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The study of phase transition processes in liquid crystals (LCs) remains challenging. Most thermotropic LCs exhibit
a narrow temperature range and a rapid phase transition from the isotropic (ISO) to the nematic (N) phase, which make it
difficult to capture and manipulate the phase transition process. In this study, we observed the evolution of small droplets
during the ISO–N phase transition in ferroelectric nematic (NF) LC RM734. After doping with metal nanoparticles (NPs),
the temperature range of the phase transition broadened, and the droplets formed during the phase transition remained stable,
with their diameter increasing linearly with temperature. In addition, droplets doped with NPs can be well controlled by an
external electric field. This discovery not only aids in understanding the fundamental mechanisms of LC phase transitions
but also provides a simple alternative method for preparing droplets, which is potentially valuable for applications in
optoelectronic devices and sensors.

Keywords: liquid crystal, droplets, phase transition process, metal nanoparticles
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1. Introduction
Liquid crystals (LCs) exhibit an intermediate phase be-

tween liquids and solids, combining the fluidity of liquids with
the orderliness of crystals. Their director distribution and op-
tical properties strongly depend on the surface interactions
and are highly sensitive to external stimuli, such as electric,
magnetic, thermal, and light fields. These unique properties
make them excellent tunable optoelectronic materials.[1] LCs
play a significant role in multiple areas and have been widely
applied in display technologies,[2] optoelectronic devices,[3]

bioengineering,[4] etc. A particularly important aspect of LCs
is their phase transition phenomenon, which involves transi-
tions from one ordered or disordered state to another and en-
compasses complex physical mechanisms. Investigating these
mechanisms not only provides fundamental insights into the
nature of LCs but also paves the way for developing advanced
materials and technologies.[5]

Typically, phase transitions are accompanied by nucle-
ation and growth. The process is relatively fast, has a nar-
row temperature range, and is difficult to capture and con-
trol. Therefore, only a few researchers have investigated the
spontaneous formation of droplets during the phase transition
in thermotropic LCs. Golemme et al. studied continuous ne-
matic (N)–isotropic (ISO) phase transition in submicron-sized
LC droplets.[6] Schoot et al. theoretically examined the shape
and director field of nematic liquid crystal (NLC) droplets and

pointed out that the droplet formation is influenced by elas-
tic energy and surface tension.[7,8] Sparavigna observed small
droplets during the ISO–N phase transition of thermotropic LC
12OBAC using a polarizing optical microscope (POM) but did
not provide a detailed analysis.[9] Nayani et al. investigated the
droplets formed by lyotropic chromonic LCs during the phase
transition from the ISO phase to an ordered amorphous phase,
which can be used as optical probes to study the aggregation
behavior of chromonics.[10] Wang et al. studied the sponta-
neous nucleation and transformation of cellulose nanocrystals
from an ISO-phase dispersion to anisotropic LC droplets.[11]

Li et al. found that aromatic rod-like LC oligomers/polymers
could directly nucleate from the ISO phase to form ferroelec-
tric nematic phase (NF) droplets, exhibiting a phase transition
process within a temperature range of less than 3 ◦C.[12] Over-
all, small droplets have been observed only for certain ther-
motropic LC materials.

In recent years, there has been extensive research on in-
corporating nanomaterials (NMs) ranging from zero dimen-
sion (0D) to two dimensions (2D) into LC systems[13–15] to
regulate the physical properties of LCs. Sureshchandra et al.
investigated the effect of nanoparticles (NPs) doping on the LC
phase transition temperature and classified the resulting inter-
mediate phases through texture analysis.[16] Kikuchi et al. also
found that NLC composites doped with gold NPs achieved
ISO and LC phases over a wide temperature range.[17] Ad-
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ditionally, Melton et al. found that NPs can self-assemble
and aggregate into defects in a confined environment of LC
droplets.[18] These studies indicate that doped NPs signifi-
cantly affect the phase transition temperature, phase state, and
director field of LCs.

