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ABSTRACT: We report the synthesis and structural character-
ization of side-chain liquid crystalline polymers incorporating 1,4-
diphenylbuta-1,3-diyne moieties via atom transfer radical polymer-
ization. By optimization of the polymerization conditions to
circumvent radical-trapping by the diacetylene units, well-defined
homopolymers and block copolymers were successfully obtained.
The polymer thin films having uniaxially aligned 1,4-diphenylbuta-
1,3-diyne moieties were fabricated on rubbed polyimide layers, and
their orientational order was confirmed by polarized optical
microscopy and UV—vis absorption spectroscopy, with high
dichroic ratios and order parameters indicating strong molecular
alignment. Grazing-incidence wide- and small-angle X-ray scatter-
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ing revealed temperature-dependent lamellar (smectic layer) structures and the formation of hexagonally packed cylindrical
microphase-separated morphologies in the block copolymers. Upon UV irradiation, polarized absorption measurements indicated
that polymerization of the diacetylene units proceeded preferentially perpendicular to the rubbing direction. Time-dependent
spectral shifts suggested the formation of highly conjugated poly(diacetylene) backbones with substantial molecular weights. Density
functional theory calculations of model oligomers supported the experimental observations, correlating absorption features with
backbone geometry and transition dipole moment orientation. Transmission electron microscopy of delaminated films confirmed
that the confined polymerization preserved the internal nanostructure, maintaining a cylindrical morphology with minimal
disruption. These results highlight a versatile strategy for constructing hierarchically ordered, 7-conjugated polymer films by
integrating liquid crystalline alignment, phase-separated architectures, and controlled solid-state polymerization.

B INTRODUCTION

Liquid crystal molecules exhibiting high birefringence are
anticipated to find broad application in advanced optical
materials, including telecommunication devices,’ circularly
polarized reflective films,” laser-emitting films,”* and holo-
graphic media.” Among such compounds, tolane derivatives®’
and 1,4-diphenylbuta-1,3-diyne derivatives,” "' characterized
by their linear structures and direct conjugation between
aromatic rings and acetylenic units, are known for their
exceptionally high birefringence. However, due to their low
molecular weight and intrinsic fluidity, these small-molecule
liquid crystals are typically utilized in encapsulated cell
configurations. In contrast, polymerizing these high-birefrin-
gence molecules would allow for direct substrate coating or the
formation of free-standing films, thereby greatly expanding
their utility in device fabrication. To this end, various side-
chain liquid crystalline polymers incorporating 1,4-diphenyl-
buta-1,3-diyne moieties as mesogenic units have been
synthesized. For instance, Arakawa and co-workers reported
the successful anionic polymerization of methacrylate mono-
mers bearing 1,4-diphenylbuta-1,3-diyne groups introduced via
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ester linkages through alkyl chains, using n-butyllithium (n-
BuLi) as an initiator."> The resulting polymer exhibited a
weight-average molecular weight of 13,500 Da, a polydispersity
index (PDI) of 1.69, and a high birefringence (An, = 0.41).
Although radical polymerization is a more accessible and
versatile method compared to anionic polymerization—being
less sensitive to moisture and oxygen—Ogawa et al. reported
that acrylates and methacrylates containing diacetylene groups
tend to trap propagating vinyl radicals, thereby hindering the
formation of high-molecular-weight polymers via radical
pathways."”™"> To circumvent this issue, Lu and colleagues
proposed a postpolymerization modification strategy: ester-
ification of preformed poly(methacryloyl chloride) with
sodium alkoxide-terminated side-chain mesogens. This ap-

Received: August 1, 2025
Revised:  October 3, 2025
Accepted: October 16, 2025

https://doi.org/10.1021/acs.macromol.5c02107
Macromolecules XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sadayuki+Asaoka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satoru+Tamaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seiya+Yokogi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shinichi+Sakurai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomokazu+Iyoda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.5c02107&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02107?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02107?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02107?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02107?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02107?fig=tgr1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.5c02107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

proach enabled side-chain incorporation efficiencies ranging
from 30% to 70%."¢

Atom transfer radical polymerization (ATRP), a form of
controlled/living radical polymerization, mitigates side reac-
tions by reversibly converting active chain ends into dormant
species via reversible covalent bonding.'”~*° This dormant-
active equilibrium has become a foundational concept for
achieving controlled polymerizations and has recently gained
traction as a powerful technique for synthesizing functional
polymers with complex architectures.”'~** In this study, we
hypothesize that employing ATRP for the polymerization of
methacrylate monomers bearing diacetylene moieties will
suppress undesired side reactions—such as chain termination
and transfer—by minimizing interactions between reactive
methacrylate radicals and diacetylene groups, thereby enabling
the synthesis of high-molecular-weight polymers.

