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ABSTRACT: Solvent-mediated self-assembly of macromolecules has been widely used as a bottom-up strategy for synthesis of
nanostructured materials, but most solvents (e.g., water or isotropic organic solvents) provide limited control over the spatial locali-
zation and manipulation of individual assemblies. In this study, we use organic solvents with nematic ordering to explore the possi-
bility of programmed assembly of polymers with tailored side-chains within the nanoscopic cores of topological defects of the nematic
solvents by developing structure-property relationships. Variation of the side chains of poly(n-alkyl acrylates) (alkyl = butyl, hexyl,
and dodecyl) revealed that the driving force for partitioning of the polymers into the nanoscopic cores of topological defects formed
in nematic 4’-n-pentyl-4-biphenylcarbonitrile (5CB) increased with side-chain length, but controlled self-assembly was not observed.
Poly(dimethylacrylamide) was found to be soluble in bulk nematic SCB but did not partition to defects and poly(2-hydroxyethyl
acrylate) aggregated in the nematic solvents prior to partitioning to defects. However, poly(2-hydroxyethyl methacrylate) preferen-
tially partitioned into defects above a critical concentration, forming single, well-defined and reversible assemblies (in the absence
of aggregation in the bulk phase) at locations defined by the positions of the defects. By synthesizing co-polymers that incorporated
anthracene side-chains, photo-crosslinked assemblies with cross-section diameters of 30 = 5 nm could be generated in and recovered
from the defects. Overall, this study provides design parameters for programmed polymer assembly in topological defects of liquid
crystalline solvents, including the polymer side chain structure (polarity, flexibility, hydrogen bonding properties), polymer molecular
weight, and properties of the main-chain.

to direct assembly processes.'> > While a range of organic sol-
vents have been explored previously for self-assembly, includ-
ing hydrogen bonding solvents'* !> and ionic liquids,'® !7 here

INTRODUCTION

The spontaneous self-organization of molecules, from small

molecules to macromolecules, is widely established as a versa-
tile bottom-up strategy to prepare tailored nanostructured mate-
rials.'? In many cases, formation of nanoscale structure is
driven by interactions between the molecular building blocks
and a solvent.*’ The thermodynamic driving force leading to
formation of micellar assemblies of amphiphiles (surfactants)
in water, for example, arises from an increase in entropy,
achieved as highly ordered water molecules clustered around
the aliphatic (non-polar) tails of surfactants are released into the
bulk upon micellization (the so-called hydrophobic effect).®° In
turn, the equilibrium molecular architecture of the amphiphile
(“packing parameter”)!? captures the role of repulsive head-
group interactions in limiting assembly growth and plays an im-
portant part in determining the morphology of amphiphilic as-
semblies in water (e.g. spherical, vesicular, cylindrical).5 !

In this paper, we move beyond studies of molecular self-as-
sembly in water to explore the use of structured organic solvents

we focus on organic solvents with long-range orientational or-
dering, so-called nematic solvents. The focus on nematic sol-
vents, which are one of the simplest classes of liquid crystals
(LCs, Figure 1A-B)'> * is motivated by the observation that
they offer the basis of potential strategies for achieving spatial
and temporal control of solvent structure,'® ' and thus program-
ming of molecular self-assembly,?” 2! that are not possible with
conventional (isotropic) organic solvents. In particular, the
study reported in this paper sought to identify new principles
for self-assembly of macromolecules based on geometry-in-
duced (i.e., topological) defects in the ordering of nematic sol-
vents. Topological defects form within confined nematic phases
when the orientations of the solvent molecules at the confining
surfaces cannot be satisfied in the presence of bulk-like nematic
order.'? 1322 The resulting frustration leads to the creation of
local disordered



Figure 1. Nematic LCs and disclination lines. (A) Molecular structure of 4’-n-pentyl-4-biphenylcarbonitrile (5CB). (B-C) Schematic il-
lustrations of the orientational order in a nematic solvent and a singular line defect (disclination, oriented towards reader) with strength of m
= —1/2 (see Results and Discussion for the definition of m and explanation of dotted circular line around the defect core). The black dashed
lines indicate the orientations of the mesogens outside the defect core, and the disordered red molecules indicate the core of the defect. For
simplicity, the continuous change in ordering between the core and surroundings is not depicted in this illustration. (D) Experimental set-up
used to generate m = —1/2 defects; an optical cell consisting of surface-functionalized copper wires and glass substrates. (E) Cross-section
of (D) in the yz-plane, showing a pair of m =—1/2 disclinations formed in the confined nematic LC. The dashed lines show local ordering of
the mesogens and the red dots represent the cores of the disclinations. (F) Bright field optical micrograph of a disclination (indicated by red
arrow), formed parallel to the long axis of a copper wire in the xy-plane. Scale bar is 200 pm.

regions within the nematic solvent, typically with characteris-
tics dimensions of ~10 nm (for 4’-n-pentyl-4-biphenylcarboni-
trile, 5CB) at room temperature.'> !> Because the equilibrium
and dynamic properties of topological defects are well under-
stood in nematic phases,'> '3 and because topological defects
can be formed predictably in a range of system geometries, >
our study tests the hypothesis that topological defects offer the
basis of new, versatile and facile ways to control where and
when molecular assemblies form in a solvent. Specifically, in
contrast to formation of molecular assemblies in bulk solvent
where the assemblies are mobile (diffuse) and form at random
locations," > ** topological defects offer the possibility of form-
ing single assemblies at a predictable location within a solvent
phase, thus enabling the structure and properties of single mo-
lecular assemblies to be studied and exploited: It is this oppor-
tunity that motivates the study reported in this paper.

The promise of using defects in nematic solvents for directing
the self-assembly of molecules is illustrated by a recent study
focused on low molecular weight amphiphiles such as 1,2-di-
lauroyl-sn-glycero-3-phosphocholine (DLPC).2% 2! DLPC and
related amphiphiles were shown to form organized nanostruc-
tures®® 2! through cooperative processes (a critical aggregation
concentration (CAC) was observed) within the solvent environ-
ment defined by defects, and under conditions where no meas-
urable association of amphiphiles occurred in the bulk of the
phase.?’ The selective assembly of amphiphiles in the defects
was proposed to arise, at least in part, from the free energy gain
achieved by replacement of disordered, frustrated solvent mol-
ecules in the core of the defect by the molecular assembly.? 2!
Additionally, using experimental values of the CAC, it was de-
termined that the standard free energy of formation of the as-
semblies was linearly dependent on the tail lengths of the phos-
pholipids.?® This result is strikingly similar to hydrophobically-
driven self-assembly in water where the standard free energy of
micellization increases approximately linearly with chain

length." *35 However, in contrast to water-driven self-assembly,
defect-templated self-assembly in nematic solvents allows spa-
tial control over where assemblies form?' and manipulation of
individual assemblies of small molecules amphiphiles.?*2!

