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Enhanced Electro-Optic Properties of Blue Phase Liquid
Crystals Using Slippery Polymer Stabilization

Srinivas Pagidi, Venkata Sai Dasari, KP Zuhail, Dan Luo, Surajit Dhara,
and Ramesh Manda*

Blue-phase liquid crystals (BPLCs) are promising for next-generation
fast-switching displays due to their unique nanoscale self-assembly and
soft-crystalline properties. However, conventional stabilization methods using
high glass-transition temperature (Tg) polymers, such as acrylates or thiols,
often result in high operating voltages due to strong surface anchoring at the
LC-polymer interface, limiting practical applications. This study proposes
using poly(hexyl methacrylate) (PHMA), a low-Tg polymer (∼−5 °C), to create
a slippery polymer network that reduces operating and threshold voltages.
Additionally, this sliding interface promotes the BP-III phase, further
decreasing the operating voltage to 38% with minimal hysteresis and
increasing the relative Kerr constant by ninefold. The biphasic interaction
between BPLCs and PHMA is quantitatively analyzed, offering insights into
the sliding surface mechanism and optimized the Kerr and response time
equations. These findings highlight significant potential for advancing
next-generation electro-optic and tunable photonic systems.

1. Introduction

The liquid crystals (LC) manifest diverse anisotropic physi-
cal properties, including optical, dielectric, and visco-elastic
anisotropy, due to their positional and orientational anisotropy.
These properties can be controlled by a variety of external stim-
uli such as temperature, electric field, magnetic fields, surface
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morphology, and chemical treatments, en-
hancing their versatility for applications
ranging from displays to non-display tech-
nologies like light shutters, spatial light
modulators, and photonic applications.[1–5]

Over time, synthesis efforts have yielded
a variety of LC shapes and structures,
leading to the discovery of novel phases
and expanded applications. Among the
numerous LCs, blue-phase liquid crys-
tals (BPLC) are notable for their nano-
scale self-assembly and cubic crystallinity
that provide submillisecond response time,
wide viewing angle, and light modulation
applications.[6–10] External stimuli, such as
thermal, optical, electric, and magnetic
fields, can tune these structures, promis-
ing diverse soft photonic applications.[11,12]

BPLCs exhibit three phases: the amor-
phous BP-III and cubic crystalline
BP-I and BP-II with a few hundred

nanometers lattice constant.[13–15] Due to the cubic crystalline lat-
tice, BP-I and BP-II show strong selective reflection, while BP-III
appears light blue foggy color due to a lack of selective reflection.
BP-III possesses a quasiperiodic structure. These BPLC phases
form through the self-assembly of double twist cylinders (DTC),
which are building blocks of strongly twisted LC, but the pres-
ence of disclination lines between DTCs limits stability to nar-
row temperature ranges. To overcome this, strategies include us-
ing low-molecular-weight BPLCs, introducing quantum dots and
nanoparticles, and dispersing various molecular shapes like T-
shaped, U-shaped, and hydrogen-bonded molecules.[16–19] These
strategies aim to enhance phase stability and broaden the oper-
ational temperature range of BPLC. However, these approaches
unavoidably introduce unwanted photonic effects.
Another strategy involves dispersing UV-curable monomers

into the BPLC and polymerizing them to stabilize the BPLC
phase, known as polymer-stabilized BPLC (PS-BPLC).[20,21] This
method creates a polymer network within the disclinations with-
out disrupting the local ordering of LC, providing 3D confine-
ment to the cubic lattice and enhancing thermal stability. In ad-
dition to enhancing the thermal stability of the phase, it is pos-
sible to accomplish large-scale monodomain alignment of cubic
lattices, which can be employed in photonics devices and opti-
cal elements.[22–25] Furthermore, the intrinsic properties of pre-
polymers, such as functionality, molecular structure, and glass-
transition temperature (Tg), can be easily adjusted to optimize the
polymerization and, consequently, the thermal stability of BPLC.
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For instance, high Tg prepolymer trimethylolpropane triacrylate
(TMPTA, Tg > 200°C) offers a rigid polymer network, providing
stronger LC anchoring.[26] In this aspect, a templated BPLC was
also developed and demonstrated efficient light modulators, mir-
rorless lasers, and hyper-reflective films.[11,27–29] However, these
polymers form a rigid polymer network, resulting in high operat-
ing voltages and unwanted reflections, which are undesirable for
practical device applications. A slight modification to this tem-
plate by incorporating chiral monomers that form the polymer
network within the DTC yields room temperature BPLC, though
monomer extraction is laborious.[30] Owing to the exotic prop-
erties of BPLC, it is crucial to research versatile polymerization
techniques that offer superior thermal and electro-optical charac-
teristics. Although the utilization of a sliding polymer interface,
particularly in the vicinity of the polymer’s Tg, is a known tech-
nique to address the high operating issue, it remains limited to
conventional modes.[31–34] Using a slippery polymer network to
stabilize the BPLC structure remains unexplored in this context.
In our quest to find suitable microstructures for optimizing

