed (see Supplementary Information), (g-i) migration to the disclination line () and one-dimensional motion were observed, and

(j-1) the other droplet y also migrated.
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Figure 5 The fluorescence microscopic observations of the HBP alignments in the wedge cell with chiral dopant concentrations of (a) 0.126wt% (b)
0.252wt% (c) 0.379wt% (d) 0.497 wt% and (e) 0.616 wt%. The HTP value was calculated as 55.2 + 2.0 um 1.

dependence of the distances between a droplet and the disclination
line at which the droplet was finally trapped is illustrated in Figure 4.
The droplets moved randomly in regions far from the disclination;
however, in general, most of the droplets drifted from the thin regions
to the thick regions. As a result, the droplets gradually approached
the disclination line. During the final stage of migration into the
disclination, the droplets were rapidly attracted to the disclination line
and traveled approximately 1.3 pm to reach it. After that movement,
the Brownian motion was restricted to 1 dimension along the
disclination line. However, 3-dimensional Brownian motion could
not be measured using a confocal fluorescence polarizing microscope
because of the wide range of observations and the rapid scan. Detailed
studies of similar behavior have been reported elsewhere.” 14

The spacing of a disclination array of regular intervals can be
determined by the pitch length of the chiral nematic phase, which is
proportional to the reciprocal of the concentration of the chiral
dopant and the angle between the two substrates of the wedge cell. We
regulated the spacing of the disclination lines by changing the
concentration of the chiral dopant. We can regulate the spacing of
the HBP chain array using the disclination array, which can serve as a
template for the HBP arrangement. Fluorescence micrographs of well-
aligned chains of HBP droplets with various spacings are presented
in Figure 5.

Molecular weight dependence of the solubility of HBP 1

The unfractionalized HBPs were used in the study described above.
However, the molecular weight of the HBPs should influence the
phase separation in a liquid crystal because the miscibility of a
polymer with liquid crystals depends strongly on the molecular
weight of the polymer. The perylene-labeled HBP 1 was fractionalized
by GPC, as described in Table 1, to examine the molecular weight
dependence of the phase separation. For HBP 1a (M,,~ 4.4 x 10°) and
HBPs with a higher molecular weight, phase separation occurred in
both the nematic and chiral nematic phases, similar to that in
unfractionalized HBP 1. The phase-separated HBPs assembled at the
disclination lines; nevertheless, in the nematic phase, all of the defect
lines oriented vertically with respect to the substrate surface in the
thin cell. Thus, the phase-separated HBPs appeared to be dots under
the microscope. For HBP 1b (M, ~2.5 x 10%), phase separation also
occurred, but the size of the dots was smaller in the chiral nematic
phase in particular. However, for HBP 1c (M, ~ 1.6 x 10°), the HBPs
did not aggregate at the disclination line in the chiral nematic phase
(Figure 6f). Additionally, the characteristic brightness gradation of
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Table 1 The molecular weights of the fractionalized HBPs

HBP My? My} Mu/Mp Mp/Mmonomer
1 (unfractionalized) 1.0x 10* 7.1x 104 6.9 38

la 4.4 %103 5.2x 103 1.2 17

1b 2.5x 103 3.1x103 1.3 9.5

1c 1.6x 103 2.9x 103 1.8 6.0

2Polystyrene-reduced molecular weight.

fluorescence corresponding to the LC director variation in the
nematic phase with Schlieren texture was observed in a confocal
fluorescence polarizing micrograph (Figure 6¢), which implies that
the low-molecular-weight oligomers of HBP 1c¢ were dissolved in 5CB
not only in the isotropic phase but also in the nematic and chiral
nematic phases. Moreover, the mesogenic perylenes linked to the
HBPs were oriented along the LC directors.

For HBPs with high molecular weights, the particle size of an HBP
molecule was much larger than the LC molecule, and the elastic
energy of the LC molecules around the HBP molecules increased.
Therefore, the HBPs were hardly soluble, and the molecules aggre-
gated as micrometer-sized particles, as in the case of normal phase
separation. However, for the HBPs with low molecular weights, the
elastic energy of the LC molecules around the HBP molecules was
assumed to be low because of the small size of the HBP molecules.
The threshold value for dispersion in the oriented LC molecules was
estimated to be M, ~2 x 10,

CONCLUSIONS

A novel synthesized perylene-labeled HBP with a mesogenic shell 1
was observed to migrate toward a field with a large distortion of
directors. This polymer was captured by a disclination line of 1/2
strength in nematic and chiral nematic phases. A well-aligned
particle array of the HBPs was created using a chiral nematic phase
confined in a wedge cell. Therefore, we have successfully controlled
the spatial arrangement of HBP using the topological defect of
liquid crystal directors. Because the orientation of liquid crystals
can be varied by applying external fields, such as electric fields,
magnetic fields, shear flow and temperature gradients,**® the
arrangement of the particles induced by the director gradient
could be varied by an external field, leading to an extensive
expansion of the application fields of HBPs.
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Figure 6 Fluorescence microscopic observations of HBP phase separation in the nematic and chiral nematic phases. (a) HBP 1a, (b) HBP 1b, and (c) HBP
1c in the nematic phase in thin glass cells. (d) HBP 1a, (e) HBP 1b, and (f) HBP 1c in the chiral nematic phase in wedge cells. The concentrations of the
HBPs were changed appropriately to obtain clear images, and the chiral dopants used were different in each case.
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