Whereas the above-mentioned studies of molecular self-as-
sembly in nematic defects focused on small molecule am-
phiphiles,?* 2! motivated by the observation that solvent-medi-
ated self-assembly of macromolecules provides access to a
broad range of functional nanostructures,' 7 here we test the
hypothesis that defects in nematic solvents can guide the self-
assembly of polymers with tailored side-chains into organized
nanostructures at well-defined spatial locations. We focus, in
particular, on synthetic polymers containing aliphatic side
chains. This tests the additional hypothesis that, similar to small
molecule amphiphiles, flexible aliphatic chains can be used to
tailor solvent-mediated forces that drive self-assembly of poly-
mers within topological defects of nematic solvents. While our
results provide support for this hypothesis, in addition, through
a series of structure-property studies, we find that the introduc-
tion of polar functional groups is necessary to limit further
growth of macromolecular assemblies within defects (i.e., to
prevent macroscopic phase-separation of the polymers). Here
again, we find a strong analogy to self-assembly in water, where
polar head-group interactions play a key role in the formation
of defined nanostructures.”*¢

Finally, as additional context to our study, we note that a large
number of past studies have explored polymerization in liquid
crystalline (e.g., nematic) solvents to form LC-polymer compo-
sites, including in the presence of defect-containing LC
phases.?®32 Our work builds on these past studies by exploring
the assembly of preformed polymers in nematic solvents with
single defects, with the goal of elucidating structure-property
relationships that govern equilibrium self-assembly of the mac-
romolecules. Our approach contrasts to past studies of polymer-
ization in
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Figure 2. Molecular structures of monomers and synthetic pathways for the preparation of BODIPY-conjugated homopolymers. (A)
Chemical structures of monomers, containing acrylate or acrylamide (highlighted in yellow box) and methacrylates (red box); (1) butyl
acrylate, C4; (2) hexyl acrylate; C6; (3) dodecyl acrylate, C12; (4) 2-hydroxyethyl acrylate, HEA; (5) dimethylacrylamide, DMA; (6) 2-
hydroxyethyl methacrylate, HEMA; (7) 9-anthracenylmethyl methacrylate, AnMA. (B-C) Synthesis of polyacrylate and polyacrylamide (B)
and (C) polymethacrylate via RAFT polymerization. BODIPY fluorophore is highlighted in green. NHS, N-hydroxysuccinimide; DIPEA,
N,N-diisopropylethylamine.

Table 1. Polymers used in this study and threshold concentrations for aggregation.

Polymer type Identifier® DP,? DP,} é\:j,anI(\)dB (]:/r’ii;(lj) £ Onsetiﬁfdaﬁngdgation
Homopolymers  n-alkyl acrylate  C4 103 13.8k 12.9k 1.17 0.15 £+ 0.05 pM°
Cc4 50 6.9k 9.0k 1.25 0.4 + 0.1 pM*

c4 14 23k N/A NA 125 + 25 uM*

Cé 72 11k 9.2k 1.37 0.25 £+ 0.05 pM*

cé 18 3.3k 2.1k 1.36 7.5+ 2.5 pM*

C12 107 26.2k 18.0k 1.47  0.008 £ 0.002 pM°

Cl12 39 9.8k 4.8k 1.34 0.3 + 0.1 pM*®

Ci12 5 1.7k N/A N/A 250 + 50 uM*

HEMA 90 12.0k 24.5k 133 0.045 + 0.005 uM

50 7.2k 27k 1.30 0.25 + 0.05 uM

HEA 38 4.9k 12.5k 1.32 No aggregation

DMA 32 3.7k 7.6k 1.32 >200 pM

Random copolymers HEMA-r-AnMA 46 18  11.7k 26.8k 1.38 0.45 + 0.05 uM"
22 23 9.9k 13.4k 1.54 No aggregation

Onset of aggregation
in bulk nematic solvent?

7.5+ 25 M

110 + 10 uM
0.075 £ 0.025 uM
0.8+ 0.2 pM

02+0.1 pM
0.65 + 0.15 uM
0.9 +0.1 M

> 200 pM

0.6 +0.1 M

>1.5+05uM

“Structures of side chains are shown in Figure 2A. "Degree of polymerization (DP) for each monomer is indicated by m and n, as determined
by NMR and GPC (see SI for detailed characterization, Figure S15-S50). “Dispersity (P) determined by GPC is indicated for each polymer.
For N/A, the retention time is too long to calculate Mx and D by GPC. ‘Observations were made 30 mins after forming the —1/2 defects.
*Nucleation and growth in nematic defects leading to uncontrolled growth of micrometer-size polymer-rich domains. /Cooperative and re-
versible self-assembly of well-defined nanostructures in defects.



LCs,?3? where consumption of the monomer during polymeri-
zation typically involves complex changes in solvent phase be-
havior, resulting in formation of structures that reflect the kinet-
ics of the polymerization process (not equilibrium self-assem-
bly).?632  Although distinct, as detailed later in this paper, we
find that results obtained in our studies focused on equilibrium
self-assembly provide insights into past observations involving
polymerization in LCs containing defects (e.g., so-called blue
phase LCs?*?). Overall, our study goes beyond past investiga-
tions of LC-templated polymerization,?*3? or self-assembly of
polymeric materials in bulk phases,** 34 by reporting formation
of single assemblies via reversible and cooperative processes
involving tailored polymers at topological defects in nematic
solvent phases.

EXPERIMENTAL METHODS

Materials. The nematic LC, 4’-n-pentyl-4-biphenylcarbonitrile
(5CB), was purchased from HCCH (Jiangsu Hecheng Display
Technology Co., Ltd). Dimethyloctadecyl[3-trimethoxysi-
lyD)propyl] ammonium chloride (DMOAP), chloroform (HPLC
grade) and ethanol (200 proof, HPLC grade) were purchased
from Sigma Aldrich (St. Louis, MO). Hexane (HPLC grade,
>97.0% (GC)) was purchased from Honeywell Research Chem-
icals. Deionized water (18.2 MQ cm resistivity at 25°C) was
obtained using a Milli-Q water system (Millipore, Bedford,
MA, USA). Fisher Finest Premium Grade glass slides was pur-
chased from Fisher Scientific (Pittsburgh, PA). Copper wire
(300 pm in diameter) was obtained from Malin Co. (Brookpark,
OH). The AFM tips (triangular in shape, nominal spring con-
stant of 0.03 N m™!) were purchased from Bruker (Camarillo,
CA).

Butyl acrylate (C4), hexyl acrylate (C6), dodecyl acrylate
(C12), N, N-dimethylacrylamide (DMA), 2-hydroxyethyl acry-
late (HEA) were purchased from Sigma Aldrich and purified by
passing through a basic Al,O3; column to remove the inhibitors.
9-anthrylmethyl methacrylate (AnMA) was purchased from
TCI and used as received. 2-Hydroxyethyl methacrylate
(HEMA) was purchased from Sigma Aldrich and purified by
the following procedure. HEMA was passed through a basic
Al,0O3 column and then dissolved in deionized water. The aque-
ous solution was then washed with hexanes three times fol-
lowed by extraction with dichloromethane four times. The di-
chloromethane layer was combined, and the solvent was re-
moved by evaporation under reduced pressure and then dried in
a vacuum desiccator overnight before being transferred to a
freezer for further storage. Azobisisobutyronitrile (AIBN) was
recrystallized before use. All other chemicals and materials
were purchased from Sigma Aldrich and Acros Organics, and
used as received unless otherwise stated.