BPLC stability, we developed a PS-BPLC system stabilized by
the slippery prepolymer PHMA (poly(hexyl methacrylate)). The
low Tg of PHMA induces a low symmetric BP-III phase, thereby
reducing the driving voltage to 25 V (38%). Additionally, this
hysteresis-free system exhibits a Kerr constant nine times higher
than conventional polymer stabilization. Further, the underly-
ing switching mechanism of slippery polymer stabilized BPLC
by analyzing the phase diagram and optimized for higher effi-
ciency. Our study demonstrates the fabrication of soft-photonic
lattices with excellent electro-optical properties that offer practical
PS-BPLC applications.

2. Materials and Methods

The BPLC was fabricated by mixing a right-handed chiral
dopant R5011 (helical-twisting power (HTP) = 126 μm−1, from
HCCH) with the eutectic nematic LC mixture, BL002 (nematic-
to-isotropic transition temperature (TNI) is 72°C, dielectric
anisotropy (Δɛ) is 17.2 at 1 kHz, birefringence (Δn) is 0.246 at
589.3 nm, phase sequence is Iso 72°C N -20°C Cr, Iso: Isotropic
temperature, N: Nematic phase, Cr: Crystalline phase, purchased
from Sigma-Aldrich). To stabilize the phase, photopolymers
RM257 (from Merck), IBMA (Isobornyl methacrylate, refractive
index (np) is 1.477, from Sigma-Aldrich), TMPTA (Trimethylol-
propane triacrylate, np is 1.474, density is 1.1 gmL−1 at 25°C,
from Sigma-Aldrich), and PHMA polymer (np is 1.481, density
is 1.007 gmL−1 at 25°C, from Sigma-Aldrich) were added. RM257
exhibits a nematic phase from 68.7°C to 128.2°C.[30] TMPTA,
a tri-functional acrylate monomer with a high Tg of 225°C, en-
hances network rigidity, while PHMA, a prepolymer with a low
Tg of –5°C, provides a slippery polymer network (Figure S1a, Sup-
porting Information).[34–38] The molecular structures of the uti-
lized material are illustrated in Figure 1. PHMA is a colorless
viscous liquid at room temperature with a high contact angle (𝜃c)
of 68° (Figure S1b,c, Supporting Information). The TMPTA is
also a colorless liquid with 𝜃c of 21°. The surface or interfacial
tension (𝜎) was determined using the pendant drop method, as
described in Figure S1d,e (Supporting Information). The PHMA
exhibits higher surface tension (𝜎PHMA) of 154mNm

−1 compared

Figure 1. a) Properties of utilized LC, BL-002. Molecular structures of:
b) chiral dopant: R5011, c) reactive monomer: RM257, d) prepolymers:
TMPTA, e) pre-polymer: IBMA, and f) slippery polymer: PHMA.

to TMPTA (𝜎TMPTA = 58 mNm−1), indicating a weak interaction
of surrounding materials.

3. Results and Discussion

3.1. Phase Studies

Themiscibility of PHMA in LC is insufficient.[38] To better under-
stand the interactions and compatibility of these components, we
studied the phase diagram of the LC-PHMA binary mixture. The
binary phase effect of PHMA on BPLC formation was analyzed
as a function of temperature and monomer concentration, with
results compared to TMPTA. Figure 2a,b depicts the variation in
phase transition temperatures with TMPTA and PHMA concen-
trations in the LC host. Optical textures were recorded during
cooling from 85 °C (well above the TNI of LC) at a cooling rate
of 0.1°Cmin−1. The birefringence of LC allows us to estimate the
phase transition temperature based on optical appearance. The
BL002 is an eutectic mixture of several nematic LCs with differ-
ent chain lengths exhibiting a phase sequence of Cr –20 °C N
72 °C I. The investigated system was biphasic, involving only a
single monomer (either TMPTA or PHMA) combined with LC,
with no additional monomers included. As the optical textures
of the sample during phase transition are influenced by abrupt
time-dependent thermodynamics, our focus was primarily on
changes in phase transition temperature (Figure S2, Supporting
Information).
Our study deliberately focuses on phase transition tempera-

tures up to room temperature. The isotropic phase (I), where
molecules lack preferred orientation, transitions to the nematic
(N) phase, characterized by the Schlieren textures in pristine LC.
For LC-TMPTAmixtures, the transition temperature depends on
monomer concentration (ϕTMPTA). The reported transition tem-
perature corresponds to the immediate appearance of the LC
phase identified by POM textures that appear colored birefrin-
gent textures. At ϕTMPTA ⩽ 15 wt%, a direct I-to-N phase transi-
tion is observed, indicating minimal disruption to nematic order
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Figure 2. The observed phase transition temperature of: a) LC-TMPTA,
b) LC-PHMA. I = Both LC and monomer are in the isotropic phase, I* =
Monomer ordering dominated phase, N + I = Nematic ordering domi-
nated phase. TNI of BL002 is depicted as a dotted line at the top.