Diacetylenes undergo topochemical polymerization in the
solid state under UV irradiation to form z-conjugated
polymers known as polydiacetylenes. Aliphatic polydiacety-
lenes, in particular, are known for forming highly conjugated,
red-to-blue materials with exceptionally long effective con-
jugation lengths upon photopolymerization. Extensive studies
have elucidated correlations between the molecular conforma-
tion of diacetylene units in the crystal lattice and the resultant
degree of polymerization (DP).**~* Polydiacetylenes obtained
via topochemical polymerization exhibit highly ordered
molecular arrangements due to the single-crystal nature of
their diacetylene monomers, resultin§ in desirable properties
such as high charge carrier mobility,”™** pronounced third-
order nonlinear optical (NLO) responses,” >’ and superior
mechanical strength and modulus.”® However, 1,4-diphenylbu-
ta-1,3-diyne derivatives typically fail to adopt conformations
amenable to topochemical polymerization due to steric
hindrance from the phenyl rings and their associated 7—x
stacking interactions. As a result, these compounds often
display poor or negligible photopolymerizability.’”~** To
address this challenge, various strategies have been devised
to induce favorable conformations for topochemical polymer-
ization via intermolecular interactions such as hydrogen
bonding® ™" and phenyl-fluorophenyl stacking.’”** Several
approaches have also been developed to ensure a regular
spatial arrangement of diacetylene units at defined intervals
from the polymer backbone, thereby promoting extended
conjugation lengths in the resulting polydiacetylenes. One
approach involves using hydrogen bonding to attach side-chain
1,4-diphenylbuta-1,3-diyne mesogens to pendant groups on
linear polymers, achieving periodic alignment relative to the
main chain.*” Another strategy employs reactive groups such as
epoxides, which are tethered to diacetylene moieties via alkyl
spacers; polymerization of the epoxide groups then ensures
regular positioning of the diacetylene units.”” These methods
have successfully yielded polydiacetylenes with extended
conjugation lengths, underscoring their potential in construct-
ing highly ordered z-conjugated polymer systems. In the
present work, we designed side-chain liquid crystalline
polymers in which diacetylene moieties are arranged at regular
intervals along a polymethacrylate backbone. This architecture
is expected to facilitate confined polymerization in the solid
state—such as in thin-film configurations—similar to the
aforementioned systems.

We previously demonstrated the fabrication of thin films
exhibiting highly ordered cylindrical microphase-separated
structures using amphiphilic block copolymers composed of

side-chain liquid crystalline polymers and hydrophilic poly-
(ethylene oxide) (PEO) segments.SL52 Komura et al. showed
that when such block copolymers are cast onto polyimide-
coated substrates subjected to rubbing treatment, the PEO
cylinder domains align uniaxially along the rubbing direction,
producing striped nanostructures with ease.”> The PEO
domains, remaining fluid at ambient temperature, act as
diffusion channels for metal ions>*~>” and small molecules.”>”
In films where the cylinders are oriented perpendicular to the
substrate, the domains span the film thickness and function as
selective transport pathways, allowing passage of molecules
ranging from small solutes to polymers of approximately 5
kDa.*"®* Applying this methodology to side-chain liquid
crystalline polymers containing diacetylene mesogens, we
aimed to fabricate uniaxially aligned thin films and extend
polydiacetylene chains along the alignment axis via UV
irradiation. This strategy may yield an anisotropic electrical
conductivity and enhanced NLO performance. Moreover,
effective charge transport in conjugated polymers typically
requires chemical doping. However, in topochemically
polymerized polydiacetylenes, dopant diffusion is often
hindered by crystallites, bulky side chains, and limited surface
area.”> By incorporation of PEO blocks into amphiphilic block
copolymers containing diacetylene mesogens, the resulting
PEO cylindrical domains can facilitate dopant diffusion—such
as iodine—enabling uniform doping throughout the film,
including the interior regions of the polydiacetylene domains.
Furthermore, Oikawa et al. reported that multilayered
structures consisting of uniaxially aligned polydiacetylene
nanofibers and silver nanoparticles significantly enhance
third-order NLO responses.”* Building on our previous
findings that silver ions can permeate PEO cylinder domains
and be photoreduced to nanoparticles in azobenzene-
containing block copolymer films, we anticipate that applying
this strategy to microphase-separated films with directionally
controlled poly(diacetylene) growth will further amplify their
NLO properties.

B EXPERIMENTAL SECTION

General. 'H and 3C NMR spectra were recorded using Bruker
AVANCE 1II 300 and AVANCE III 600 spectrometers in CDCI,.
FTIR spectra were collected on a JASCO FT/IR-600 Plus
spectrometer. Mass spectra were obtained on a JEOL JMS-700
instrument in FAB mode, using m-nitrobenzyl alcohol (NBA) as the
matrix. Molecular weights of polymers were determined by gel
permeation chromatography (GPC) using THF as the eluent with a
TSK-gel HXL-M column (Tosoh). The chromatography system
comprised a JASCO PU-2089 Plus HPLC pump, a Shimadzu CTO-
20AC column oven (maintained at 40 °C), a JASCO UV-1570 UV
detector, and a Shodex RI-101 refractive index detector. Number-
average molecular weight (My) and weight-average molecular weight
(M) were calculated using polystyrene standards (Shodex).

Thermal analyses were performed under a nitrogen atmosphere by
using a Shimadzu DSC-60 system with a heating/cooling rate of +10
°C/min. Polarized optical microscopy (POM) observations were
carried out under an argon atmosphere using an Olympus BXS3
microscope equipped with an Imoto IMC-0203 temperature control
system. Temperature-dependent grazing-incidence X-ray scattering
(GIXS) measurements were conducted at beamline 6A of the Photon
Factory, High Energy Accelerator Research Organization (Tsukuba,
Japan), using PILATUS-1 M and 100 K detectors. X-ray measure-
ments were performed with a beam of wavelength 1.5 A, and the
incidence angle was set to 0.16° near the critical angle of reflection
for a silicon wafer, to optimize in-plane scattering signal detection.
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Figure 1. (a,b) Monomer concentration (closed symbols) and PDI (open symbols); (c) number-average molecular weight during the ATRP
polymerization of monomer M, resulting in homopolymer H (circles) and block copolymer B (triangles).