Representative homopolymer synthesis procedure. The
acrylate, acrylamide and methacrylate monomers used in our
study are shown in Figure 2A. We first synthesized a chain
transfer agent (CTA) comprising dithiocarbamate that was con-
jugated to a fluorophore dipyrrometheneboron difluoride
(BODIPY) via a two-step reaction (Figure 2B).3* The dithio-
carbamate CTA was used for polymerization of acrylate mono-
mers; C4, C6, C12, HEA and DMA (Figure 2A and Table 1).
For methacrylate monomers, a trithiocarbonate CTA was de-
signed and synthesized by esterification of a phenol BODIPY
with a -COOH bearing trithiocarbonate to match the reactivity
of methacrylate monomers (Figure 2C).

Reversible addition fragmentation transfer (RAFT) polymer-
ization reactions were carried out under air-free anhydrous con-
ditions in dimethylformamide (DMF) using AIBN as the initia-
tor (Figure 2B-C). Specifically, the starting materials were
added to a flame-dried Schlenk flask under nitrogen atmos-
phere. The system was subsequently degassed with three
freeze-pump-thaw cycles. Then, the flask was immersed in an
oil bath preheated to 70°C and allowed to react overnight under
nitrogen. Afterwards, the reaction was quenched by immersion
in liquid nitrogen and precipitation by adding cold ether, meth-
anol or hexanes, depending on the solubility of the synthesized
polymer. Finally, the polymers were collected by centrifugation
and dried under vacuum overnight before use. Additional ex-
perimental details and information regarding characterization of
the polymers are presented in Supplementary Information
(SI), Figures S1-S50. The glass transition temperatures (7) of
polymers of the type used in our study are also listed in SI (see
Table S1). We expect, however, that the presence of nematic
solvent in our study will substantially influence 7, values.

Preparation of DMOAP-functionalized glass slides and cop-
per wires. A 1% v/v DMOAP solution was prepared by adding
1 mL of 60% v/v DMOAP (dissolved in methanol) into 100 mL
deionized water. Glass slides and copper wires were incubated
in the DMOAP solution for 2 hours and then sonicated for 10
minutes at room temperature.*® 37 The glass slides and copper
wires were rinsed with deionized water followed by ethanol and
dried under a stream of nitrogen gas.

Preparation of mixtures of BODIPY-poly(alkyl acylates)
and 5CB. Here we describe the procedure used to prepare a
mixture of BODIPY-poly(C4) (DP = 50, 1 uM, equivalent to
0.0006 wt%) in 5CB (Figure 2A-B and Table 1). The same
procedure was used to prepare mixtures of BODIPY -poly(C6)
or BODIPY-poly(C12) and 5CB. In brief, 3.45 pL of 0.1 mg
mL"! solution of BODIPY -poly(C4) in chloroform was added
to 30 pL of chloroform. Then, 50 uL of 5CB was added to the
polymer solution. The mixture was placed under vacuum at
45°C for 2 hours to evaporate chloroform. The mixture of pol-
ymer and S5CB was kept in the isotropic phase state until it was
introduced into the optical cell.

Preparation of mixtures of BODIPY-
poly(HEMA/HEA/DMA) and S5CB. Here we describe the pro-
cedure used to prepare a mixture of BODIPY -poly(HEMA) (DP
=50, 0.5 uM) in 5CB (Figure 2A, C and Table 1). The same
procedure was used to prepare mixtures of BODIPY-
poly(HEA) or BODIPY-poly(DMA) and 5CB. In brief, 1.75
uL of 0.1 mg mL! of BODIPY-poly(HEMA) in a mixture of
chloroform and ethanol (1:1 v/v) was added to 30 puL of chloro-
form. Then, 50 pL of 5CB was added to the polymer solution.
The mixture was subsequently placed under vacuum at 45°C for
2 hours to remove the ethanol and chloroform. The mixture of
polymer and 5CB was kept in the isotropic phase until it was
introduced into the optical cell.

Fabrication of optical cells. Optical cells were prepared by
aligning two DMOAP-functionalized glass slides and spacing
them apart with two DMOAP-functionalized copper wires (Fig-
ure 1D, E). The two surfaces of the cell were glued together
using an adhesive (a two-part adhesive consisting of an epoxy
resin and polymercaptan and amine curing agents). The mixture
of BODIPY-labelled polymer and 5CB in the isotropic phase
was introduced into the optical cell and then cooled to the ne-
matic phase at room temperature (21-22°C). Microscopy was
performed at 21-22°C.



Fluorescence microscopy of BODIPY-labelled polymers in
nematic SCB. The spatial distribution of BODIPY -labelled
polymers in 5CB was imaged by fluorescence microscopy
(Olympus IX71, equipped with a mercury lamp). Images were
acquired with a Hamamatsu 1394 ORCA-ER CCD camera con-
trolled by Simple PCI imaging software (Compix). The fluores-
cence filter sets were purchased from Chroma (Bellows Falls,
VT). Filter set 1 was used to characterize the monomer signal
and consisted of an excitation filter transmitting light at 457-
502 nm and emission filter transmitting light at 510-562 nm.
Filter set 2 was used to characterize the dimer signal and com-
prised of an excitation filter transmitting light at 533-584 nm
and emission filter transmitting light at 606-684 nm.

Cross-linking of polymers in LC defects. A mixture of photo-
crosslinkable polymer (BODIPY-poly(HEMA-r-AnMA), 0.7
uM) in 5CB was prepared using the procedures described
above. The anthracene-containing polymer and SCB mixture in
the isotropic phase was injected into the optical cell and then
cooled to room temperature. To facilitate the crosslinking of
anthracenyl groups, the optical cell was exposed to UV light at
365 nm (EN-280L, Spectroline) for 2 hours. The UV source,
with an intensity of 1 mW cm™, was positioned 5 cm from the
sample. We comment here that the cross-linked assemblies did
not disassemble upon heating the LC above the nematic-iso-
tropic transition temperature (see SI, Figure S55).

Characterization of self-assembled polymeric nanostruc-
tures. Prior to performing measurements using scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM),
the cross-linked polymeric nanostructures were extracted from
the LC defects as follows: 5CB near the cross-linked nanostruc-
ture (close to the copper wires in the optical cells, Figure 1D-
F) was extracted with a micropipette and transferred to the sur-
face of a bare glass microscope slide (we observed the poly-
meric nanostructures to adhere to the surface of glass). Hexane
was added to the SCB containing the cross-linked structure, and
the isotropic mixture of SCB and hexane was carefully extracted
with a micropipette. This process was repeated 5 times to re-
move 5CB from the substrate. Subsequently, the remaining
5CB and hexane were evaporated under vacuum for 24 hours,
leaving only the cross-linked polymeric structures adhered to
the glass substrate. The sample was subsequently coated with
iridium by sputtering to a thickness of about 5 nm. Imaging of
the polymeric assemblies was performed by Zeiss Gemini 500
SEM and operated either at 1 kV or at 5 kV. The same sample
(after the coating with metal) was characterized by a Nanoscope
IlTa Multimode Atomic Force Microscope (Veeco Metrology
Group, Santa Barbara, CA) in contact mode.

