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In this paper, by using a novel polymer network and an ion-doped cholesteric liquid crystal (ChLC) with 

negative dielectric anisotropy, we successfully fabricated the bistable polymer-dispersed liquid crystal 

(PDLC) thin film by the optically-induced polymerization of acrylate monomers followed by the 

thermally curing of epoxy groups. The stepwise processes not only enable an enhancement in the 10 

mechanical properties of PDLC film but also a stabilization of cholesteric textures by polymer networks. 

The bistable memory effects came from the anchoring properties of polymer networks formed within the 

microdroplets of PDLCs. The devices prepared from the films can be reversibly switched between a 

transparent state and an opaque state by electric field. When the electric field is removed, the states are 

retained. Therefore, the devices are highly energy efficient. 15 

1. Introduction 

Polymer-dispersed liquid crystal (PDLC) films can be used as an 

important class of electro-optical materials for making large and 

flexible displays, optical shutters and switchable windows 1-5. In 

recent years, bistable liquid crystal (LC) devices have received 20 

considerable attention for use in light shutters because of their 

unique electro-optic properties 6-8. Unlike traditional PDLC 

devices, a bistable mode PDLC need not be placed in a sustained 

electric field to maintain its two optical states; it is therefore 

better suited to use as an energy-saving light shutter. They have 25 

the advantages of fascinating visual effect, no mechanically 

moving parts and instant switching. They have been used for 

architectural and greenhouse windows for privacy and energy 

flow control 9-11. Recently, more research efforts have been 

devoted to producing bistable LC technology. Among these, 30 

methods based on cholesteric liquid crystal (ChLC) are of great 

interest because they exhibit strong bistability and have the 

ability to be passively multiplexed, giving them potential 

applications as low-power and low-cost devices, switchable 

storage devices, and electronic paper12-15. As it is known, an 35 

electric field can switch an ion-doped ChLC with negative 

dielectric anisotropy between two stable states. The scattering 

focal conic (FC) state is obtained as the LC relaxes from the 

electrohydrodynamic instability known as the dynamic light 

scattering, induced by a low frequency electric field. The clear 40 

state is obtained as a planar (P) aligned texture after the 

application of a high frequency electric field 16. 

Generally, polymer-stabilized LC (PSLC) was employed    

as an optimal method to make bistable LC devices.  In PSCT, the 

liquid-crystalline material represents the continuous matrix, while 45 

a small amount (≈5 wt %) of a crosslinked polymer is dispersed 

in the anisotropic fluid17. However, such a device has poor 

mechanical strength.  Consequently, the addition of polymer 

network infrastructure is required to provide mechanical stability 

to the LC devices. Epoxy resins have found a myriad of 50 

applications due to their good thermal and chemical resistance, 

superior mechanical properties, and excellent adhesion to a 

variety of substrates. Specifically, most epoxy resins are 

employed as mutually reactive two component mixtures 

consisting of a multifunctional epoxymonomers and a coreactant 55 

termed “multifunctional amines” 18, 19.  

In this paper, bistable PDLC films were prepared by first 

photo-curing through the acrylate groups, and then thermally 

curing the epoxy groups. The dual-curing capability not only 

allows increased mechanical properties but also the cholesteric 60 

texture can be stabilized by polymer networks. In the cells, the 

initial P orientation (helical axis perpendicular to the substrates) 

of a long pitch cholesteric (P = several micrometers) is stabilized 

by the network and a texture transition to the scattering FC state 

is induced by a low frequency electric fields. The application of a 65 

high frequency electric field causes a rapid reorientation back to 

the P configuration. With proper polymer networks, both the P 

and FC states were stabilized at zero voltage. Switching by 

electric field application thus occurs from transparent to 

scattering, or black to white. This is the first report of bistable 70 

PDLC films via two different polymerization steps. 

2. Experimental 

2.1 Materials 

The LC used in the study was HNG 726200-100 (TNI = 373.2K, 

∆ε = -4.0, Jiangsu Hecheng Display Technology Co. Ltd.), the 75 
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chiral dopant CB15 (Merck Co., Ltd) was used. 3,5,5-

trimethylhexylacrylate (TMHA), Isobobutyl methacrylate 

(IBMA), 1,4-butanedioldiacrylate  (BDDA) and Polyethylene 

glycol (600) diacrylate (PEGDA600) were used as ultraviolet 

(UV) initiated free-radical curable monomers (Tokyo Chemical 5 

Industry Co., Ltd.). The photoinitiator was Irgacure 651 (Ciba-

Geigy). Epoxies of 4,4'-Methylenebis(N,N-

diglycidylaniline)(TGMDA, TCI (Shanghai) Development Co., 

Ltd.) cured with a stoichiometricamount of the amine curing 

agent biscyclohexanamine (PACM, TCI (Shanghai) Development 10 

Co., Ltd.). Hexadecyl trimethyl ammonium bromide (CTAB, 

Sinopharm Chemical Reagent Co. Ltd.) salt was employed. The 

chemical structures and some physical properties of the materials 

are shown in Fig. 1. 