The NF LCs exhibit transformative properties, including
an ultrahigh dielectric constant, strong nonlinear optical re-
sponse, low-voltage drive, and high fluidity.[19] They offer new
possibilities for the development of innovative flexible opto-
electronic devices. In 2020, Clark et al. first demonstrated
that the LC material RM734 could form an NF phase.[20]

Since then, many researchers have extensively studied the re-
lationship between the NF phase of RM734 and its molecular
structure, topological structure, and physical properties.[21–24]

However, studies on the ISO–N phase transition of RM734
have often been overlooked. In this study, we focused on the
ISO–N phase transition of RM734. Unlike the band texture
phenomenon often observed during the N–NF phase transi-
tion, the ISO–N phase transition proceeds through the sponta-
neous nucleation and growth of droplets. We first investigated
the overall effect of temperature on the LC phase transition
process, the basic mechanism of droplet formation, and then
analyzed the growth process of individual droplets with tem-
perature. We focused on the impact of doping metal NPs on
the NLC droplets and realized that the LC droplets remained
stable over a broad temperature range, and the performance of
the electrically controlled droplets was improved.

2. Materials and methods
The LC cell is composed of two transparent glass sub-

strates with inner surfaces coated with indium tin oxide (ITO).
Both substrates were spin coated with polyimide (PI) (NC-M-
4220, purchased from Nanjing Ningcui Optoelectronics Tech-
nology Co., Ltd., Nanjing, China) as the alignment layer, and
the PI layers were rubbed for planar LC alignment. The sub-
strates were bonded using a UV-curable adhesive mixed with
spacers, and the cell thickness was controlled using spacers of
different diameters. Metal NPs (Au @ Ag) with a diameter of
25 nm and RM734 were uniformly mixed in a volume ratio of
1:5. During the specific operation, we mixed 0.015 ml RM734
with 0.003 ml metal NPs and then mechanically stirred the
mixture at 220 ◦C. Pure NF LC RM734 and RM734 doped
with NPs were separately added to cells above the clearing
point temperature via capillary action. Stable LC droplets ap-
peared during the ISO–N phase transition, as shown in Fig. 1.

Glass substrate

Metal nanoparticles 
(Au@Ag NPs)

RM734RM734

Droplet

Conducting layer (ITO)

Alignment layer (PI)

NO2

Fig. 1. Schematic of LC cell structure and NLC droplet formation during
ISO–N phase transition. The inset shows the molecular structure of RM734.

3. Results and discussion
The cells filled with pure LC RM734 and the LC mix-

ture doped with metal NPs were placed under a POM (CX40P
series, purchased from Nanjing Jingcui Optoelectronics Tech-
nology Co., Ltd., Nanjing, China). Temperature was con-
trolled during the heating stage. The LC was heated to the
ISO phase, and cooled to observe the ISO–N–NF phase tran-
sition process with cooling rate of 1 ◦C/min. The thickness of
the LC cells was approximately 7 µm. As shown in Fig. 2, LC
RM734 reached the ISO phase upon heating to 189 ◦C. Dur-
ing the cooling process, the phase transition occurred through
droplet nucleation and growth, and the N phase formed fully
at 186 ◦C, with the ISO–N phase transition process lasting for
3 ◦C. As cooling continued, a second phase transition started
at 132 ◦C, marked by the strong destabilization of the uniform
texture in the form of stripes. Gradually cooling further to
126 ◦C, the NF phase formed, and periodic striped domains
grew along the rubbing direction. The N–NF phase transition
process lasted for 6 ◦C. Upon further cooling to 70 ◦C, the LC
did not crystallize.

(a)

(b)

(c)
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AfterBefore
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Nematic-ferroelectric nematic
Ferroelectric nematic
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Fig. 2. ISO–N–NF phase transition of RM734. (a) Texture of RM734 and
(b) after doping with metal NPs. (c) Temperature ranges of each phase.
Crossed bidirectional white arrows indicate the directions of the polarizer
and analyzer, while the green arrow indicates the direction of the alignment.