Atomic force microscopy (AFM) was conducted using a Hitachi
High-Tech Nanocute scanning probe microscope operated in tapping
mode with silicon cantilevers (nano devices, nominal resonance
frequency: 300 kHz). Samples were prepared by spin-coating 4.0 wt %
toluene solutions of the block copolymers onto silicon wafers, glass
substrates, or rubbed alignment films, followed by annealing at 130 °C
for S h under vacuum. Transmission electron microscopy (TEM)
images were acquired by using a JEOL JEM-2100 microscope
operated at 200 kV. TEM samples were prepared by spin-coating
polymer solutions onto glass substrates coated with fully hydrolyzed
poly(vinyl alcohol) (PVA, average My, &~ 1000, Wako). The resulting
films were annealed at 130 °C for S h under vacuum, delaminated by
dissolving the PVA layer in a 2-propanol/water mixture (1:4), and
transferred onto copper grids. The films were then selectively stained
by exposure to RuO, vapor for 2 min at room temperature to visualize
the PEO domains.

Orientation films were fabricated by mechanically rubbing
polyimide (PI) or PVA layers coated on silicon wafers or glass
substrates by using an EHC MRJ-100 rubbing apparatus. The PI film
was prepared as follows: equimolar amounts of 4,4'-biphthalic acid
and 4,4'-diaminodiphenyl ether were dissolved in N-methylpyrroli-
done (NMP) to form a polyamic acid solution, which was then
diluted with a 1:1 mixture of NMP and y-butyrolactone (GBL) to a
concentration of 20 wt %. The resulting solution was spin-coated onto
glass substrates and thermally imidized by baking at 150 °C for 1 h,
followed by 250 °C for 2 h in air, yielding the PI alignment layer.

Materials. Dichloromethane was purified by fractional distillation
over calcium hydride. Anisole and toluene were distilled over sodium/
benzophenone under nitrogen. All other reagents were used as
received from commercial sources. Monomer M was synthesized

according to a modified procedure based on the report by Lu et al,,'®

as detailed in the Supporting Information. The macroinitiator a-
methoxy-poly(ethylene oxide)-w-(2-bromo-2-methylpropionate)
(PEO-BMP) was prepared by esterification of poly(ethylene oxide)
monomethyl ether (My = 4830, NOF) with 2-bromo-2-methyl-
propionyl bromide (TCI), following a previously reported method.

Polymerization. Homopolymers H were synthesized via ATRP
following a standard protocol. A solution of Cu(I)Cl (6 mg, 60 ymol)
and 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 18 uL,
66 pmol) in anisole (2 mL) was prepared, to which ethyl 2-bromo-2-
methylpropionate (3 yL, 20 ymol) was added as an initiator. The
mixture was stirred at 80 °C for S min under an argon atmosphere,
followed by the addition of monomer M (1.0 g, 2.0 mmol), and the
reaction was continued at 80 °C for 100 min. The resulting mixture
was passed through a basic alumina column (Nacalai) using
chloroform to remove the copper complex. After solvent evaporation,
a 'H NMR analysis was performed to determine the monomer
conversion. The crude product was dissolved in a minimal amount of
chloroform and precipitated into hexane to remove unreacted
monomer. Reprecipitation from methanol yielded the homopolymer
as a pale yellow powder (233 mg, 23% yield), which was used for
characterization. Block copolymers B were synthesized by using the
same procedure with PEO-BMP as the macroinitiator. The DP of the
methacrylate segments was estimated from 'H NMR spectra (see
Supporting Information).

Photopolymerization of Thin Films. Thin films for photo-
polymerization were prepared by spin-coating 4.0 wt-% toluene
solutions of H and B onto glass substrates or rubbed alignment layers,
followed by annealing at 130 °C for 5 h under vacuum to obtain films
with a thickness of approximately 150 nm. Photopolymerization of
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Table 1. Properties of Homopolymers (H) and Diblock Copolymers (B) Synthesized through ATRP“

My/My© Dp? LC content’ (%) tacticity® mm/mr/rr
1.22 ND* 100 8/33/59
143 ND* 100 7/33/60
1.16 46.7 82.2 6/35/59
1.47 54.8 84.4 6/34/60

time (h) conversion” (%) My©
Hyp 167 26.1 11300
H, 3, 33 52.8 22800
Big. 167 308 16300
Bsox 34 43.1 29900

“[M], = 1.0 M; polymerized in anisole under an argon atmosphere with a feed ratio of [initiator]/[M],/[CuCl]/[HMTETA] = 1/100/3/3.3.
bConversions determined via '"H NMR spectra. “Number-average molecular weight and polydispersity index determined through GPC analysis,
based on polystyrene standards. dDegree of polymerization calculated from '"H NMR spectra. “Not determined. fWeight fraction of the side-chain
liquid-crystalline polymer segment based on DPs. #Tacticity of the triad in the polymethacrylate main chain determined from the corresponding

peak area ratio of a-methyl protons in "H NMR spectra.

diacetylene units in H and B thin films was carried out using a SAN-
EI Electric UVF-204S UV light source equipped with a HOYA U340
filter (280 < A < 380 nm).

Computational Methods. Quantum chemical calculations were
performed using the GAMESS software package.® Time-dependent
density functional theory (TD-DFT) calculations were conducted by
employing the B3LYP functional with the 6-31G* basis set. Excited-
state energies and oscillator strengths were calculated to gain insight
into the electronic transitions underlying the experimental observa-
tions.