RESULTS AND DISCUSSION

As noted in the Introduction, homopolymers were designed, in
part, to explore how side-chain structure influences self-assem-
bly in defects (Figure 2 and Table 1). Our hypothesis was that
alkyl side-chains can provide the basis of a driving force for
partitioning of macromolecules into topological defects of ne-
matic solvents. To test this hypothesis, poly(alkyl acrylates)
were synthesized with varying side-chain lengths (alkyl = C4,
C6 or C12). Additionally, the degree of polymerization (DP ~
10, 50 or 100) was varied to investigate the effect of molecular
weight on partitioning of polymers into defects. We also syn-
thesized poly(HEA) and poly(DMA) to introduce polar groups
(hydroxyl and amide group) into the side-chains and test how
interactions mediated by polar groups influence self-assembly

in defects. Finally, to investigate the effect of backbone flexi-
bility on the localization of polymers in defects, we compared
the behavior of methacrylate and acrylate polymers. Molecular
weight and dispersity were determined by NMR and GPC (SI,
Figures S1-S50).

We employed RAFT to synthesize homopolymers labelled
with the fluorophore BODIPY, as shown in Figure 2. BODIPY
was chosen as the fluorophore because the absorption and emis-
sion spectra of BODIPY changes with self-association,?® thus
providing an unambiguous optical signature of the onset of self-
association of the homopolymers in SCB. When BODIPY is
singly dispersed in nematic 5CB, absorption and emission occur
at 457-502 nm and 510-562 nm, respectively, while association
of the fluorophore into dimers results in absorption and emis-
sion at 533-584 nm and 606-684 nm, respectively.?2!

Each polymer was dissolved in isotropic SCB (see Experi-
mental Methods) and then the mixture, in the isotropic phase,
was introduced into an optical cell (Figure 1D-F). The design
of the optical cell used to generate defects was similar to that
reported previously by Cladis et al.* In brief, the optical cell
was fabricated by placing two copper wires (each with a diam-
eter of 300 um) between two glass substrates. Both the wires
and the glass substrates were chemically functionalized with
DMOATP to induce perpendicular anchoring of nematic 5CB at
their surfaces.’® 37 4042 These boundary conditions generated
two singular disclinations of strength m = —1/2 (line defects)
after the isotropic phase of 5CB was cooled into the nematic
phase. Here we note that defects are classified by defining a
charge or strength m = £ a/2n, where o is the angle of rotation
(in radians) of the LC director n when traveling one full rota-
tional circuit around the defect core. As shown in Figure 1C,
if, upon completing a circuit (indicated by circular dotted line)
around the defect core the director rotates by a = =, the topo-
logical strength is m = —1/2. The sign of m is determined by
whether the director n rotates in the same direction (+) or in the
opposite direction (—) as the closed path. The m =—1/2 defects
in our experiments formed parallel to the long axes of the wires
(Figure 1E-F) and appeared as dark lines in bright-field imag-
ing due to scattering of light. In addition to scattering of light,
inspection of Figure 1F reveals variation of optical contrast
near the defect. This contrast is caused by the change in orien-
tation of the LC near the defect and the associated change in
refractive index. We adopted this experimental geometry for the
experiments reported in this paper because it leads to the pre-
dictable formation of defects that are stable and well-defined in
length, allowing for the decoupling of molecular self-assembly
from defect dynamics, including any uncontrolled changes in
the length of the defect.

Poly(alkyl acrylates). The initial class of polymers that we in-
vestigated were poly(alkyl acrylates). Our focus on these poly-
mers (with aliphatic side chains) was motivated by our prior
studies of small molecule amphiphiles in which aliphatic tail
length was observed to play a key role in triggering self-assem-
bly of the amphiphiles in defects.?> *' First, we investigated
poly(hexyl acrylate) conjugated to BODIPY (BODIPY-
poly(C6), Figure 2A-B and Table 1) with DP = 18. Both bright
field and fluorescence micrographs of —1/2 disclinations in 5CB
in the presence of BODIPY-poly(C6) were obtained (Figure 3).
The images were recorded 30 mins after the isotropic mixtures
of 5CB and polymers were quenched into the nematic phase.
For concentrations of BODIPY -poly(C6) below 5 uM (DP = 18,



equivalent to 0.005 wt%), we found no measurable difference
in the fluorescence signal (both monomer and dimer channels)
from the —1/2 disclination and the bulk LC (Figure 3A-B).
However, when the concentration of BODIPY -poly(C6) was 10
uM, we observed localized bright regions of dimer fluorescence
intensity to form along the defect (Figure 3C). The dimer signal
from the defect was first recorded approximately 15 mins after
thermal quenching of 5CB into the nematic phase. However, the
monomer fluorescence signal remained similar for both bulk
LC and defect. When we increased the concentration of
BODIPY-poly(C6) to 75 uM, the number density of bright do-
mains that formed along the defect was found to increase rela-
tive to the density observed at 10 uM (Figure 3D). Although
the dimer fluorescence signal from the defect was intense, the
domains were initially too small to be resolved in bright field
microscopy, suggesting that the domains are less than a few
hundred nanometers in size. However, over time, they grew
into micrometer-sized regions that were readily resolved by mi-
croscopy (Figure S53). Overall, we interpret these results to
indicate that BODIPY -poly(C6) partitioned from the bulk LC
to the defect to nucleate polymer-rich domains, and that the
BODIPY is aggregated within the polymer-rich domains (dimer
signal).

Qualitatively similar behaviors were observed for BODIPY -
poly(C4) and BODIPY -poly(C12), but a quantitative difference
was measured in the concentration of polymer required to ob-
serve the onset of nucleation of the polymer-rich domains in the
defects. For instance, when comparing BODIPY -poly(C4) and
-poly(C6) with similar DP (14 and 18, respectively), the thresh-
old concentration at which nucleation occurred in defects was
measured to be about an order of magnitude lower for
BODIPY -poly(C6) than BODIPY-poly(C4) (Table 1, Figure
3E). Although the DP of the two polymers are not identical (14
versus 18), using data in Figure 3F (see also Figure S51) that
show the threshold concentration of BODIPY-poly(C4) as a
function of DP (see below for additional discussion), we esti-
mate the threshold concentration of BODIPY -poly(C4) with DP
18 to be 45 pM, which is higher than the threshold concentra-
tion of 7.5 + 2.5 uM for BODIPY -poly(C6) with the same DP.
This further supports our conclusion that the aliphatic tail length
provides a key part of the driving force for partitioning of pol-
ymers into defects. Similarly, when comparing BODIPY-
poly(C4) and -poly(C12) with DP (103 and 107, respectively),
the threshold concentration was observed to decrease about an
order of magnitude for BODIPY-poly(C12) (Table 1, Figure
3E). This result is generally consistent with a key conclusion
emerging from our past studies of the self-assembly small am-
phiphiles within nematic defects. Namely, that an increase in
aliphatic tail length increases the driving force for partitioning
of amphiphiles into the defects.
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Figure 3. Preferential nucleation of poly(alkyl acrylate)-rich
phase at line defects of nematic SCB. (A) Bright field optical mi-
crograph of a singular —1/2 line defect (disclination) and (B-D) flu-
orescence micrographs (Aem = 606-684 nm; dimer signal) showing
the localization of BODIPY -poly(C6) (DP = 18) along —1/2 discli-
nation in a nematic solvent. The polymer concentrations are (A-B)
1 uM, (C) 10 uM and (D) 75 uM. Scale bar is 100 pm. (E-F) De-
pendence of threshold concentration (at which nucleation begins),
C, of poly(alkyl acrylates) on aliphatic tail length (E) and (F) DP
in LC defects. In (E), the DPs were similar for C4 and C6, and for
C4 and C12. Error bars represent the standard deviation of three
experiments.