After doping with metal NPs, the LC reached ISO phase
when heated to 218 ◦C, and completely formed N phase when
cooled to 192 ◦C. The ISO–N phase transition process lasted
for about 26 ◦C. During this period, as the temperature de-
creased, small droplets appeared, which gradually increased
in number and size. Upon further cooling to 142 ◦C, another
phase transition occurred. When the sample was cooled slowly
to 135 ◦C, a distinct NF phase was observed. As the temper-
ature continued to decrease, the domain area increased, and
periodic stripe-like domains grew along the rubbing direction,
alternating in an arrangement.[25] At 130 ◦C, the NF phase was
fully formed. The N–NF phase transition spanned 12 ◦C. The
sample did not crystallize upon further cooling to 60 ◦C.

Overall, the doped LC exhibited higher clearing point and
phase transition temperature as well as a broader temperature
range of phase transition than the undoped sample. This is
likely due to the enhanced stability of the system resulting
from the combination of metal NPs and LC molecules.[26–28]
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During the cooling process from the ISO phase to the con-
ventional N phase in the aforementioned two samples, cir-
cular droplet-like structures appeared. These droplets nucle-
ated in the ISO phase, then grew and aggregated, evolving
into an alignment layer dependent uniform N phase. Sub-
sequently, we will focus on studying these often overlooked
NLC droplets.

Typically, in the ISO phase, rod-like NLC molecules
have centers and orientations in a disordered state. When the
temperature decreases, the LC reaches a phase transition, in
which the molecules uniformly turn their long axes in all spa-
tial directions without moving their centers. The nucleus of
the N phase initially grows in the ISO phase with spherical
symmetry.[9] The total free energy density of the LC phase
can be expressed as the sum of the phase transition free en-
ergy density fphase, elastic free energy density felastic, and sur-
face free energy density fsurface. Thus, the total free energy
density f is expressed as[6,29,30]

f = fphase + felastic + fsurface. (1)

The phase transition free energy density fphase can be ex-
pressed as

fphase =
1
2

A0(T −TIN)tr𝑄2 +
1
3

Btr𝑄3 +
1
4

C(tr𝑄2)2, (2)

where A0, B, and C are the nematic material parameters, T is
the temperature, and TIN is the supercooling temperature. In
this study, the N phase is oblate uniaxial (the usual rod-like N
phase), hence B < 0. C > 0 ensures that the free energy den-
sity functional is bounded from below. 𝑄 is the third-order
parameter tensor.

For uniaxial NLCs, the elastic free energy density felastic

can be expressed as

felastic =
1
2
[
K11(∇ ·𝑛)2 +K22(𝑛 · (∇×𝑛))2

+K33(𝑛× (∇×𝑛))2], (3)

where 𝑛 is the LC director. K11, K22, and K33 represent the
elastic constants for splay, twist, and bend deformations, re-
spectively. The elastic constants for RM734 are known:[31]

K11–2 PN, K22–2.4 PN, and K33–11.6 PN. Previous stud-
ies have shown that when K33/K11 > 1, bipolar droplets are
formed easily, and a larger ratio enhances the stability of the
droplets.[32,33] We found that increasing K11 and K33 values
led to the LC maintaining order at higher temperatures. K22

had a minor impact on the phase transition process. However,
larger values of K22 slightly reduced the overall orderliness of
the LC after the phase transition.

The surface free energy density fsurface can be expressed
as

fsurface =
1
2

W (𝑄̃i j− 𝑄̃⊥i j)
2, (4)

where W denotes the anchoring strength coefficient. 𝑄̃i j =

𝑄i j + Seqδi j/2, 𝑄̃⊥i j = Pik𝑄̃klPl j. Seq is a uniaxial scalar-
order parameter in the general bulk equilibrium state. Pi j =

δi j − υiυ j is the surface projection operator, δi j is the Kro-
necker delta function, and υ is the surface normal direction.