B RESULTS AND DISCUSSION

The radical polymerization of acrylates and methacrylates
bearing diacetylene moieties in the ester side chains has been
reported to be problematic due to the tendency of diacetylene
units to trap propagating vinyl radicals. "> Similarly,
monomer M, in which a 1,4-diphenylbuta-1,3-diyne unit is
incorporated via a long-chain alkyl ester linkage, was
anticipated to exhibit limited polymerizability under radical
conditions. Nevertheless, ATRP of M, initiated by ethyl 2-
bromo-2-methylpropionate or a poly(ethylene oxide)-based
macroinitiator (PEO-BMP) in the presence of a Cu(I)/
HMTETA catalyst complex, successfully yielded the corre-
sponding homopolymer (H) and block copolymer (B),
respectively, with number-average molecular weights in the
tens of kilodaltons. Under ATRP conditions, the propagating
methacrylate radicals predominantly exist as dormant species
rather than free radicals, thereby reducing the likelihood of
radical trapping by the diacetylene units. Figure la,b presents
the kinetic plots of In([M],/[M]) versus the polymerization
time for H and B, respectively. In systems undergoing
controlled/living radical polymerization, a linear relationship
between In([M]o/[M]) and time is expected, indicating first-
order kinetics with respect to the monomer concentration. For
H, linearity was observed up to 3 h, beyond which deviations
were noted, with polymerization virtually ceasing after 10 h. A
similar trend was observed for B, with linearity maintained up
to 2 h and the reaction terminating after approximately 8 h.
The PDI of the polymers remained below 1.3 in the early
stages but increased with prolonged polymerization time.
Figure 1c shows the relationship between the number-average
molecular weight (My) and monomer conversion for H and B.
In both cases, My increased linearly with conversion,
suggesting that chain termination via radical recombination
or transfer to the diacetylene moiety—potentially leading to
cross-linking—was effectively suppressed under the ATRP
conditions.

Representative properties of H and B obtained after 100 min
and after more than 30 h of reaction are summarized in Table
1. The '"H NMR spectra of H and B (Figure S1) exhibited
three peaks in the 0.8—1.2 ppm region, assigned to the a-

methyl groups on the polymethacrylate main chain. Triad
tacticity ratios”®” calculated from these peaks confirmed that
the polymers were completely atactic, as typically observed for
ATRP-derived polymers. Importantly, the triad ratios remained
unchanged over time, indicating a consistent polymerization
mechanism throughout the reaction. The *C NMR spectra of
H (Figure S2) showed four peaks between 72 and 83 ppm,
attributable to the acetylenic carbon atoms. The absence of
additional peaks, even after extended polymerization times,
indicates that no significant structural changes or side reactions
involving the diacetylene units occurred. Previous work by
Burillo et al. suggested that methacrylate radicals can undergo
intramolecular trapping by proximal diacetylene units in the
side chains, leading to premature chain termination.'* At high
monomer concentrations during the initial stages of polymer-
ization, the rate of propagation exceeds that of intramolecular
trapping, favoring controlled polymerization. However, as the
reaction proceeds and monomer concentration decreases, the
influence of such termination reactions becomes more
pronounced, contributing to broader molecular weight
distributions. Consequently, H,;, and B,q—polymers ob-
tained at earlier stages with minimal side reactions—were
selected for further investigation.

The thermal behavior of H;; and B¢, was characterized by
differential scanning calorimetry (DSC), as shown in Figure 2.
Upon the first cooling cycle of H;, a broad exothermic event
composed of multiple overlapping peaks was observed between
125 and 100 °C, accompanied by another broad peak centered
at 41 °C. In the second heating scan, the corresponding broad
endothermic peaks appeared at 45 °C and across the 105—135
°C range. B¢ exhibited similar thermal behavior. In the

heat flow (W/g)
|

0 50 100
temperature (°C)

Figure 2. DSC profiles of H,y (black lines) and B, (red lines)
during the first cooling and second heating processes.
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(a)

Figure 3. POM images of (a,b) thermally induced mesophase textures and (c,d) uniaxially aligned thin films of side-chain liquid crystalline
polymers. (a,c) Hyy; (b,d) By In (c,d), images were taken with the rubbing direction oriented at 45° (left) and 0° (right) relative to the
polarization direction of incident light under crossed polarizers. The arrows indicate the rubbing direction. Scale bars: 50 ym for (a,b); 100 ym for

(c,d).

cooling scan, a broad exothermic transition with maxima at 115
°C, 121 °C, and 124 °C was detected below 127 °C, along
with another exothermic peak at 42 °C. Upon heating,
endothermic transitions with maxima at 116 °C, 131 °C, and
134 °C were observed above 100 °C, along with a sharp peak
at 46 °C corresponding to the melting of the PEO segments.
Additionally, a strong exothermic peak with a maximum at 12
°C appeared during cooling, and a minor peak at —26 °C was
observed, which is significantly supercooled. This low-temper-
ature event is attributed to the “confinement effect”,®® in which
the minor PEO component is confined within nanoscale
domains surrounded by the majority side-chain liquid
crystalline polymer. These observations suggest the formation
of a well-defined microphase-separated morphology.

POM observations under temperature-controlled conditions
by using a hot stage were conducted to investigate the
mesophase behavior of the synthesized polymers. For Hyy,
complete extinction was observed at temperatures above 130
°C, indicating the isotropic phase. Upon cooling below 129 °C,
birefringence emerged, along with a grainy texture (Figure 3a).
As the temperature dropped below 125 °C, domain growth
became evident, and below 114 °C, a well-defined focal conic
fan texture—characteristic of a smectic phase—was observed.
Notably, this texture persisted from 103 °C down to room
temperature, suggesting the formation of a stable smectic

mesophase. These results indicate that H, ; exhibits a nematic
phase between 129 and 125 °C and transitions to a smectic
phase below 114 °C, confirming a thermotropic liquid
crystalline behavior with a distinct phase transition. A similar
mesophase sequence was observed for Big, albeit with
significantly smaller domain sizes (Figure 3b). Above 133
°C, the sample appeared dark, corresponding to the isotropic
state. Below 132 °C, a granular texture emerged with slight
domain growth observed below 127 °C. At 115 °C, minute
focal conic textures were visible, indicating the onset of smectic
ordering. Between 105 °C and room temperature, the texture
remained largely unchanged, suggesting stabilization of the
smectic structure at lower temperatures.