(Figure 2a). Beyond 15 wt%, a biphasic I* region emerges, fol-
lowed by an N + I region with nematic-dominated coexistence.
At higher ϕTMPTA, phase separation occurs, forming LC droplets
within the monomer due to orientational ordering-driven inter-
facial energy and miscibility differences. Droplet size decreases
with further increasing ϕTMPTA, reaching room temperature tran-
sitions at 65 wt%. These results reveal that the reduction in
droplet size is primarily due to increased monomer concentra-
tion rather than temperature change. This phase separation pro-
cess, involving coalescence and nucleation growth of LC droplets,
takes ∼1 min for ϕTMPTA > 40 wt%.
A similar trend was noticed for the LC-PHMA system, ex-

cept the appearance of the I* occurs after ϕPHMA of 10 wt%
(Figure 2b), which is significantly more rapid than TMPTA. The
LC-PHMA system exhibits comparable optical appearances and
stability to LC-TMPTA. At ϕPHMA = 15 wt%, the Schlieren texture
transitioned to stable droplets, with further increase in ϕPHMA re-
ducing droplet size. This phase transition followed the typical
mechanism of nucleation, coalescence, and nucleation growth.
The transition temperature dropped rapidly to 29 °C at ϕPHMA =
40 wt.%, exceeding room temperature with further increase. No-
tably, PHMA exhibits a broader I* phase region than the TMPTA,
indicating stronger dominance of the I* phase likely due to its
presumed weaker interaction with the LC. This phenomenon is
ascribed to the linear and elongated flexible hexyl groups of the
PHMA polymer, as illustrated in Figure 2f, which reduce sur-
face interactions with the LC molecules, hence enhancing the I*

phase in the composite system compared to the high miscible
(and low 𝜎) TMPTA.
To gain more insights, we applied the Flory–Huggins lattice

theory combined withMaier–Saupemean-field theory to this sys-
tem. The total free energy density (g) of the LC-monomer bipha-
sic system depends on the volume fraction of the LC (ϕLC) and
monomer (ϕM), the nematic orientational order parameters (SLC),
the isotropic interaction parameter (𝜒), and the nematic interac-
tion parameter (𝜐LC) (Section S2, Supporting Information).[39–42]

The free energy density of isotropicmonomer (gi) and anisotropic
LC (gLC) are influenced by the interaction parameters 𝜒 and 𝜐LC.
Since the nematic LC is identical in both samples, SLC remains
constant, and the I* phase expansion is solely driven by the
polymer’s interaction parameter. The 𝜒 determines miscibility,
𝜐LC controls interfacial and anchoring energy. Assuming equal
molecular weights for both monomers, one possible way to in-
terpret differences in transition temperatures is the attribution
of lower 𝜒 and 𝜐LC. Therefore, PHMA’s low Tg is likely to reduce
anchoring strength (low 𝜐LC) and miscibility (low 𝜒), destabiliz-
ing nematic ordermore effectively than TMPTA and significantly
lowering gLC.

3.2. BPLC Phase Stabilization

The experimental procedures of BPLC and PS-BPLC fabrication
have been previously reported.[30,43] The BPLC mixture consists
BL002 (76.7 wt.%), R5011 (2.3 wt.%), RM257 (5 wt.%), IBMA
(5 wt.%), and Irgacure-1173 (0.5 wt.%). Two BPLC samples were
prepared: S1 with 10.5 wt.% high Tg TMPTA and S2 with 10.5
wt.% low Tg PHMA, to evaluate the impact of monomer’s weak
surface anchoring interaction, induced by the Tg on the BPLC sta-
bility. Both samples, identical except for the targeted monomers,
were treated under the same conditions. The monomer concen-
trations were selected based on their phase behaviors with BL002,
where the TMPTA showed no effect on transition temperature,
and PHMAhad a slight effect. The LC and chiral dopant wereme-
chanically mixed (10min), sonicated (5min), and combined with
monomers and a photo-initiator. Themixture was then infiltrated
into an experimental cell at 85 °C by capillary action, followed by
phase identification and phase stabilization byUV light exposure.
Next, the BP phase ranges of S1(TMPTA) and S2(PHMA) were