In this study, under the combined influence of the three
free energies, RM734 can undergo the ISO–N phase transition
process by nucleating, stabilizing growth, and aggregating into
NLC droplets. During the phase transition, the system tends
towards the state of minimum free energy. Upon reaching the
phase transition temperature, the LC molecules gradually tran-
sition from disorder to order. Under the combined effects of
elasticity and surface energy, droplets form, and with further
temperature reduction, the droplets grow larger, merge with
each other, eventually evolve into an alignment layer depen-
dent uniform N phase. Experimental findings indicate that
the temperature at which RM734 droplets doped with metal
NPs reach ISO phase is higher and the temperature range of
phase transition becomes wider. Moreover, the growth rate of
droplets decreases, and they become more stable. This is be-
lieved to stem from the minimization of the droplet free energy
due to the doped NPs.[27,34]

Using ImageJ (with a minimum detectable particle size
of 20 pixels), we separately calculated the number of RM734
droplets and their phase area percentage before and after dop-
ing with metal NPs during the cooling process. Figures 3(a)
and 3(b) depict the nucleation and growth processes of the
droplets before and after doping with NPs, respectively. As
shown, as the temperature decreased, the transition from none
to multiple droplets occurred, followed by fusion. The curves
in Figs. 3(c) and 3(d) show the variation in the droplet count
and phase area percentage of the RM734 droplets with tem-
perature. The droplet count gradually increased with decreas-
ing temperature: peaking at 187.7 ◦C and, decreasing gradu-
ally, while the phase area percentage increased with decreas-
ing temperature. Numerous small droplets emerged until ap-
proximately 187.6 ◦C, where the area change became grad-
ual and slightly decreased with temperature. During this pro-
cess, adjacent droplets gradually merged into larger droplets,
resulting in a slightly smaller total area than the sum of the
adjacent droplet areas, with a few new droplets forming. As
the temperature dropped to approximately 187 ◦C, the droplet
area steadily increased, with most droplets having completed
one or more fusion events, stabilizing and accelerating fusion
with neighboring droplets until all droplets merged to form
the N phase. The temperature range for the phase transition
was approximately 3 ◦C. Figures 3(e) and 3(f) illustrate the
variation in the number of LC droplets and their phase area
percentage during the cooling process after doping with metal
NPs. During the phase transition, the droplet count increased
with decreasing temperature, attained peak at approximately
203 ◦C, then decreased as adjacent droplets gradually merged
until all transformed into the N phase. The phase-area per-
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centage continuously increased over a wide temperature range.
Compared to pure RM734, which exhibited fewer droplets and
was less stable and prone to aggregation, the droplets after
doping with NPs formed more stably during the phase transi-
tion process. NPs are believed to stabilize the phase structure
during this period. They serve as nucleation points for spe-
cific LC phases, enhancing their stability and broadening the
temperature range.[26,27] Next, we investigated the properties
of individual droplets.

30 mm
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Fig. 3. Nucleation and growth process of droplets. (a) POM images of
droplets formed by pure RM734 and (b) after doping with metal NPs.
(c) Variation in count and (d) percentage of area of pure RM734 droplets
during the cooling process. Temperature-dependent (e) variation in count
and (f) percentage of area of metal NPs doped LC droplets.

Figure 4 illustrates the changes in single pure RM734
LC droplet and that doped with NPs during the cooling pro-
cess. As shown in Figs. 4(a) and 4(b), with a slow decrease
in temperature, the droplets gradually enlarged. We found that
both before and after doping with NPs, the diameter of the LC
droplets showed a linear relationship with temperature. Fig-
ure 4(c) shows that the droplet diameter increased linearly with
temperature, with a slope of−34.64. Figure 4(d) demonstrates
the temperature-dependent diameter changes of LC droplets
doped with NPs, also exhibiting linear growth but with a gen-
tler slope of −6.13, indicating increased stability due to NPs.
The NPs stabilized the LC alignment, making it more resistant
to change in temperature. Additionally, we observed distinct
concentric circular patterns of color boundaries in LC droplets.
Based on the above, it can be inferred that after doping with
NPs, not only does the rate of droplet change slow down, but
the texture also changes, indicating that the introduced NPs
also affect the director field of the LC droplets.

Figure 5 shows the texture evolution of the two types of
droplets as the microscope stage was rotated from 0◦ to 90◦.