Drawing inspiration from the method developed by Komura
et al, who achieved uniaxial alignment of side-chain liquid
crystalline block copolymers bearing azobenzene mesogens via
microphase separation,” we applied a similar approach to
fabricate aligned thin films. Solutions of H;; and B4 in
toluene were spin-coated onto polyimide-coated glass sub-
strates, serving as alignment layers. Unlike Komura’s method,
no polydimethylsiloxane (PDMS) overlay was applied in our
protocol. The films were then thermally annealed at 130 °C,
near the isotropic transition temperature, for 5 h and
subsequently examined by POM. In both H;;, and B4
films, having the thickness of 130 and 170 nm, respectively,
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Figure 4. GI-WAXS patterns of the Hyy, thin film fabricated on the alignment layer: X-ray incidence at (a) parallel and (b) perpendicular to the
rubbing direction. The arrows in (b) indicate the positions of the scattering peaks observed on the Yoneda wing. The corresponding schematic
illustrations of the assumed molecular arrangements are shown below each 2D scattering profile. (c) Temperature dependence of the layer spacing
(d.), mesogen stacking distance (dg), and tilt angles (6, and 6;) calculated from the scattering peaks: H,y (closed circles); Big. (open circles).

the POM images exhibited characteristic birefringence
patterns: the films appeared darkest when the rubbing
direction was parallel (0°) to the polarization direction of
incident light and brightest at 45° indicating uniaxial
alignment of the liquid crystalline mesogens (Figure 3c,d).
The birefringence (An), calculated from the optical retardation
of the films, was determined to be 0.58 for H;;, and 0.22 for
B, For comparison, a structurally related low-molecular-
weight liquid crystal containing a 1-(3,4-difluorophenyl)-4-
phenylbuta-1,3-diyne core exhibits a An of 0.264,° while a
side-chain polymethacrylate bearing 1,4-diphenylbuta-1,3-
diyne mesogens synthesized via anionic polymerization has a
reported An of 0.41."> These findings indicate that Hjj
possesses exceptionally high birefringence, surpassing or
comparable to those of these benchmark systems.

The thin film of H;; was fabricated by using a silicon
substrate treated with a polyimide alignment layer, and its
structural characteristics were investigated via grazing-
incidence wide-angle X-ray scattering (GI-WAXS). The
incident X-ray beam was directed either parallel or

perpendicular to the rubbing direction of the alignment
layer, and the resulting 2D scattering patterns are presented in
Figure 4ab, respectively. Figure 4a displays a broad halo
centered at ¢ ~ 1.5 A™', where g is the magnitude of the
scattering vector defined as q = (47/Ax)sin(6/2), with 6 being
the scattering angle and Ay the X-ray wavelength. This feature
is attributed to the lateral stacking of mesogenic units aligned
along the rubbing direction, and its breadth indicates a lack of
long-range order. The peak position corresponds to an average
termesogen distance of 4.2 A. In contrast, Figure 4b exhibits
discrete diffraction spots along the horizontal Yoneda wing at
g, = 0.17, 0.33, and 0.50 A~ where g, is the magnitude of in-
plane scattering vector component along the direction parallel
to the sample surface and perpendicular to the incident beam.
The nearly uniform spacing between these spots indicates the
presence of a lamellar structure with an interlayer spacing of
3.76 nm. Additionally, weak vertical scattering at g, & 1.5 AL
where g, is the magnitude of the out-of-plane scattering vector
component perpendicular to the sample surface, consistent
with the halo in Figure Sa, suggests perpendicularly oriented
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Figure S. AFM images (2 ym X 2 ym) of the B 4 thin film surface fabricated on (a) a silicon wafer and (b) an alignment layer: (left) height
images; (right) phase-shift images. The arrows indicate the rubbing direction. The inset in each phase-shift image shows the full FFT pattern.
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Figure 6. GI-SAXS patterns of the B, thin film fabricated on the alignment layer with X-ray incidence (a) parallel and (b) perpendicular to the
rubbing direction. (c) Enlarged view of the white square region in (a), showing scattering from both transmitted (T) and reflected (R) X-rays with
assigned Miller indices. The schematic on the right depicts the proposed hexagonally packed cylindrical microphase-separated structure. The [010]
crystallographic direction is oriented perpendicular to the substrate. (d) Temperature dependence of the interplanar spacing D(10) corresponding
to the (10) plane of the cylindrical domains.

smectic layers relative to the substrate. Defining 6; as the can be interpreted as measures of the mesogen tilt with respect
azimuthal angle of the second-order lamellar diffraction peak to the smectic layer normal. However, due to geometric
(the most intense among the horizontal reflections) and 6 as constraints inherent to GI-WAXS, reflections with g, below the
the angle between the vertical axis and the weak vertical Yoneda wing are unobservable, leading to potential inaccur-
scattering (corresponding to mesogen stacking), both angles acies in determining 6y, especially at small azimuthal angles.
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Figure 7. UV—vis absorption spectra of side-chain liquid crystalline polymer thin films on glass substrates under photoirradiation (280 < 4 < 380
nm, 3 mW/cm?). (a,b) Absorption spectra of H11k; (c,d) absorption spectra of B16k. Pristine films are shown in (a,c), and annealed films in (b,d).
(e—h) Differential spectra corresponding to (a—d), calculated relative to the spectra before photoirradiation.

Therefore, 65 was also evaluated as a complementary
parameter. The measured tilt angles were 6 = 3.8° and 65 =
2.1°, indicating a smectic A (SmA) phase characterized by a
minimal molecular tilt.