 15 

Fig. 1 Chemical structures of some materials used. 

2.2  Sample preparation 

The compositions of the samples were prepared and vigorously 

stirred until a homogeneous mixture formed. Then, the mixture 

was sandwiched between two pieces of indium-tin-oxide coated 20 

glass substrates by capillary filling into LC cell. The film 

thickness was controlled by 30.0 ± 1.0 µm thick polyester spacers. 

The samples were irradiated for polymerisation by a UV lamp 

(365 nm 35-W Hg lamp, PS135, UV Flood, Stockholm, Sweden) 

for 10.0 min at 318.2 K. The curing intensity was 1.0 mW/cm2. 25 

After that, thermal curing was carried out at 323.2 K for 6 hours 

with applying an ac field at frequency of 5000 Hz and voltage of 

50 V. An open hot-stage was used to control temperature during 

the thermal-cure. The compositions of samples in the study were 

listed in Table 1. 30 

Table 1 The compositions of the samples studied 

Sample 

TMHA/BDDA/PEGDA600/IBMA/Irgacure651/ 

TGMDA/PACM/HNG726200-100/CB15/CTAB 

(wt%) 

1 3.8/3.8/7.6/3.8/0.9/0.0/0.0/78.0/2.0/0.1 

2 3.8/3.8/7.6/3.8/0.9/0.4/0.4/77.2/2.0/0.1 

3 3.8/3.8/7.6/3.8/0.9/0.8/0.8/76.4/2.0/0.1 

4 3.8/3.8/7.6/3.8/0.9/1.2/1.2/75.6/2.0/0.1 

5 3.8/3.8/7.6/3.8/0.9/1.6/1.6/74.8/2.0/0.1 

6 3.8/3.8/7.6/3.8/0.9/2.0/2.0/74.0/2.0/0.1 

2.3 Measurements 

The morphology of the samples was observed by scanning 

electron microscopy (SEM) (ZEISS, EVO18, Germany). The 

samples were first separated and dipped into cyclohexane for four 35 

days at room temperature to extract the LCs molecules, followed 

by drying for 12 hours under vacuum. After the samples were 

sputtered with carbon, the microstructure of the polymer network 

was observed under SEM. The optical textures of the samples 

used were studied by polarizing optical microscopic (POM) 40 

(Olympus BX-51) equipped with function generator (Tektronix 

AFG3102) and RF Power Amplifier (NF HSA4051). The spectra 

of selective transmission were obtained by UV/VIS/NIR 

spectrophotometer (JASCO V-590), while the transmittance of 

the blank cell was normalized as 100%. 45 

3. Results and discussion 

3.1 Proposed mechanism of bistable PDLC devices. 

As Fig. 2 shows a schematic of the bistable PDLC films from 

photo- and thermally-induced processes, which can be switched 

between a transparent state and an opaque state by electric field. 50 

The states can be sustained without applying electric field. 

Therefore, this device is highly energy efficient. The film 

combines the advantages of both PDLC and PSCT. The 

molecular arrangement of the used ChLC with negative dielectric 

anisotropy tends to be perpendicular to the applied field. The 55 

pitch of the ChLC is about 2.5 µm. The monomer mixtures were 

irradiated by UV light firstly. As shown in Fig. 2(b) photo-

polymerization induced phase separation forming LC droplets 

with a diameter on the order of several micrometers in the 

processes. There were mixing of low-molecular-weight and 60 

thermally curable monomers in the LC droplets appearing light 

scattering state.  The scattering state was the FC state where the 

LC exists in randomly oriented poly-domains as shown in Fig. 