identified using POM, as shown in Figure 3. For S1(TMPTA)
(Figure 3a), the I* phase spanned 72 °C to 67.9 °C. The BP-II
phase with green and red platelets ranged from 67.9 °C to 67.7 °C
(0.2 °C), followed by BP-I with three primary colors from 67.7 °C
to 63.9 °C (3.8 °C). After phase stabilization (Figure 3b), the BP-II
extended to 9.0 °C (67.9 °C to 58.9 °C) with large green platelets,
and BP-I expanded to 30.5 °C (58.9 °C to 28.4 °C) with large red
and yellow platelets. For S2 (PHMA) (Figure 3c), we achieved 3.4
°C BP-II (60.4 °C to 57 °C) and 4.6 °C BP-I (57 °C to 52.4 °C). The
BP-II consists mostly of blue platelets and fewer yellow platelets,
while BP-I consists of red, green, and yellow platelets. Due to
the absence of selective reflection of BP-III, the formation of the
BP-III phase is unclear. After phase stabilization (Figure 3d), we
achieved a 10.5 °CBP-II (59.5 °C to 49 °C) and 16.2 °CBP-I (49 °C
to 32.8 °C). Phase stabilization significantly improved the ther-
mal stability of both samples. This implies that the PHMA ef-
fectively occupied disclination lines without disrupting the local
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Figure 3. a,b) Optical textures of S1(TMPTA): a) before phase stabilization, b) after phase stabilization. c,d) Optical textures of S2 (PHMA): c) before
phase stabilization, d) after phase stabilization. The white arrows denote the polarizer’s and analyzer’s orientation. Temperatures are indicated as the
number on each image. The scale bar is 100 μm. e) Relative phase range of S1(TMPTA) and S2(PHMA) before and after phase-stabilization. The dotted
line indicates the TNI of nematic LC. f) BP-III phase identification by optical texture at polarizer rotation of −10°, 0°, and +10°, with relative optical
rotatory power plotted against polarizer rotation angle. The white dotted line indicates the polarizer’s rotation angle. g–j) Bragg reflection spectra and
the associated reflection wavelengths of S1(TMPTA): g) before, and h) after phase-stabilization, and S2(PHMA): i) before, and j) after phase-stabilization.
The purple dotted lines indicate the BP-II to BP-I transition.

twisting, similar to TMPTA. Remarkably, a wider BP-III phase
emerged after phase stabilization of S2(PHMA), as revealed by
optical textures forming before 59.5 °C.
The relative phase existences of both samples before and after

phase stabilization are shown in Figure 3e. Notably, the TMPTA-
LC system exhibits only BP-I and BP-II phases, while the PHMA-
LC system includes BP-III in addition to BP-I and BP-II. The gap
between the phase BP-III and TNI of utilized nematic LC was be-

lieved to be an I* phase. Both S1(TMPTA) and S2(PHMA) exhibit
the I* phase, but I* is more pronounced in S2(PHMA).
Due to the absence of selective reflection, the BP-III phase ap-

pears gray and is difficult to identify optically. Its amorphous na-
ture arises from the randomness of DTCs. Although randomly
distributed DTCs prevent selective reflection, short-range order
makes the phase optically active at short wavelengths under cer-
tain conditions. The polarizer rotation technique is the most
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effective method to identify this.[44–47] As shown in Figure 3f, the
sample appears uniformgray under crossed polarizers.When the
polarizer rotated 10° anticlockwise, the texture turned a bluish
hue, whereas a 10° clockwise rotation resulted in a different color
with reduced intensity. The polarization state of transmitted light
is modulated between ±10°, indicating optical activity. An op-
tically isotropic material would exhibit no such variation with
polarizer rotation. This optical activity to BP-III could originate
from short-range DTC organisation. This is supported by optical
rotatory power measurements as a function of polarizer rotation
angle up to a maximum of ±10°. The optically isotropic phase
should yield symmetric optical rotatory power for both directions.
But, a 35% difference in optical rotatory power was observed for
both clockwise and anticlockwise rotations, indicating optical ac-
tivity. This asymmetry, alongwith differing textures, confirms the
presence of a random arrangement of DTC in the BP-III phase.
The dispersed PHMA apparently stabilizes the BP-III phase to

some extent (∼4.5 °C). The existence of the induced BP-III phase
is clearly due to PHMA. In BPLC, disclinations dominate the self-
assembly of DTCs, where monomers preferentially occupy these
disclination lines and interact strongly with LC molecules. From
this, one could anticipate that PHMA’s slippery behavior either
induced ametastable I* phase with ordered DTCs or destabilized
the cubic phase by promoting DTC sliding, thereby promoting
BP-III formation. The latter mechanism is more plausible, sug-
gesting that the BP-III phase arises from the slippery polymer
network formed by PHMA.
It is well-known that the Mosoic colors are Bragg reflections