We also examined the influence of the DP on partitioning of
the poly(alkyl acrylates) into the topological defects. When DP
was increased from 14, 50, to 103 for BODIPY-poly(C4), the
threshold concentrations at which domain formation in defects
were observed were found to decrease from 125 uM to 0.15 uM
(Figure 3F). This result also indicates that as the number of al-
iphatic side chains on a polymer increases, there is an increase
in driving force for nucleation of the polymer-rich phase in the
defects. Finally, with increasing DP, the fluorescence signal
from the polymer-rich domains changed from being dominated
by dimers to arising largely from monomers. This result is con-
sistent with a decrease in the local number density of BODIPY
fluorophores in the polymer-rich domains (i.e., dilution) with
increase in DP (Figure S52).

Overall, the results above reveal that BODIPY -poly(alkyl
acrylates) preferentially segregate to defects with a driving
force that increases with the aliphatic side chain length. This
observation supports our initial hypothesis, formulated from the
behaviors of small molecule amphiphiles, that the aliphatic
side-chains of the polymers play a key role in driving the poly-
mers to defect cores. However, while our results show that
BODIPY -poly(alkyl acrylates) partition to nematic defects, we
also conclude that they do not form controlled assemblies. The
polymer-rich domains continue to grow and coalesce over time
into micrometer-scale droplets of non-uniform size that deco-
rate the defect (Figure 3 and Figure S53). This observation
contrasts with past studies on the self-assembly of small am-
phiphiles in defects,?* 2! which resulted in formation of stable
nanostructures with well-defined morphologies and sizes. Ac-
cordingly, we conclude that BODIPY -poly(alkyl acrylates) are
not self-assembling in defects but rather than they are forming



polymer-rich phases through a pathway that involves nucleation
in the defects.

Poly(HEMA). To prevent macroscopic phase separation, and
achieve control over the size of self-assembled structures, we
hypothesized that not only is it necessary to have a driving force
for aggregation, as provided by the
aliphatic chains of BODIPY -poly(alkyl acrylates), but also to
introduce a free energy penalty that limits the size of the assem-
blies formed.> ¢ This concept underlies ideas such as the “pack-
ing parameter” used to rationalize self-assembly of small mole-
cules.!® Specifically, charge or dipolar interactions between ad-
jacent head groups within an assembly define a preferred spac-
ing between the head groups, which in combination with the
structure of the tail, defines a packing parameter.* Consistent
with this general understanding of self-assembly, we observed
previously that self-assembled nanostructures of photopolymer-
ized phospholipids exhibit a multilamellar internal organization
when assembled within defects of nematic phases, consistent
with dipolar interactions of the zwitterionic head groups of the
amphiphiles.?® 2! Motivated by the general idea that interactions
between polar groups may introduce additional constraints on
the nanostructure and growth of assemblies of polymers in de-
fects, we next explored the behaviors of polymers that displayed
size chains with hydroxyl (poly(HEMA) and poly(HEA)) or
amide (poly(DMA)) groups. Below we focus on results ob-
tained with poly(HEMA) because it displayed key signatures of
self-assembly in defects, and then briefly compare
poly(HEMA) to poly(HEA) and poly(DMA).

BODIPY -poly(HEMA) (Figure 2C) presents side chains that
end in hydroxyl groups and thus can participate in interactions
such as hydrogen bonding with other BODIPY -poly(HEMA)
side chains or with SCB. We dissolved BODIPY -poly(HEMA)
with DP = 50 in isotropic SCB and subsequently cooled the sol-
vent to form —1/2 disclinations (Figure 4). When the concen-
tration of BODIPY -poly(HEMA) was below 0.2 uM in nematic
5CB, we measured no significant difference in either monomer
and dimer fluorescence intensity between the defect and the
bulk LC (Figure 4A-C), indicating that the polymer was dis-
persed uniformly in the nematic solvent. At a concentration of
0.3 uM or higher, the monomer fluorescence signal from the
BODIPY -poly(HEMA) abruptly increased uniformly along the
defect (Figure 4E and 4H) while the dimer fluorescence signal
was indistinguishable from the bulk LC (Figure 4F and 41).
These observations were made 30 mins after forming the —1/2
defects. However, in contrast to BODIPY-poly(alkyl acry-
lates), the uniform intensity of monomer fluorescence emitted
from the defect did change with time and did not transform into
a droplet or other non-uniform morphology (observations car-
ried out for one week). These initial observations suggest that
the BODIPY -poly(HEMA) assembly formed in the defect is an
equilibrium or kinetically trapped structure. Additionally, we
did not observe aggregation of the polymer in the bulk of the
LC under these conditions.
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Figure 4. Self-assembly of BODIPY-poly(HEMA) in the nano-
scopic cores of topological defects formed in nematic solvents.
(A, D, G) Bright field micrographs of —1/2 disclinations and (B-C,
E-F, H-I) fluorescence micrographs (B, E, H: Aem = 510-562 nm
as monomer signal; C, F, I: Aem = 606-684 nm as dimer signal),
showing the distribution of the polymers (DP = 50) in the defect-
containing nematic solvents. (J) Fluorescence intensity (of mono-
mer signal) of BODIPY -poly(HEMA) with DP = 50 and DP = 90
in nematic defects. Inset in (J) shows data in the concentration
range of 0 — 0.33 uM. The red arrows indicate the concentrations at
which assembly begins in the defects.

Quantitative analysis revealed that the monomer fluorescence
signal generated by BODIPY -poly(HEMA) (DP = 50) assem-
bled in the defect increased with the polymer concentration
above 0.2 uM (CAC, 0.25 £ 0.05 uM; Table 1 and Figure 4J).
Moreover, the plot of fluorescence intensity versus polymer
concentration reveals the presence of a CAC, consistent with a
cooperative association of BODIPY-poly(HEMA) within ne-
matic defects. Similar qualitative behavior was observed with
BODIPY -poly(HEMA) (DP = 90), but the threshold concentra-
tion was lowered to 0.04 pM (CAC = 0.045 + 0.005 uM, Table
1 and Figure 4J). This effect of DP is similar to that shown in
Figure 3 with the BODIPY -poly(alkyl acrylates) where higher
molecular weight polymers exhibit a larger driving force for
partitioning into defects.