2(c). Then, the cell was cured by hot-stage to polymerize the 

thermal monomers. During polymerization, a sufficiently high 65 

frequency voltage was applied across the cell and the mixture was 

in the P texture where the LC and monomer molecules are 

aligned along the cell normal direction. After the removal of the 

vertical field, the anchoring force that was exerted by the polymer 

network was strong enough to keep the LC molecules in the P 70 

state without the input of external energy. In this state, the film 

was transparent as shown in Fig. 2(d-f). When a low frequency 

voltage was applied across the cell, the device was opaque state 

known as the dynamic light scattering as shown in Fig. 2(g). It 

should be also noted that both the transparent and opaque states 75 

are stabilized at zero voltage with proper polymer networks. 
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Fig. 2 Schematic mechanism of the bistable polymer-dispersed liquid crystal 

(PDLC) films. 

3.2 Electro-optical properties and morphology of polymer 
network 5 

Fig. 3 shows the applied voltage dependence of the transmittance 

of samples1-6 with applying high-low frequency voltage. The 

PDLC cells were initially in the P state with high transmittance. 

When the voltage was increased, the cells were switched to the 

FC state and the transmittance decreases with applying low 10 

frequency voltage (f = 100 Hz). At the same time, the cells were 

initially in the FC state with low transmittance. When the voltage 

was increased, the cells were switched to the P state and the 

transmittance increaseed with applying high frequency voltage (f 

= 5000 Hz). When the voltage was removed, the states of the 15 

cells depend on the thermal polymer concentration. When the 

thermal polymer concentration is 0.0%, the mix-transmittance is 

62.9% in the off-state meanwhile the min-transmittance is 14.1% 

in the on-state after applying low frequency voltage on sample 1. 

When the sample 1 was applied high frequency the min-20 

transmittance is 21.3% in the off-state meanwhile the mix-

transmittance is 75.0% in the on-state in Fig. 3(a). Sample 1 can 

present performance of bistable PDLC because ChLC possess a 

helical structure and exhibit two stable states at zero field: the P 

texture and the FC texture. When the thermal polymer 25 

concentration is 0.8%, the mix-transmittance is up to 79.6% in 

the off-state meanwhile the min-transmittance is 3.5% in the on-

state after applying low frequency voltage on sample 2. When the 

sample 2 was applied high frequency the min-transmittance is 

17.0% in the off-state meanwhile the mix-transmittance is 87.5% 30 

in the on-state in Fig. 3(b). The contrast of the min-transmittance 

of sample 2 with applying high low frequency voltage would 

conclude the polymer network is not strong enough to pull the 

material back to the P state completely. When the thermal 

polymer concentration is 1.6%, the mix-transmittance is up to 35 

77.6% in the off-state meanwhile the min-transmittance is 6.6% 

in the on-state after applying low frequency voltage on sample 3. 

When the sample 3 was applied high frequency the min-

transmittance is 9.4% in the off-state meanwhile the mix-

transmittance is 84.6% in the on-state in Fig. 3(c).  40 

 

Fig. 3 The applied voltage dependence of the transmittance of samples 1-6. 

The min-transmittances of sample 3 with applying high low frequency voltage were nearly identical. Aligning effect of 
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sample 3 is strong and can pull the material back into the P state 

and the transmittance remains high. Sample 3 with proper 

polymer networks can be switched between the FC and P states. 

As the thermal polymer concentration increases, its aligning 

effect increases. When the polymer concentration is 2.4%, the 5 

max-transmittances of sample 4 in initially P state were about 

86.0%. However, the min-transmittances of sample 4 with 

applying low frequency voltage were up to 55.0%. Aligning 

effect of sample 4 is too strong to change the material in the P 

state to in the FC state. When the thermal polymer concentration 10 

continues to increase, its aligning effect is even stronger. The 

polymer networks remain the material in the P state and difficult 

to switch the material into the FC state. The tendency of change 

can be found in Fig. (d-f). 

Fig. 4 shows the threshold voltage (Vth) and the saturation 15 

voltage (Vsat) of samples 1-6 with applying high-low frequency 

voltage. Fig. 4(a) shows the Vth and Vsat of samples 1-6 with 

applying low frequency voltage.  The Vth and Vsat of samples 

decreased firstly, and then increased with the increase of the 

thermal polymer concentration. The aligning effect of the thermal 20 

polymer network is proportional to the surface area of the thermal 

polymer network in per unit volume. When the surrounding size 

of the network is fixed, as the thermal polymer concentration is 

increased, the network density increases; the surface area per unit 

volume increases and therefore the aligning effect increases. The 25 

proper stronger aligning effect of the higher concentration 

polymer network is also shown by the lower voltage needed to 

switch the material to the FC state. However, as the thermal 

polymer concentration continue to increase, its aligning effect 

increases dramatically. The still stronger aligning effect of the 30 

higher concentration polymer network effect is also shown by the 

higher voltage needed to switch the material to the FC state. In 

the same way, we can speculate what the change in Vth and Vsat of 

samples 1-6 with applying high frequency voltage in Fig. 4(b). 