(𝜆B) from the cubic crystalline planes that can be mathematically
expressed as:[6]

𝜆B =
2navga cos 𝜃i√
h2 + k2 + l2

(1)

where navg is the average refractive index of the nematic LC(
= 2no+ne

3
= 1.607

)
, a is the cubic lattice constant of BPLC, 𝜃i

is angle of incident (= 90°), and (h, k, l) are the Miller indices
of cubic lattice. The Bragg reflection spectra for S1(TMPTA) and
S2(PHMA) were measured to provide further insights, as shown
in Figure 3g–j. The spectra of S1(TMPTA) correlate well with
POM textures. The 𝜆B corresponds to the peak wavelength of re-
flection. For S1(TMPTA), the BP-II before stabilization showed
weak reflection peaks with 𝜆B of 510 and 550 nm (Figure 3g),
while BP-I exhibits 𝜆B at 510 and ∼640 nm. The BP-II to BP-I
transition, usually identified as a discontinuity in reflection, is
indicated as a dotted line in the inset image. The 𝜆B depends
on the pitch (P) of the BP phase, which can be estimated from
P = 1

c×HTP
, where c is the concentration of the chiral dopant. The

estimated P is 345 nm. Considering that the a of BP-I and BP-
II equals P and P/2, respectively, we further theoretically esti-
mated the reflection plane (hkl) using the Bragg reflection the-
ory described in Supporting Information (Section S3). The ob-
tained 550 nm in BP-II is from the (100) cubic plane and 640
nm in BP-I is from the (110) cubic plane. After phase stabiliza-
tion (Figure 3h), PS-BPLC showed 𝜆B at 533 nm (green) for BP-II
and 630 nm (red) for BP-I, with a noticeable transition disconti-
nuity. For S2(PHMA) (Figure 3i), BP-II persists at 440 nm (110)
and 480 nm (100), while BP-I showed 610 nm (110) reflections,

suggesting good PHMA dispersion and selective occupation of
disclination lines. After phase stabilization (Figure 3j), the 460
and 550 nm peaks in BP-II are shifted to 530 nm and 590 nm in
BP-I, respectively, revealing that the PHMA remains occupied in
disclinations after polymerization. The reflection peaks and cor-
responding Miller indices are summarized in Table 1. Theoreti-
cally estimated 𝜆B correlates well with experimental 𝜆B in BP-II,
while some deviation occurs at BP-I. However, this reveals the
PHMA is well occupied in disclination lines without disturbing
local twisting and self-assembly of DTCs.
The bandwidth (Δ𝜆), defined as the full-width half maximum

(FWHM) of a peak, was measured to be 33 nm for BP-II and
30 nm for BP-I in S1(TMPTA). As shown in Table (1), a broader
Δ𝜆 of >50 nm was observed across S2(PHMA) spectra. We no-
ticed that this phenomenon is likely attributed to multi-plane re-
flections and variations in platelet sizes.[48] The average Δ𝜆 esti-
mated for after phase stabilization phase. Additionally, the pres-
ence of RM257 in both samples and the existence of BP-III be-
low 68.7 °C indicate that RM257 does not significantly influence
BP-III formation.

3.3. Electro-Optical Studies

Next, the switching behavior of S1(TMPTA) and S2(PHMA) was
studied under a 1 kHz square wave voltage using POM with
crossed polarizers, as shown in Figure 4. In BP-I, S1(TMPTA)
exhibited induced birefringence (ΔnInd) at the threshold voltage,
saturating at 42 V (Figure 4a). The magnitude of ΔnInd was cal-
culated using ΔnInd = 𝜆KE2, where K is the Kerr constant, 𝜆 is
the wavelength of the incident light, and E is the applied voltage
per unit length. The uniform brightness between electrodes in-
dicates sufficient and homogeneousΔnInd, without field-induced
phase transitions, as the TMPTA network prevented deforma-
tion. The switching mechanism involved DTC unwinding and
LC reorientation along the field and then elastic relaxation back
into the cubic lattice upon voltage removal. Similarly, S2(PHMA)
in BP-I exhibitedΔnInd after threshold voltage, which is facilitated
by PHMA’s slippery polymer network (Figure 4b). This magni-
fies that the level of induced birefringence is substantially higher
for S2 (PHMA) compared to conventional S1(TMPTA) sample, as
the uniformfields are applied to both the samples. This enhanced
performance could be attributed to weaker surface anchoring in-
teractions between the LC and the well-dispersed low Tg PHMA
polymer, which allows the facile unwinding of LC molecules to-
ward the applied field direction within the DTC structure of BPI
phase and promotes the effective relaxation during the reassem-
bly of the cubic lattice. Interestingly, S2(PHMA) demonstrated
higher ΔnInd in BP-III, attributed to the absence of DTC symme-
try and enhanced reorientation dynamics (Figure 4c).
Further, voltage-dependent transmittance of S1(TMPTA) and