For concentrations of BODIPY-poly(HEMA) (DP = 50)
above 0.65 pM, we observed aggregation of the polymer in the
bulk of the LC phase (Figure S54). However, the fluorescence
signal from bulk aggregates differed from the defect-templated



assemblies of the BODIPY-poly(HEMA). As noted above,
monomer but not the dimer fluorescence signal was generated
by assemblies of BODIPY -poly(HEMA) in defects. In contrast,
we measured bulk aggregates of BODIPY -poly(HEMA) to gen-
erate fluorescence in both dimer and monomer channels. This
result suggests that the internal structure of the BODIPY-
poly(HEMA) assembly formed in the defect differs from the
aggregates that form in the bulk LC. We interpret the absence
of dimer fluorescence from the defect-templated assembly of
BODIPY-poly(HEMA) to indicate that the assembly formed in
the defect has a well-defined internal organization (order) that
prevents BODIPY groups covalently attached to one end of
each poly(HEMA) molecule from aggregating (and thus gener-
ating dimer fluorescence). This finding is similar to that re-
ported previously with the self-assembly of small molecule am-
phiphiles in defects. When the fraction of amphiphiles labeled
with BODIPY was comparable to the BODIPY to polymer re-
peat unit ratio (e.g., 1:52) used in our study of poly(HEMA),
monomer signal only was generated by the BODIPY (in con-
trast, when every small molecule amphiphile was labeled with
BODIPY, dimer fluorescence was observed).?’ We end by not-
ing that our observations with BODIPY -poly(HEMA) contrast
to those made with BODIPY -poly(alkyl acrylates) (for similar
DPs), for which polymer-rich domains formed in defects and
bulk LC generated both dimer and monomer signals (Figure
S52).

In our previous studies with small molecule amphiphiles,
measurements of fluorescence intensity revealed that the de-
fects are saturated by amphiphile at high concentrations.’ In
contrast, inspection of Figure 4J does not show evidence of sat-
uration of the defect by polymer over the accessible concentra-
tion range. As noted above, however, the low solubility of
poly(HEMA) in bulk nematic solvent prevented experiments
from being performed at higher concentrations of poly(HEMA).

Formation of an ordered assembly, when driven by thermo-
dynamics, requires reversibility during the assembly process to
eliminate incorrectly assembled structures.®**4> We examined
whether or not the assemblies formed by BODIPY-
poly(HEMA) formed reversibly in defects. Sequential images
were acquired during heating of SCB from 22°C (nematic sol-
vent) to 40°C (isotropic solvent) (Figure 5). The nematic to iso-
tropic phase transition at 35°C eliminates the disclination, and
immediately we observed the assembly of BODIPY-
poly(HEMA) break into small aggregates (Figure SA-C). This
initial disruption of the assembly likely reflects mechanical
stresses imposed on the assembly during the phase transition of
the nematic LC to an isotropic oil, as the phase transition gen-
erates convection within the SCB phase. Subsequent observa-
tion of the fragments reveals them to dissolve into the isotropic
5CB over 26 hours (Figure 5D). The dissolution process was
accompanied by an increase in the intensity of monomer signal
in the bulk isotropic SCB. Overall, these observations lead us to
conclude that the self-assembly of BODIPY-poly(HEMA) in
—1/2 defects of 5CB is reversible.

Figure 5. Reversible formation of molecular assemblies of
BODIPY-poly(HEMA) templated by topological defects in ne-
matic solvents. (A) Bright field and (B-D) fluorescence micro-
graphs (Aem= 510-562 nm; monomer signal) showing the dissolu-
tion of the polymer after heating the nematic solvent (B) at 22°C to
an isotropic solvent (C-D) at 40°C. Yellow arrows in (A-B) indi-
cate the location of the defect and the corresponding assembly.
Scale bar is 100 pm.

To provide additional insight into the nanostructure of
BODIPY-poly(HEMA) assemblies formed in —1/2 defects of
5CB, we sought to form assemblies from related polymers with
side chains that can be photo-crosslinked, and then extract and
characterize the assemblies post-crosslinking. Specifically, we
synthesized the random copolymer BODIPY -poly(HEMA-7-
AnMA) that incorporated the anthracenyl monomer, AnMA
(Figure 1C and Table 1). We chose AnMA to match the reac-
tivity of HEMA, a methacrylate, and to provide side chains that
can be cross-linked by UV exposure. Past studies have shown
that anthracene will undergo a [4n+4m] cycloaddition upon UV
exposure.*® We confirmed the photodimerization of anthracene
in BODIPY -poly(HEMA-r-AnMA) by monitoring the decrease
of the n-* absorption at 368 nm in DMF using UV-Vis spec-
troscopy (Figure S47).

We found that BODIPY -poly(HEMAs-r-AnMA5), (where
the subscripted number indicates DP of a monomer incorpo-
rated into the polymer (randomly)) selectively self-assembled
within —1/2 defects of SCB above a CAC (Figure S55). How-
ever, the presence of the anthracenyl monomer within the co-
polymer was observed to cause the CAC of the polymer to in-
crease relative to BODIPY -poly(HEMA) of comparable DP.
For example, the CAC of poly(HEMA 45-r-AnMA 15) was meas-
ured to be 0.45 £ 0.05 uM (Table 1 and Figure S55), which is
2.5 time higher than that of BODIPY-poly(HEMA) with DP =
50 (0.25 + 0.05 puM; Figure 4). In addition, when the ratio of
HEMA and AnMA was 1:1 with BODIPY-poly(HEMA;-7-
AnMA,3), we did not observe self-assembly up to a concentra-
tion of 1 uM (Figure S56). Above 1.5 uM, we observed aggre-
gates to form in bulk LC with sizes of tens of micrometers, in-
dicating that the solubility limit of the polymer was exceeded in
the bulk LC solvent.

Guided by the results above, we assembled BODIPY-
poly(HEMAs--AnMA 3) in LC defects (confirmed by fluores-
cence signature), exposed the defect to UV light, and then
heated the nematic solvent above the clearing temperature to



eliminate the defect. When the defect was eliminated by heating
to 40°C, the cross-linked assembly did not fragment but rather
a contiguous structure was observed to be suspended in iso-
tropic SCB (Figure 6A and Figure S57). This result contrasts
to the experiment where the assembly of BODIPY-
poly(HEMA) fragmented then dissolved upon heating of the
5CB from the nematic to isotropic phase (Figure 5).

To transfer the cross-linked polymeric assembly from the iso-
tropic SCB phase (Figure 6A) to the surface of a solid for SEM
and AFM, we used a pipette to withdraw the isotropic 5CB con-
taining the cross-linked assembly from the optical cell and de-
posit it onto the surface of a glass microscope slide. As detailed
in Experimental Methods, adoption of this procedure was
guided by the observation that the polymeric assemblies ad-
sorbed to the surface of the microscope slide (see below). While
we were able to use fluorescence imaging (acquisition times of
about 2 seconds) to observe assemblies of BODIPY-
poly(HEMA6-r-AnMA 5) form within LC defects at concen-
trations of the polymer of ~0.5 uM (Figure 4 and Figure S55),
after transfer of the assembly to the surface of the microscope
slide, we were no longer able to localize the assembly by fluo-
rescence imaging (even by using long acquisition time).?% 2!
However, by using higher concentrations of BODIPY-
poly(HEMA6-r-AnMA 5), specifically concentrations above
which aggregation of the polymer also occurred in the bulk
5CB, we found that attachment of bulk aggregates to the poly-
meric assembly formed in the defect provided an effective alt-
hough crude method to identify the location of the defect-tem-
plated assembly on the glass microscope slide for imaging by
SEM and AFM. Although we were not able to image the as-
sembly formed in the defect using SEM and AFM in the ab-
sence of attachment of bulk aggregates to the polymeric assem-
bly, our observations based on fluorescence microscopy (Fig-
ure 4) provide support for the formation of assemblies within
defects in the absence of bulk aggregates.