Bipolar droplets were observed, as shown in Fig. 5(a), with
darker centers and brighter edges, indicating that the LC di-
rector aligned along the tangential direction of the droplets.
When the azimuthal angle of the bipolar axis (white line) was
0◦, the LC director was parallel to the bottom polarizer in the
large central region of the droplet and the texture appeared
dark. In areas near the droplet boundary, the LC director was
neither parallel nor perpendicular to the polarizer, resulting in
a brighter appearance. As the azimuthal angle of the bipolar
axis increased, the angle between the LC director and polar-
izer in the central region increased, making it brighter.[32,35]

Figure 5(b) illustrates the texture evolution of the metal NP-
doped LC droplets as they were rotated from 0◦ to 90◦. The
droplets still exhibited a bipolar configuration of the director
field, but the internal color layering became more pronounced.
Unlike undoped droplets, which showed increasing brightness
at 30◦, constant brightness at 60◦, and decreasing brightness at
90◦, droplets doped with NPs exhibited a significant increase
in brightness at 30◦. The texture changes in the droplets after
doping with NPs indicate partial twist in the director field of
the droplet,[36,37] as shown in Fig. 5(c). The NPs doped may
lead to strong interactions with the LC molecules and stabilize
the configuration of the droplets. These interactions influence
the arrangement of LC molecules.[38,39]
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Fig. 4. Growth process of individual droplets. Microscopic images
of the droplet (a) before and (b) after doping with NPs. Variation in
droplet diameter before (c) and (d) after doping with NPs with temper-
ature changes.
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Fig. 5. Texture and director field of LC droplets at different azimuthal
angles. (a) Optical texture of RM734 droplet and (b) after doping with
metal NPs. Both samples exhibit typical bipolar director fields, with the
bipolar axes located in the horizontal plane. (c) 3D diagrams illustrate the
director fields.
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A square-wave AC bias voltage of 1 kHz was applied to
the top and bottom ITO substrates of the cell. Figure 6(a) illus-
trates the changes in the pure RM734 droplets formed before
and after the application of an electric field. As the voltage
gradually increased, reaching 1 V, the droplets that were al-
ready sensitive to external stimuli accelerated their transition
to the N phase and merged with other droplets. Simultane-
ously, a color change was observed, indicating that the electric
field altered the original alignment of the LC molecules. Fig-
ure 6(b) depicts the behavior of NP-doped droplets under dif-
ferent voltage conditions. The droplets remained stable, and
as the voltage increased, the LC molecules inside the droplets
gradually “stood up”, indicating a gradual transition of the di-
rector vectors in a direction perpendicular to the cell substrate.
Through POM, the transformation of the droplet texture and a
gradual decrease in brightness were observed.

30 mm

5 mm

0 V

0 V 1 V

1 V 2 V 3 V 4 V 5 V

(a)

(b)

Fig. 6. Electrically tunable characteristics of LC droplets. (a) Changes
in pure RM734 droplets before and after applying an electric field.
(b) Changes in the droplets doped with metal NPs with different voltages.

LC droplets are currently widely used in various
fields,[40] such as photonic communication,[41] functional
material devices,[42–44] and sensing applications.[37,45] The
droplets obtained using traditional mechanical stirring, oscil-
lation, ultrasound, and other emulsification techniques have
broad particle size distributions and difficult-to-control mor-
phologies. Microfluidic technology provides an efficient and
reliable approach for obtaining size- and structure-controllable
LC droplets,[46] however, the preparation method is compli-
cated. In this study, LC droplets spontaneously formed during
the ISO–N phase transition process, and their configuration
was further stabilized by metal NPs doping. External electric
fields were applied to control the director field of the droplets.
This type of droplets may have applications in temperature
sensing, optical switching, and optical modulation.

4. Conclusion
In this study, we clearly observed the nucleation, growth,

and aggregation of LC RM734 during the ISO–N phase transi-
tion process, occurring in the form of droplets. The interaction
between the incorporated metal NPs and LC molecules ex-
pands the temperature range of phase transition, enabling the
stable existence of droplets over a wider temperature range.
The droplet diameter increases linearly within a certain range

as the temperature decreases, and the external electric field can
conveniently control the NLC droplets. This finding is benefi-
cial for elucidating the fundamental mechanisms of LC phase
transitions and droplet formation, provides a simple method
for preparing droplets with specific functionalities, and holds
potential application value in optoelectronic devices, biochem-
ical sensing, and other fields.
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