S2(PHMA) was measured, as shown in Figure 4d. The thresh-
old voltage (VTh) and operating voltage (VOp) were defined as the
voltage corresponding to 10% and 90% transmittance, respec-
tively. The measurements were performed in the BP-I phase for
S1(TMPTA) and in both BP-I and BP-III phases for S2(PHMA).
The Figure 4d,e, revealed that VTh and VOp were 10.5 V and
40 V for S1(TMPTA) and 6.7 and 33.6 V for S2(PHMA) in BP-
I. Remarkably, S2(PHMA) achived reduced VTh (4.6 V) and VOp
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Table 1. Estimaed (h, k, l), Δ𝜆, and other lattice parameters from Bragg reflection spectra.

Sample Phase aa) [nm] 𝜆B [nm] and [hkl] 𝜆B
b) [nm] Δ𝜆 nm]c)

Before After

S1(TMPTA) BP-I 346 510nm, 640nm (110) 630nm 786 30

BP-II 173 510nm, 550nm (100) 533nm 556 33

S2(PHMA) BP-I 346 610nm (110) 530nm, 590nm 786 ∼50

BP-II 173 440nm (110), 480nm (100) 460nm, 550nm 556 ∼60

a)Estimated as a = P for BP-I and a = P/2 for BP-II. b)Theoretically estimated from Equation (1). c)Average of after-phase stabilization high-intensity reflection peak.

(24.8 V) in BP-III. Taking half of the a = P for BP-I and a = P
2
for

BP-II, the anchoring strength (Wa) was estimated from:[49]

VTh = l ×

√√√√ 1
𝜀oΔ𝜀b

(
Wa

2𝜋
−
keff
𝜋b

)
(2)

where keff is the effective elastic constant, b is half of the lattice
constant (= a/2), and l is electrode separation, yielding 9 × 10−4

Nm−1 for TMPTA and 4× 10−4 Nm−1 for PHMA in BP-I, with fur-
ther reduction to 2 × 10−4 Nm−1 in BP-III. More than a 50% re-
duction ofWa was achieved for PHMA. Further, Kwas calculated
by fitting experimental data to the Kerr equation: ΔnInd = 𝜆KE2.
TheKwas calculated as 0.4 nmV−2 for S1(TMPTA), 1.9 nmV−2 for
S2(PHMA) in BP-I, and 3.8 nmV−2 for in BP-III (Figure 4f; Figure
S4, Supporting Information). The PHMA network doubled the K
in BP-I and further increased to nine times in BP-III, setting a

competitive value for superior electro-optic performance.[38,50–52]

The K can be described as:[53]

K = ΔnIndΔ𝜀

(
𝜀oP

2

4𝜋2keff𝜆

)
(3)

where ɛo is the permittivity of free space. Further, this Equa-
tion (3) indicates that K is independent of anchoring strength,
which contradicts experimental data. As ΔnInd and Δɛ, also show
no correlation with anchoring strength, an anchoring strength
term must be included to this Equation (3) without eliminating
the elastic term.
The hysteresis (Hys), defined as the voltage difference at 50%

transmittance during increasing and decreasing voltage sweeps,
was also measured. No indication of residual birefringence. Hys-
teresis indicates the strength of polymer networks during the
LC director reorientation and relaxation. The Hys was 1.6 V for
S1(TMPTA) and 2.9 V for S2(PHMA) in BP-I, with a reduction to

Figure 4. The reversible switching of a) S1 (TMPTA) at BP-I, b) S2 (PHMA) at BP-I, and c) S2 (PHMA) at BP-III. The scale bar is 15 μm. d) Measured
voltage-dependent transmittance and hysteresis. The solid arrow indicates voltage increase and the dotted arrow indicates voltage decrease. e) Obtained
VTh, VOp, and Hys. f) Calculated andWa. Measured 𝜏r (g) and 𝜏d (h).
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Table 2.Measured electro-optical properties: K,Wa, 𝜏r, and 𝜏d.