Both imaging methods led to identification of worm-like pol-
ymeric assemblies that had lengths greater than 10 pm (Figure
6B-G). As noted above, the worm-like assembly,
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AnMA;s) formed in m = —1/2 topological defects of SCB and
preserved by photo-crosslinking. The concentration of polymer

in the 5CB sample was 0.7 uM. (A) Fluorescence micrograph of a
cross-linked assembly suspended in isotropic SCB. (B-D) Repre-
sentative SEM and (E-G) AFM images of cross-linked assemblies
of BODIPY-poly(HEMAu4¢-r-AnMAs) transferred to the surface
of glass substrates. Red arrows point to aggregates formed in bulk
nematic 5CB that attach to the nanofiber, and were used to identify
the locations of the nanofibers on the glass substrates (see text for
details).

which was readily identified due to its uniformity in width, was
decorated by disordered polymer aggregates that formed in the
bulk of the LC and attached to the assembly formed in the de-
fect. In many images, we observed the defect-templated poly-
meric assembly to pass under, and extend for 10’s of microme-
ters on either side of the aggregates formed in the bulk LC (Fig-
ure 6 and Figure S58-S59). We characterized the widths of the
defect-templated polymeric assemblies using three independent
samples. We measured the widths at multiple places along each
assembly by SEM and calculated the mean and standard devia-
tions to be 33 £ 3 nm, 30 £ 6 nm, and 27 + 3 nm, respectively.
The uniformity in the thicknesses of the nanofibers is consistent
with controlled growth of the assemblies within the defects
(more images in Figure S60). We also used AFM to character-
ize the nanofibers (same samples used to SEM). While AFM
confirmed the uniformity of width, convolution of the AFM tip
shape with the nanofiber leads to an overestimate of the nano-
fiber diameters (the apparent diameters measured by AFM were
136 = 19 nm, 148 + 29 nm, and 123 £ 10 nm, respectively).*’
The radius of curvature of the AFM tip used in our study was
30 nm, which is larger than radius of nanofiber (radius of 15
nm, as determined by SEM). As detailed in SI (Figure S61),
we calculated that convolution of the AFM tip shape (radius of
30 nm) with the topography of the nanofiber (diameter of 30
nm) to generate an apparent nanofiber diameter of 120 nm,
which is in good agreement with the average of the above-re-
ported experimentally determined values (135 nm £ 20 nm).

Poly(HEA). To provide additional insight into the factors that
underlie the self-assembly of BODIPY-poly(HEMA) in LC
topological defects, we explored the behavior of BODIPY -
poly(HEA). BODIPY -poly(HEMA) and BODIPY -poly(HEA)
are similar in that both possesses a hydroxyethyl side chain but
differ by replacement of the methyl group on the backbone of
BODIPY-poly(HEMA) with a hydrogen. In contrast to
BODIPY-poly(HEMA), we found that BODIPY-poly(HEA)
(DP = 38) did not self-assemble within —1/2 defects of 5CB.
Instead, we observed the polymer to aggregate in the bulk ne-
matic 5CB at concentrations of 0.9 uM and above (Figure 7A-
C). The aggregates that formed in the bulk were observed to
partition to the defect, as seen in fluorescence micrographs ob-
tained using the monomer signal (indicated by red arrows in
Figure 7B). Dimer fluorescence signal was also obtained when
imaging the aggregates (Figure 7C). This suggests that the in-
ternal structures of the aggregates are not well defined, in con-
trast to the self-assembled structures formed by BODIPY-
poly(HEMA) in defects (Figure 4).
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Figure 7. (A-C) Aggregation of BODIPY -poly(HEA) (DP =38) at
1 uM in nematic SCB. (D-F) Dissolution of BODIPY-poly(DMA)
(DP =32) at 1 uM in nematic SCB. (A, D) Bright field and (B-C,
E-F) fluorescence micrographs; (B, E) with monomeric (Aem=510-
562 nm) and (C, F) dimeric signals (Aem = 606-684 nm), showing
the distribution of polymers in the nematic 5CB. Red arrows indi-
cate the locations of defects. Scale bars are 100 um.

A key conclusion of our experiment with BODIPY-
poly(HEA) is that substitution of the backbone methyl group by
a hydrogen has a substantial influence on self-assembly in —1/2
defects, even though the solubility of BODIPY -poly(HEA) in
bulk nematic 5CB (I pM) is comparable to BODIPY-
poly(HEMA) (0.65 uM) (for similar DP ~ 40-50). Specifically,
at concentrations of polymer between 0.2 uM and 0.65 puM, nei-
ther BODIPY -poly(HEA) or BODIPY -poly(HEMA) form ag-
gregates in the bulk SCB yet poly(HEMA) forms assemblies in
the —1/2 defect whereas poly(HEA) does not. Past studies have
established that the methyl group of the HEMA reduces rota-
tional degrees of freedom along the backbone of the polymer,
leading to an increase in the persistence length of the polymer
(Figure 1A, C).*** These past conclusions, when combined
with our observations, suggest that polymer main-chain flexi-
bility (which impacts the presentation of hydroxyl side chains)
impacts that ability of the molecules to self-associate within de-
fects.

Poly(DMA). The final polymer that we examined was
BODIPY-poly(DMA) with DP = 32 (Figure 1A-B and Table
1). The amide group of BODIPY -poly(DMA) possesses a large
dipole moment (e.g. dimethylacetamide, 3.79 D).>! We found
this polymer to exhibit exceptionally high solubility in nematic
solvents compared to the other polymers used in our study. At
concentrations up to 200 uM, we detected no sign of aggrega-
tion of the polymer in defects or bulk LC (no dimer signal); the
monomer fluorescent signal intensity increased monotonically
over the concentration range studied (Figure 7D-F, Figure
S62). These results suggest that the amide group of BODIPY -
poly(DMA) interacts favorably with 5CB in the nematic phase,

eliminating any driving force for aggregation within bulk 5CB
or within a —1/2 defect formed in 5CB.

The structure-property relationships extracted from our ex-
periments suggest that side chain structure (length of aliphatic
side chain; presentation of polar and hydrogen bonding func-
tional groups), polymer molecular weight and main chain back-
bone properties (e.g., conformational degrees of freedom) can
influence the self-assembly of polymers in the nanoscopic sol-
vent environment created by topological defects of nematic
LCs. In particular, our measurements performed with poly(#n-
alkyl acrylates) revealed the driving force for the partitioning of
polymers to defects, resulting in nucleation of polymer-rich
phases, to increase with length of the aliphatic side chains of the
polymers (Figure 3E). Past studies have reported that the solu-
bilities of n-alkanes are lower in nematic solvents than isotropic
solvents, and that solubilities in nematic solvents further de-
crease with increase in aliphatic chain length.”?> These effects
have been attributed to constraints on the conformational de-
grees of freedom accessible to the flexible aliphatic chains in
nematic solvents.> Our results suggest that similar considera-
tions likely underlie the side chain-length dependence of the
partitioning of poly(n-alkyl acrylates) into defects. We inter-
pret our results with the poly(n-alkyl acrylates) to correspond to
defect-nucleated phase transitions of polymer-rich phases from
nematic solvents that are supersaturated with polymers.