The proper stronger aligning effect of the higher concentration 35 

polymer network is shown by the lower voltage needed to switch 

the material to the P state. The even stronger aligning effect of 

the higher concentration polymer network effect remains the 

material in the P state. Moreover, the Vth and the Vsat were defined 

as the voltage required for transmittance to reach 10% and 90% 40 

of transmittances, respectively. Samples 4-6 with applying high 

low frequency voltage had little influence on the transmittances 

of off-state and on-state. As a result the Vth and Vsat of samples 4-

6 decreased comparing to samples 1-3. 

 45 

 

Fig. 4 The threshold voltage (Vth) and the saturation voltage (Vsat) of samples 

1-6: (a) with applying low frequency electric field, (b) with applying high 

frequency electric field. 

The electro-optical behaviour of samples were also 50 

investigated by determining their contrast ratio (CR) and the 

response time. The CR was commonly known as the switching 

contrast ratio, where Ton and Toff are the ultimate on-state 

transmittance and the initial off-state transmittance respectively. 

Fig. 5(a) shows the electro-optical the CR and response time of 55 

all samples at an applied low frequency electric field. The CR of 

samples increased at first, and then decreased with the of the 

increase thermal polymer concentration. It is well known that 

thermal polymer network density has significant influence on Toff 

of the samples. For a definite system, with proper polymer 60 

networks of samples can be switched to the FC state and pull the 

material back into the P state by the low voltage, and the Toff of 

the samples decreased. Meanwhile, the decrease in the Toff 

resulted in a rise in the CR due to the CR being strongly 

influenced by the Toff. When the thermal polymer concentration 65 

continues to increase, its aligning effect is even stronger. The 

polymer networks remain the material in the P state and difficult 

to switch the material into the FC state. The increase in the Toff 

resulted in a decline in the CR. The change for samples 1-6 with 

applying high frequency voltage was similar in Fig. 5(b). 70 

The rise time (tR) and the decay time (tD) were defined as the 

time required for transmittance change from 10.0% to 90.0% 

upon turn-on, and from 90.0% to 10.0% upon turn-off, 

respectively. The tR and tD of samples 1-6 were nonlinear 

distribution with the increasing the thermal polymer 75 

concentration in Fig. 5(a). Generally, a competition among the 

applied electric field and the interface anchoring the LC 

molecules governed the response time. The aligning effect 

strongly increases with increasing network content and the 

response times for switch from the P state to the FC state become 80 

slower. The aligning effect of the higher concentration polymer 

network effect is too stronger to change the material from the P 

state to the FC state, when the concentration polymer network 

above a critical threshold. As a result the tR and tD of samples 4-6 

were faster than them of samples 1-3. The change for samples 1-6 85 

with applying high frequency voltage was similar in Fig. 5(b). 
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Fig. 5 The contrast ratio (CR), the rise time (tR) and the decay time (tD) of 

samples 1-6: (a) with applying low frequency electric field, (b) with applying 

high frequency electric field. 5 

The principal electro-optical performance parameters such 

as threshold voltage, CR, and response time of PDLC strongly 

depend on the morphology of the dispersed network, which in 

turn depends on the polymerization conditions. The concentration 

of the thermal polymer has a crucial influence on the electro-10 

optical performance. Fig. 6 shows the SEM micrographs of 

polymer network in samples1-6, which contained different 

relative contents of the photo-monomers and thermal monomers, 

as listed in Table 1. Fig. 6(a) shows the SEM micrographs of the 

polymer network formed from the UV curable monomers in 15 

sample 1 before application of the thermal curing process. There 

is no polymer network formed in the mesh which photo-

polymerization induced phase separation forming LC domains. 

Fig. 6(b-f) shows the SEM micrographs of samples 2-6 with 

different thermal polymer concentration. The crosslinking density 20 

of the samples 2-6 monotonically increased with increasing the 

thermal polymer concentration resulted in smooth network in the 

mesh. The polymer morphology ensures memory effects of the 

orientational order present when its formation occurs. These 

results are in good agreement with our experimental result in 25 

analysis of the electro-optical properties. 

 

Fig. 6 SEM micrographs of the polymer network of samples 1-6. 