Sample Phase K [nmV−2] Wa [Nm
−1] 𝜏 r [ms] 𝜏d [ms]

S1(TMPTA) BP-I 0.4 9 × 10−4 2.8 3.8

S2(PHMA) BP-I 1.1 4 × 10−4 2.1 5.8

BP-III 3.7 2 × 10−4 0.9 1.8

0.4 V in BP-III (Figure 4e; Figure S3, Supporting Information).
The remarkably negligible Hys of the PHMA network is likely
due to a sliding interface between the polymer and LC. The visco-
elastic coefficients generally govern the director relaxation mech-
anism. However, our results reveal that the director relaxation dy-
namics also depend on the surface anchoring energy. To seemore
insights, we furthermeasured the response time of both samples.
The rise response time (𝜏r) and decay response time (𝜏d) were

measured by applying a square wave voltage and recording the
time-dependent transmittance intensity. The 𝜏r is defined as the
time required for director reorientation along the field direction,
and it is determined by the amount of dielectric torque. Simi-
larly, the 𝜏d is the time taken for the director to reassemble into
a cubic lattice after the voltage is turned off. Faster 𝜏r and slower
𝜏d were observed for PHMA in BP-I, as shown in Figure 4g,h
and Table 2. From the classical director relaxation time, given by:
𝜏d =

𝛾1P
2

keff 4𝜋2
, where 𝛾1 is rotational viscosity, director relaxation is

proportional to the visco-elastic coefficient (𝛾1/keff). In addition
to the 𝛾1, the LC also encounters surface viscosity torque dur-
ing bulk director relaxation. While this torque may differ from
𝛾1, we accounted for the resultant viscosity. And, we propose in-
corporating a sliding anchoring energy term, Wa, to this equa-
tion, with 𝜏d∝1/Wa, indicating that weaker anchoring strength
(low Wa) results in slower relaxation. In contrast to this trend,
BP-III exhibits a faster 𝜏d. The 𝜏d∝Wa in BP-III. This behavior
can be understood as the random DTC distribution contributing
to the elastic forces relaxation in this phase. Furthermore, this
system has also shown 60% transmission efficiency (Figure S5,
Supporting Information), demonstrating the ability of real device
applications.

3.4. Morphology Analysis

In the final step, polymer network formation was observed af-
ter extracting the LC by immersing the sample in hexane for
a few days. The analysis of the polymer network scaffold is
also a promising technique for confirming the formation of
BP-III.[44–46] As illustrated in Figure 5, both S1(TMPTA) and
S2(PHMA) samples exhibit polymer network formation due to
the selective occupation of polymer molecules in disclination
lines. Voids of approximately 250 μm, corresponding to the di-
ameter of DTC, were present in both samples, though it was
difficult to estimate the parameter a from the resulting poly-
mer scaffold. The void size is relatively larger compared to
Ref. [44, 46]. But, relative void formation indicates formation
of BP-III. Remarkably, S1(TMPTA) exhibits uniform polymer
strands compared to S2(PHMA). The average strand radius (Rpoly)
was measured at 20 ± 5 μm for S1(TMPTA) and 30 ± 10 μm for
S2(PHMA). The higher viscosity of PHMA likely contributed to

Figure 5. Microstructure of PS-BPLC scaffold of: a) S1(TMPTA),
b) S2(PHMA).

its less uniform network due to possible local agglomeration. De-
spite this, S2(PHMA) formed a relatively denser network, which
is presumed to have sufficient mechanical strength to resist de-
formation during the LC extraction.

4. Discussion

In the DTC model, singular defects with a winding number of
−1/2 are present between adjacent DTCs (Figure 6a). After phase
stabilization, these disclinations are replaced by a polymer net-
work (Figure 6b). The phenomenological free energy of the PS-
BPLC system is expressed as:[54]

Fpoly = Felas + Fthermo + Finter + Fsurf (4)

where Felas, Fthermo, Finter, and Fsurf represent free energy contri-
butions from elastic deformation, thermodynamic effect, the in-
terfacial tension between the elastic continuum and the polymer
network surface, and surface anchoring between the elastic con-
tinuum and the polymer network, respectively. Among these, the
Finter and Fsurf play pivotal roles, especially in systems designed
to manipulate surface conditions. As the LC molecules radially
twist by −𝜋/4 to +𝜋/4 across the diameter of DTC, the sliding

Adv. Optical Mater. 2025, 13, 2500778 © 2025 Wiley-VCH GmbH2500778 (7 of 10)
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Figure 6. Representation of self-assembly of DTC cylinders in a BP-I: a) Before polymerization, b) after polymerization. c) Random distribution of DTC
in BP-III. The polymer network is indicated in red. The blue color indicates the sliding interface.

interface of the polymer network significantly influences both
Finter and Fsurf. The Finter is given by:

Finter = 2𝜎𝜋Rpoly (5)

where 𝜎 is the interfacial tension (𝜎TMPTA = 68 mNm−1, 𝜎PHMA
= 164 mNm−1), and Rpoly is the radius of the polymer strand
(20 μm for S1(TMPTA) and 30 μm for S2(PHMA)). Based on these
findings, calculations yield Fsurf is 7.2× 10−6 Jm−2 for TMPTA and
29 × 10−6 Jm−2 for PHMA. Notably, PHMA exhibits a low anchor-
ing energy, which is also influenced by material properties such
as the miscibility, length, and flexibility of the side chains. The
another term Fsurf described as:

Fsurf = −𝜋Rpoly(Wp𝜃
2 +Wa𝜑

2) (6)

where 𝜃 and 𝜑 are the polar and azimuthal angles, respectively,
while Wp and Wa are the corresponding anchoring strengths.
These energies quantify the LC anchoring interactions with the
polymer network. Given the radial twist of −𝜋/4 to +𝜋/4 across
the DTC, and considering that the sliding interface may con-
tribute to both Wp and Wa, it is reasonable to assume that Wp
= Wa in Equation (6). Thus, we calculated Finter = 1.41 × 10−8

Jm−2 for TMPTA, decreasing to 0.9 × 10−8 Jm−2 with PHMA in
BP-I, and further reduced to 0.47× 10−8 Jm−2 in BP-III. Although
the Fsurf is higher than Finter, both these terms play a key role in
PS-BPLC phase stabilization.
The proposed composites with linear and long hexyl chain

polymer demonstrate superior electro-optical properties com-
pared to those of conventional rigid surface polymer systems.
Herein, the BP-I of S2(PHMA) doubles the K compared to
S1(TMPTA) and further increases it by nine times in BP-III. We
believe that the significant enhancement in the system is not
solely due to elevated temperatures but also to the weak surface
anchoring at the LC-polymer interface. In order to confirm this,
we included the anchoring energy term (K ∝ 1

Wa
) into the Kerr

equation and executed. Consequently, the obtained experimental
evidence shows better correlation with Equation (4). In particu-
lar, a reduction inWa by half doubles K. Based on the evidence,
we could anticipate that a substantial increase in K by nine times
in BPIII phase is possibly attributed to both the weak anchoring
surfaces and randomness of DTC self-assembly (Figure 6c). A

rigorous simulation study is necessary to analyze the degree of
DTC sliding quantitatively.
Unlike BP-I’s cubic lattice, which tightly confines LC

molecules, BP-III’s disordered lattice, free from symmetry and
lattice constraints, allows greater reorientation and relaxation of
LC molecules, aided by PHMA’s slippery interface. This asym-
metry enhances the sliding effect, increasing K as LC anchoring
does not counteract the dielectric torque due to the electric field
(Felec =

𝜖oΔ𝜖
2
(E ⋅ n)2, E= Electric Field). Additionally, while 𝜏d∝Wa,

K ∝ 1
Wa
, leading to a superior electro-optical performances in the

high K system. Based on the enhanced results, we believe that
this breakthrough addresses the fundamental challenges of PS-
BPLC. The proposed BPLC system stabilized by slippery polymer
resulted in a ninefoldK increase, a 38% reduction of bothVOp and
VTh, faster response, and negligible Hys. These properties make
the system optimal for real-time device applications.

5. Conclusion

We systematically studied two samples of PS-BPLS: one with
high Tg and the other with low Tg monomers. Our finding reveals
that the low Tg PHMA monomer is promising for addressing
short-range phase stability and high driving voltage challenges.
The slippery polymer network of low Tg PHMA reduces the in-
terfacial and anchoring free energy, resulting in a significant re-
duction of the VOp and VTh with doubled Kerr constant. Addition-
ally, the PHMA’s slippery polymer network induces the BP-III
phase, characterized by lower symmetry and superior electro-
optics, further reducing VOp by 38% with negligible Hys. The
non-symmetric DTC self-assembly of BP-III, combined with a
sliding interface, enhances the relative Kerr constant by a remark-
able factor of nine. Based on the analytical model, the Kerr equa-
tion and response time equation were optimized for PS-BPLC
with a slippery interface. This study offers a fundamental insight
into better stabilizing BPLC phases through various interactions
among distinct polymers, their electro-optical demonstrations,
and the potential for diverse photonic applications.

6. Experimental Section
The optical textures of BPLC and PS-BPLC were characterized using a

polarizing optical microscope (POM) (Nikon, Eclipse LV100POL). All the
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characterizations are carried out as a function of temperature controlled
by a precision temperature controller (Instec, MK2000). Phase stabiliza-
tion was achieved with UV irradiation (20 mW/cm2 for 10 min) in the
BP-I phase. Electro-optics were measured by applying a square-wave volt-
age through interdigitated patterned electrodes (10 μm and 5 μm width, 5
μm spacing) with a 20 μm cell gap. Bragg reflection peaks were estimated
from POM-connected reflection spectra (Ocean Optics, USB2000+), and
the reflection level was measured using a UV-visible spectrometer (Jasco,
V-760). The microstructure of BPLC is observed using a field-emission
scanning electron microscope (ZEISS, Ultra-55).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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