To investigate the thermally induced structural evolution of
the liquid crystalline phase within the thin film, a sample was
fabricated by spin-coating a 10 wt % PDMS solution in hexane
onto the H, ), film surface, thereby creating a PDMS-modified
air interface. The sample was then subjected to in situ heating
under a nitrogen atmosphere, and changes in the scattering
profiles were monitored accordingly. The horizontal diffraction
spots observed under perpendicular X-ray incidence persisted
up to 95 °C but disappeared at higher temperatures. The halo
under parallel incidence was detectable up to approximately
120 °C, beyond which the scattering intensity markedly
decreased. Figure 4c illustrates the temperature dependence of
the smectic layer spacing (dy), in-layer mesogen distance (ds),
and tilt angles (8, and 6;), derived from the scattering profiles.
The d; value remained nearly constant up to ~80 °C and then

exhibited a slight decrease between 80 and 95 °C. Although
the tilt angle slightly increased with temperature, it remained
below 9.6° throughout, consistent with a thermally stable SmA
phase. The dg value was nearly constant below 95 °C and
slightly decreased at elevated temperatures. Despite the
absence of well-defined lamellar reflections above 95 °C,
POM revealed focal conic fan textures, suggesting the
persistence of a weakly ordered smectic phase with character-
istics intermediate between SmA and nematic phases, likely
due to partial disruption of the layer structure.

A uniaxially aligned thin film of B4 was also prepared and
examined via GI-WAXS. The scattering profiles obtained
under both parallel and perpendicular incidence were
analogous to those observed for Hy;, (Figure S3). Upon
PDMS surface coating and thermal treatment, the diffraction
spots observed under perpendicular incidence disappeared at
95 °C, similar to H,;. However, the peak positions remained
virtually unchanged, and the layer spacing d, calculated from
the diffraction peaks, was approximately 3.7 nm and remained
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stable with a tilt angle of less than 4.4°. Similarly, the halo
observed under parallel incidence exhibited a negligible shift in
peak position from room temperature to ~120 °C. These
observations suggest that the formation of microphase-
separated structures in B thin films significantly suppresses
the structural transitions typically observed in liquid crystalline
phases, likely due to the reduced molecular mobility associated
with the segregated domains.

To further investigate the microphase-separated morphology
of B4, a thin film was prepared on a silicon substrate, and its
surface structure was examined by AFM. As shown in Figure
Sa, the film exhibited numerous striped domains, several um?
in size, with varying orientations. According to the report by
Komura et al,> ampbhiphilic liquid-crystalline block copoly-
mers incorporating azobenzene as a mesogenic unit exhibit a
vertically oriented cylindrical microphase-separated structure
in thin films relative to the substrate, thereby requiring a
PDMS overlay to induce horizontal orientation. In contrast,
our thin films exhibit preferential horizontal alignment, even
without a PDMS overlay. The surface of a Bg film spin-
coated onto a silicon substrate with a polyimide alignment
layer exhibited highly ordered, linearly aligned structures across
the entire surface. These structures were strictly parallel to the
rubbing direction and showed a uniform periodicity of 24.4 +
0.9 nm (Figure Sb).

To probe the internal morphology of the aligned B4 film,
we performed grazing-incidence small-angle X-ray scattering
(GI-SAXS) measurements. The scattering profiles with the X-
ray beam incident parallel and perpendicular to the rubbing
direction are shown in Figure 6a,b, respectively. Figure 6b
displays first- and second-order reflections originating from
smectic layering, aligned along the Yoneda wing, consistent
with the GI-WAXS results. No distinct features were detected
in the low-q region. In contrast, Figure 6a reveals multiple
sharp scattering spots at g, = 0.032 and 0.064 A~'. As shown in
the magnified low-q region (Figure 6¢), the positions of these
reflections correspond to a hexagonally packed cylindrical
morphology. This indicates the formation of a uniaxially
aligned hexagonal-cylinder-type microphase-separated struc-
ture, oriented parallel to the rubbing direction. From the g,
values, the interplanar spacing of the (10) plane perpendicular
to the substrate was calculated to be D(10) = 19.6 nm.

To investigate the thermal stability of this morphology, a
PDMS-coated Bg film was subjected to in situ GI-SAXS
measurements during heating under nitrogen. Above 60 °C,
although the g, positions of the scattering peaks at 0.032 and
0.064 A™' remained largely unchanged, the initially discrete
spots along the g, direction became diffuse, forming a
continuous scattering streak along the z-axis. Upon reaching
the isotropic transition temperature, the scattering pattern
transformed into one characteristic of a body-centered
tetragonal structure (Figure S2). Similar thermal behavior
has been reported in amphiphilic liquid crystalline block
copolymers bearing azobenzene mesogens, in which vertically
aligned hexagonal cylinder structures undergo transformation
into body-centered cubic’’ or face-centered orthorhombic”’
structures upon heating. These results suggest that B,q
undergoes a comparable order—order transition from a
hexagonally packed cylindrical morphology to a BCT-like
structure near the isotropic transition.

A thin film of B4 was deposited onto a CaF, substrate and
irradiated with ultraviolet light through a U340 filter (280 < A
< 380 nm), while monitoring changes in the infrared