3.3 Light scattering properties and liquid crystalline textures 

It is well known that the shorter the pitch, the stronger the LC 30 

tends to be in the FC state. Therefore, a long pitch ChLC (P =2.5 

µm) was utilized by mixtures of nematic LC and chiral dopant. 

The interaction between the LC molecules and the polymer 

network favors the P state where the helical structure is unwound. 

The higher the polymer concentration, the stronger the polymer 35 

network tends to keep the LC in the P state 20-23. The PDLC 

device with 1.6% thermal polymer is bistable at zero voltage. It 

can be either in the FC state with low transmittance or the P state 

with high transmittance. Voltage pulses with different frequencies 

can be used to switch it back and forth. We further analysis of the 40 

light scattering properties and morphology of the sample 3. Fig. 7 

shows the transmittance spectra of the sample 3 under different 

states, i.e. after thermally curing, after photo-curing and after 

thermally curing with applying low frequency electric field, 

respectively. The wavelength dependence transmittance of 45 

sample 3 in off-state formed from the UV curable monomers 

before application of the thermal curing process is about 25.0% 

wavelength range of 400-3000nm. The scattering state is the FC 

state where the LC exists in randomly oriented poly-domains 

because ChLC possess a helical structure and exhibit stable FC 50 

state at zero field. The wavelength dependence transmittance of 

sample 3 in off-state formed from photo- and thermally-induced 

processes is about 75.0% wavelength range of 400-3000nm.  The 

long pitch ChLC was stabilized by the thermal polymer network 

after application of the thermal curing process. The polymer 55 

morphology ensures memory effects of the orientational order 

present appearing stable transparent at zero field. The wavelength 

dependence transmittance of sample 3 in off-state formed from 

photo- and thermally-induced processes with applying low 

frequency electric field is about 10.0% wavelength range of 400-60 

3000nm. The scattering FC state is obtained as the LC relaxes 

from the electrohydrodynamic instability known as the dynamic 
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light scattering. There were confirmed by POM. 

 

Fig. 7 The transmittance spectra of the sample 3 under different states: (a) after 

thermally curing, (b) after photo-curing and (c) after thermally curing with 
applying low frequency electric field. 5 

Fig. 8 shows POM textures of the sample 3 under different 

states, i.e. after thermally curing, after photo-curing and after 

thermally curing with applying low frequency electric field, 

respectively. There is P aligned texture of sample 3 in off-state 

formed from photo- and thermally-induced processes in Fig. 8(a). 10 

There is the FC state where the LC exists in randomly oriented 

poly-domains of sample 3 in off-state formed from the UV 

curable monomers in Fig. 8(b). There is the scattering FC state 

obtained from the electrohydrodynamic instability in Fig. 8(c). 

These results are in good agreement with above experimental 15 

results. Consequently, by using a proper polymer network and an 

ion-doped ChLC with negative dielectric anisotropy, we 

developed a bistable PDLC film at zero field. 

 

Fig. 8 Optical polarizing microscopy (POM) textures of sample 3 under 20 

different states: (a) after thermally curing, (b) after photo-curing and (c) after 

thermally curing with applying low frequency electric field. 

Conclusions 

In this study, a long pitch ion-doped ChLC with negative 

dielectric anisotropy (P =2.5 µm) was utilized for bistable PDLC 25 

films prepared by first photo-curing through the acrylate groups, 

and then thermally curing the epoxy groups. With proper polymer 

network, the devices can be switched between a transparent state 

and an opaque state by voltage pulses. No voltage has to be 

applied to sustain the states. The principal electro-optical 30 

properties depend on the morphology of the dispersed network, 

which in turn depends on the polymerization conditions. The 

concentration of the thermal polymer has a crucial influence on 

the electro-optical performance. The PDLC film with 1.6% 

thermal polymer is bistable at zero voltage. It can be either in the 35 

FC state with low transmittance or the P state with high 

transmittance. The bistable films can be switched to the scattering 

FC state by applying a low frequency voltage pulse and can be 

switched to the transparent P state by applying a high frequency 

voltage pulse. This dual-curing capability not only allows 40 

increased mechanical properties but a cholesteric texture is 

stabilized by polymer networks. The polymer morphology 

ensures memory effects of the orientational order present. The 

states can be sustained without applying electric field. Therefore, 

this device is highly energy efficient. The bistable PDLC material 45 

can be used to make architectural and greenhouse windows to 

control light energy flow. 
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