A second key result is that poly(HEA) and poly(HEMA) be-
have in strikingly different ways in nematic defects in that
poly(HEMA) self-assembles and poly(HEA) does not. One pos-
sible interpretation of our experiments with poly(HEA) and
poly(HEMA) is that main-chain flexibility plays an important
role in self-assembly in defects (as poly(HEMA) is less flexible
than poly(HEA)*-*%) and more so than solubility in bulk LC as
the solubilities of two polymers in bulk LC were similar. It is
also possible that the reduced rotational degrees of freedom
along the main-chain of poly(HEMA) places constraints on the
configurations of the polymers within assemblies formed in de-
fects, thus promoting the formation of assemblies with orga-
nized internal structures and well-defined dimensions (Figure
6).

The structure-property relationships obtained in our study re-
veal that polarity and hydrogen bonding properties of the side
chains of the polymers play a key role in self-assembly in ne-
matic SCB. Similar to the self-assembly of small molecule am-
phiphiles in water, we interpret results obtained with BODIPY -
poly(DMA) to indicate that side chains with sufficient affinity
for the nematic SCB solvent (amide) prevent self-association
both in the bulk nematic phase and defects. However, with
BODIPY -poly(HEMA), the side-chain polarity prevents aggre-
gation in bulk nematic SCB at concentrations for which the pol-
ymer partitions into —1/2 defects. In comparison to BODIPY -
poly(alkyl acrylates), which do not present side-chains termi-
nated in polar groups, growth of assemblies formed by
BODIPY-poly(HEMA) within the —1/2 defect was controlled.
We attribute the controlled growth of the BODIPY-
poly(HEMA) assemblies within the defects to the introductions
of interactions between the terminal hydroxyl groups of the pol-
ymer side-chains.

Overall, several aspects of our results obtained with
BODIPY-poly(HEMA) are similar to past studies of the self-
assembly of small molecules in LC defects.?®?! In particular,
our measurements with BODIPY-poly(HEMA) reveal (i) the
presence of a cooperative process of self-assembly in the —1/2



defect, as characterized by a CAC, (ii) reversibility of the self-
assembly process, and (iii) controlled growth of the assembly in
the defect, as evidenced by the uniform width in of the nano-
fibers templated from the defects. Additionally, the diameter of
the self-assembled structure formed by poly(HEMA-r-AnMA)
in the —1/2 defect (~30 nm) is comparable to that obtained via
self-assembly of phospholipids (~20 nm).

Past studies have extensively explored polymerization in lig-
uid crystalline solvents.!> 2632 Of particular relevance to our
study are prior investigations of polymerization in LC phases
that contain defects, such as blue phase LCs. Past experimental
and theoretical studies have reported stabilization of blue
phases (i.e., expansion of the range of temperatures over which
the blue phase is stable), and attributed the stabilization to seg-
regation of polymers or colloidal particles to disclinations
within the blue phase.?3%33-% In particular, Kikuchi?! reported
that polymerization of monomers containing flexible alkyl side-
chains led to stabilization of the blue phase whereas polymeri-
zation of liquid crystalline monomers has a much weaker im-
pact on thermal stabilization. The results that we have obtained
with poly(alkyl acrylates) suggest that prior observations of the
effectiveness of polymers with flexible side chains in stabilizing
blue phases likely reflect the strong tendency of flexible side
chains to partition into the core of the defects. More broadly,
the structure-property relationships revealed in our study may
offer the basis of rational design principles for optimization of
polymer compositions for tuning the thermal stabilization of de-
fect-rich LC phases.

CONCLUSIONS

This paper reports structure-property relationships revealing
that polymers can undergo cooperative self-assembly processes
in the nanoscopic cores of topological defects designed into ne-
matic solvents. In contrast to past studies of polymer self-as-
sembly in isotropic solvents, the defects introduced into ne-
matic solvent structure permit precise control over where within
a solvent phase the polymer assemblies form. Defect-triggered
assembly also permits formation of single polymeric assemblies
within a solvent phase, thus enabling future studies of the prop-
erties of single assemblies or the use of single assemblies as
functional materials (e.g., conduits for transport processes). We
identify key structural features of the polymers that determine
whether or not self-assembly is observed, including the polymer
side chain structure (polarity, flexibility, hydrogen bonding
properties), polymer molecular weight, and properties of the
main-chain (constraints on configurational degrees of freedom).
In particular, we find that BODIPY -poly(HEMA) exhibits key
features of self-assembly (cooperativity and reversibility) in —
1/2 defects of nematic SCB, forming nanofibers with well-de-
fined diameters (30 = 5 nm) that are comparable in size to the
diameters of the defect cores.

Our results also generate a range of important questions for
future investigation. Although we have established that the nan-
ofibers templated from the —1/2 defects possess well-defined di-
ameters, we do not yet know how BODIPY -poly(HEMA) is or-
ganized within the nanofibers. Additionally, in the current pa-
per, all experiments were performed at room temperature. In
future studies, using SCB at a temperature closer to the nematic-
to-isotropic phase transition, where the defect core size is ex-
pected to be larger, we aim to determine if the diameter of the
assembly templated from the defect can be tuned. Our results
also suggest that there exist substantial opportunities to explore

additional classes of fluorophores and polymers. For example,
we found the level of labeling of the polymers (one end-at-
tached BODIPY) to be insufficient to permit imaging of dried
and cross-linked polymeric assemblies. The incorporation of
multiple BODIPY groups into each polymer or use of alterna-
tive fluorophores should enable this challenge to be addressed.
Finally, our results with poly(HEA) and poly(HEMA) suggest
that main-chain flexibility is important, but additional studies
with polymers that differ systematically in flexibility are needed
to further test this proposal. More broadly, this result suggests
that self-assembly of polymers in defects of nematic solvents
likely reflects a complex balance of entropic and enthalpic con-
tributions to the free energy of assembly formation (analogous
to self-assembly in water). This interplay of entropic and en-
thalpic factors remains to be fully elucidated.

Beyond the open questions identified above for future study,
our results reveal many new directions of inquiry. For example,
there exist many opportunities to change the architecture of the
polymers used for self-assembly in topological defects, includ-
ing use of block copolymers, bottle-brush polymers and den-
drimers. Additionally, the observations reported in this paper
are limited to —1/2 line defects in 5CB, and the extent to which
similar self-assembly behaviors are observed in other type of
defects (e.g., point defects with varying strength) remains an
open topic. Finally, we comment that our observations in this
paper focus on equilibrium behaviors. In future studies, it would
be interesting to determine if defect dynamics can generate mor-
phological changes in the polymer assemblies hosted by the de-
fect. Overall, the findings reported in our paper advance our un-
derstanding of key factors that influence molecular assembly of
polymers in topological defects of LCs. More broadly, this
study highlights the opportunity that exists to generate poly-
meric nanostructures using LC defects as programmable nano-
templates for directed assembly and synthesis.
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