absorption spectrum (Figure SS). Peaks observed at 2215
and 2146 cm™' prior to irradiation, attributed to carbon—
carbon triple bonds, gradually decreased in intensity with
prolonged exposure. Simultaneously, a broad absorption band
centered at around 2185 cm™' became increasingly prominent.
This spectral evolution indicates a photochemical rearrange-
ment of the triple bonds and the formation of newly configured
carbon—carbon triple bonds during the reaction. Analogous
UV irradiation experiments were conducted on H,y thin films
fabricated on glass substrates, both in the pristine state and
after thermal annealing. The corresponding changes in the
UV—vis absorption spectra are shown in Figure 7a,b. Upon
irradiation, a broad absorption band extending to approx-
imately 500 nm emerged on the longer-wavelength side of the
mesogen-associated bands, which exhibit maxima at 303, 322,
and 346 nm. The intensity of this broad band increased with
accumulated UV dose. Difference spectra before and after
irradiation are presented in Figure 7ef. In the pristine film, the
most pronounced increase in absorbance was observed around
380 nm, whereas in the annealed film, the most significant
enhancement appeared near 430 nm. Comparable trends were
observed in B4 films, where the annealed samples exhibited
more substantial spectral changes at longer wavelengths than
their pristine counterparts (Figure 7c,d; difference spectra in
Figure 7gh). It is well established that diacetylenes undergo
1,4-addition photopolymerization upon UV irradiation.
Depending on their relative orientation, either head-to-tail or
head-to-head addition is favored (Chart 1).*%***>7* For
aliphatic diacetylenes, trans-polydiacetylenes are predomi-
nantly formed via head-to-tail addition when the center-to-
center distance between diacetylene units is 4.7—5.2 A and the
molecular axis is inclined at approximately 45° relative to the
stacking axis. Conversely, when the intercenter distance is 3.4—
3.6 A and the angle is 90°, head-to-head addition yields cis-
polydiacetylenes with high efficiency. X-ray diffraction (XRD)
profiles of drop-cast films of H;,; and B4 on silicon substrates
(Figure S6) revealed that in the annealed films, a peak at q =
0.34 A7!, attributable to a smectic lamellar structure, was
observed in the low-q region. In contrast, pristine films
exhibited multiple peaks at different q values (q = 0.25 and
0.38 A™! for Hyy;; q = 0.24 and 0.36 A™" for B,¢), indicating
the coexistence of domains with different layer spacings. In
addition, although the annealed films showed a broad peak
centered around q = 1.5 A™" in the wide-angle region, assigned
to mesogen stacking, the pristine films exhibited multiple
distinct peaks, suggesting the presence of domains with
different stacking distances between mesogens. Although the
tilt angle could not be determined, the peak near ¢ = 1.3 A™"
corresponds to the intermolecular distance favorable for head-
to-tail addition, while that near g = 1.9 A'is closer to that
favorable for head-to-head addition. Thus, the higher photo-
reaction rate observed in pristine films compared to that in
annealed films can be attributed to these structural features. To
investigate the electronic properties of the resulting materials,
TD-DFT (B3LYP/6-31G*) calculations were performed on
both trans and cis oligomeric models derived from 1-(3,4-
difluorophenyl)-4-(4-methoxyphenyl)buta-1,3-diyne as a rep-
resentative monomer. As the 7-conjugation length increased
from dimer to tetramer models, the lowest-energy absorption
band corresponding to the HOMO-LUMO transition
exhibited a pronounced red-shift, moving from 350 nm to
the 540—580 nm region (Figure S7). In pristine films, although
conformations favorable for photopolymerization are partially
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Figure 8. Polarization-dependent absorption spectra of side-chain liquid crystal polymer thin films on polyimide alignment films coated glass
substrates upon photoirradiation (280 < 4 < 380 nm, 3 mW/cm?): absorption spectra of H11k (a,b) and B16k (c,d) measured with light polarized
parallel (a,c) or normal (b,d) to the rubbing direction; (e—h) differential spectra of (a—d), calculated with respect to the spectra before

photoirradiation.

present, the coexistence of multiple conformational states leads
to poor long-range structural order. Consequently, the
products are mostly short oligomers with short conjugation
lengths. In contrast, annealed films lack the optimal
intermolecular distances for either head-to-tail or head-to-
head addition, resulting in slower reaction rates. However,
their higher uniformity and long-range order allow for more
extensive polymerization, giving polymers with relatively
longer conjugation lengths. The simulated spectra further
revealed that, for each DP, the trans isomers exhibit more
significant red-shifts in the lowest-energy absorption bands
compared to their cis counterparts. This is attributable to
structural differences: the carbon backbone of the trans
oligomers adopts an almost planar configuration, allowing for
extended 7-conjugation, whereas the cis oligomers suffer from
steric hindrance between aromatic rings at the head—head and
tail—tail positions. This torsional strain disrupts the planarity
and limits conjugation. As noted above, GI-SAXS analyses of
the H,; and B4 films indicate that while neither the head-to-

tail nor head-to-head arrangement is ideally satisfied, the
molecular packing appears to be somewhat more favorable for
head-to-head addition. Langmuir—Blodgett (LB) films of linear
aliphatic diacetylenes—where molecules are highly ordered in
a layered arrangement—have demonstrated that ideal head-to-
tail alignment yields polydiacetylenes with exceptionally long
effective conjugation lengths, characterized by a strong
absorption maximum near 640 nm.”>”"® However, thermal
annealing can disrupt this molecular ordering, leading to
shortened conjugation lengths and a hypsochromic shift of the
absorption maximum to approximately 530 nm. In the H;
and B¢ films examined here, the predominance of twisted
backbones resulting from head-to-head addition appears to
restrict effective conjugation lengths, thereby confining the
absorption edge to approximately 500 nm.

Uniaxially aligned thin films of H; j; and B4, were fabricated
on glass substrates coated with polyimide alignment layers.
These films were irradiated at normal incidence with linearly
polarized UV light with polarization oriented parallel or
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perpendicular to the rubbing direction, and the resulting
polarized absorption spectra were recorded (Figure 8). The
dichroic ratio at 346 nm, defined as R = Aj/A,, was 6.1 for
H,;, and 5.2 for B¢, corresponding to order parameters S =
(R = 1)/(R + 1) of 0.63 and 0.58, respectively. During UV
irradiation, the polarized spectra were monitored over time.
Under parallel polarization for H,, (Figure 8a), the
absorbance peaks at 303, 322, and 346 nm, attributed to
mesogen absorption, gradually diminished, while a broad band
emerging beyond 365 nm and extending to ~500 nm increased
in intensity. In contrast, the perpendicular polarization
spectrum (Figure 8b) exhibited a monotonic increase in the
absorbance across 300—550 nm. Similar spectral evolutions
were observed for B (Figure 8c,d). Maximum absorption
occurs when the incident light polarization aligns with the
chromophore’s transition dipole moment. TD-DFT simula-
tions of 1-(3,4-difluorophenyl)-4-(4-methoxyphenyl)buta-1,3-
diyne (Figure S6a) assign the bands near 320 and 350 nm to
dipoles along the molecular long axis. Because the mesogens
align parallel to the rubbing direction, these bands are
preferentially consumed during photopolymerization, produc-
ing a more pronounced decrease in absorbance for parallel-
polarized light (Figure 8e,g). The polydiacetylene backbone
elongation direction in both cis and trans oligomers was
calculated to be ~80° relative to the mean side-chain direction,
coinciding with the HOMO-LUMO transition dipole
responsible for the longest-wavelength absorption (Figure
S6b—g). Figure 9 plots the red-edge wavelength of each

600

wavelength (nm)

450 T 1T I T 1T I 1T T I 1T T
0.0 0.5 1.0 1.5 2.0

dose (J cm )

Figure 9. Absorption edge wavelength of the thin film as a function of
the ultraviolet irradiation dose per unit area, obtained from the
absorption spectra for light polarized parallel (circles) and
perpendicular (squares) to the rubbing direction. Hyy, (filled
symbols) and B, (open symbols).

absorption spectrum versus the incident UV dose per unit area,
derived from Figure 8e—h. Under parallel polarization, the red
edge for both H;;; and B, initially red-shifted by ~30 nm
before plateauing, whereas under perpendicular polarization, it
continued to red-shift throughout irradiation by >90 nm for
H,;, and >60 nm for Bq. These results indicate that
polydiacetylene backbones preferentially elongate perpendicu-
lar to the rubbing direction, with H;; forming higher-
molecular-weight polymers exhibiting longer effective con-
jugation lengths than B,¢. Meanwhile, the birefringence (An)

of Hy;, and Byg films gradually decreased upon photo-
irradiation, reaching values of 0.38 and 0.11 at 1.8 J/cm?* dose,
respectively.

Chart 1. Molecular Structures of Polydiacetylene Generated
by Photopolymerization of Diphenyldiacetylene Mesogenic

Units in the Side Chains

(‘CH2)11(CH‘2)11 (‘CH2)11(CH‘2)11 (?Hz)ﬂ (?H2)11 (9H2)11 (CHa)14

cis-polymer
(head-to-head addition)

trans-polymer
(head-to-tail addition)

A microphase-separated thin film of B, was fabricated on a
silicon substrate coated with a rubbed poly(vinyl alcohol)
(PVA) alignment layer. Following UV irradiation to induce
polymerization of the diacetylene moieties, the film was
immersed in a 2-propanol/water mixture (1:4 v/v) to dissolve
the PVA layer, thereby enabling delamination of the film for
structural analysis. TEM was then performed on the resulting
free-standing film (Figure 10b). For comparison, a B, thin

Figure 10. TEM images of Byg thin films fabricated on (a) an
unrubbed and (b) a rubbed PVA layer. The PEO domains were
selectively stained with RuO, vapor. The arrow indicates the rubbing
direction. The inset in each image shows the full FFT pattern.

film was also prepared on an unrubbed PVA layer, with the
corresponding TEM image shown in Figure 10a. In the film
prepared on the unrubbed PVA layer (Figure 10a), multiple
stripe-like domains with varying orientations were observed,
each spanning several square micrometers and exhibiting
periodic spacings in the range of 21—25 nm. In contrast, the
film on the rubbed PVA substrate (Figure 10b) exhibited a
uniaxially aligned stripe-like morphology with a uniform
spacing of approximately 21.5 nm, oriented parallel to the
initial rubbing direction. These TEM results were evaluated
alongside AFM images acquired prior to UV exposure (Figure
Sa,b), as well as with the cylinder-to-cylinder distances
determined from GI-SAXS. Although minor variations in
intercylinder spacing were detected following UV irradiation,
the overall hexagonally packed cylindrical morphology was well
retained. These findings strongly support the idea that the
photopolymerization of the diacetylene units proceeded via a
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topochemical mechanism, enabling the formation of covalent
polymer backbones with minimal disruption to the nano-
structural order.

B CONCLUSION

In this study, we successfully synthesized side-chain liquid
crystalline polymers incorporating 1,4-diphenylbuta-1,3-diyne
moieties via ATRP, overcoming challenges associated with the
radical-trapping nature of diacetylene units and achieving
precise control over the polymer architecture. POM and UV—
vis absorption spectroscopy confirmed the formation of highly
ordered, uniaxially aligned liquid crystalline thin films. Upon
UV irradiation, the observed changes in polarized absorbance
revealed that the poly(diacetylene) backbones preferentially
grew perpendicular to the rubbing direction. The progressive
red-shift of the absorption edge, particularly for light polarized
perpendicular to the alignment direction, indicates the
formation of high-molecular-weight polymers with extended
conjugation lengths. GIXS provided insight into the intricate
nanostructural organization, revealing features such as lamellar
stacking and microphase-separated cylindrical domains.
Complementary TEM analysis confirmed that UV-induced
polymerization proceeded through a topochemical pathway,
preserving the underlying hexagonally packed morphology.
These results collectively demonstrate the feasibility of
constructing hierarchically ordered, 7-conjugated polymeric
materials through the integration of liquid crystalline alignment
and confined polymerization strategies.
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