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Influence of polymerisation parameters on the electro-optical properties 

of polymer-stabilised liquid crystals for smart glass application 

Smart windows are an important application of liquid crystal/polymer 

nanocomposites. Recently, an original design has been proposed for a window that 

switches from a scattering to a transparent state under an electric field. By 

polymerisation, the topological defects of the smectic A phase under hybrid 

anchoring conditions are stabilised in the nematic phase, making them addressable 

by the field. Here, we report the impact of the polymerisation parameters on the 

electro-optical properties and microstructure of the nanocomposites. We have first 

estimated the polymerisation kinetics and then investigated the influence of the 

UV-light intensity, monomer concentration, and photoinitiator concentration. UV-

light intensity has little effect on the electro-optical properties of the device, 

although microstructural changes were observed. The monomer concentration has 

a strong impact on the scattering power in both the on- and off-states. A model is 

proposed to describe the dependence of the response times on the monomer 

concentration. Finally, no influence of the photoinitiator concentration on the 

electro-optical properties was observed. Polymerisation could occur even in the 

absence of photoinitiator, possibly due to the presence of impurities that could 

generate radicals under irradiation. Our study should help optimising the 

formulation of polymer-stabilised liquid crystal nanocomposites for industrial 

applications. 

Keywords: smectic A, nematic, polymer, focal conic domains, optimisation, smart 

glass, PSLC 

 

 

 

 

Introduction 

Mixing polymers and liquid crystals (LCs) for electro-optical applications is a classic 

topic in LC science. In the late 1980’s, the first prototype of a smart window based on 
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polymer dispersed liquid crystals (PDLCs), consisting of nematic droplets dispersed in a 

polymer matrix, was reported1. In PDLCs, the amount of liquid crystal usually does not 

exceed 30 wt%2. The device, which can switch from a scattering state to a transparent 

state, is presently available on the market with for example the product PRIVA-LITE®. 

In the early 1990’s, a new type of smart window based on polymer stabilised liquid 

crystals (PSLCs) appeared3. This time, the liquid crystal is the main component of the 

system (typically between 90 and 99 wt%) and the polymer forms a mesh that traps and 

shapes the liquid crystal4. The polymer is usually obtained by photopolymerisation of 

acrylate monomers5. The main advantage of this type of device is that the transparent 

state is clear even for light rays impinging on the surface away from normal incidence, 

which is the main drawback of PDLC smart windows6.  

Since the 1990’s, many types of devices based on PSLCs have been developed for electro-

optical applications such as polymerised cholesterics for electrically switchable mirrors7,8 

and diffraction gratings9, polymerised twisted and supertwisted nematics for low response 

times10, and polymerised smectic A focal conic domains for adjustable lenses11 and 

pixels12. Many types of smart windows have also been developed such as polymerised 

aligned nematics3, polymerised cholesterics in different configurations6,13–15, 

polymerised nematics with negative anisotropy of dielectric constant16
, and polymerised 

focal conic domains17. 

Many experimental studies have sought to better understand the polymer network / liquid 

crystal interaction and to identify the key control parameters. It has been shown that 

mesogenic monomers with flexible chains retain the director configuration better because 

they form fibres parallel to the director during polymerisation18,19. The 1,4-bis-[4-(3-

acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (shown in Figure 2, also called 

ST03021, RM257 or C6M according to the supplier) is the most suitable and widely used 
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monomer for the formulation of PSLC systems9,19,20. The polymer network has been 

studied by scanning electron microscope (SEM)4,5, electro-optical measurements4,5, 

dynamic light scattering (DLS)21, and neutron scattering22,23. Based on these data, several 

models have been developed to describe the polymer / liquid crystal interactions. Fung et 

al.24 adapted the Landau-De Gennes theory to explain residual birefringence data and 

could deduce the diameter of the polymer fibres. The model of Kraig et al.25 could predict 

the shift of the nematic-isotropic transition temperature as a function of the monomer 

concentration. Kossyrev et al.26 and Yeng et al.27 proposed models to explain the 

evolution of the Fréedericksz threshold and the decay time as a function of monomer 

concentration. All these models propose a description of the system at a submicron scale. 

The effects of the monomer concentration, UV power, photoinitiator concentration, UV 

exposure time, and polymerisation temperature on many PSLC systems have been 

extensively studied and reviewed by Dierking5 and Broer, Crawford and Zumer28.  

The PSLC system studied here was first described in an article by Boniello et al. and was 

developed for smart window applications17,29. The idea is to combine the scattering power 

of defects generated in the smectic A phase (focal conic domains, FCD) and the reversible 

alignment transition that is induced by an electric field in the nematic phase. FCDs are 

defects that are often observed in layered liquid crystals (smectic, cholesteric, twist-bend 

nematic phases…) under hybrid (planar/homeotropic) anchoring conditions. The FCD 

structure can be described geometrically in terms of the “Cyclides de Dupin” as the layers 

bend and wrap around a hyperbola and an ellipse30. The precise structure of the layers in 

the case of 8CB coatings under hybrid conditions has been previously studied31,32 and a 

schematic representation of the smectic layers is shown in Figure 1. 
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On the one hand, FCDs are interesting for smart window applications because they scatter 

light, but on the other hand, the nematic phase is desirable because it is easily addressed 

by applying an electric field. However, FCDs are not observed in the nematic phase 

because its structure is not layered. To induce FCDs in the nematic phase, Boniello et al, 

first generated FCDs in the smectic A phase, then they polymerised the system using 

small amounts of monomer (2 wt%). The polymer network freezes the structure of the 

defects, which remain in the nematic phase.  

In this work, we systematically investigate the effects of different polymerisation 

parameters (kinetics, UV power, monomer, and photoinitiator concentrations) on the 

optical textures, electro-optical properties, and the morphology of the polymer network. 

We find the optimal values of these parameters not only with respect to smart window 

applications but also, more generally, for the most efficient use of PSLCs in electro-

optical devices. 

Figure 2: Representation of three focal conic domains. This type of defect is notably 

observed in the smectic A phase for liquid crystal coatings under hybrid conditions. 

The smectic layers (blue surfaces) bend and wrap around two singular lines: an ellipse 

(red line) and a confocal hyperbola (blue line). The liquid crystal molecules are 

oriented perpendicular to the layers (dark blue ellipsoids).  The rubbing axis is 

symbolised by the black double-headed arrow. 

Figure 1: Representation of three focal conic domains. This type of defect is notably 

observed in the smectic A phase for liquid crystal coatings under hybrid conditions. 

The smectic layers (blue surfaces) bend and wrap around two singular lines: an ellipse 

(red line) and a confocal hyperbola (green line). The liquid crystal molecules are 

oriented perpendicular to the layers (dark blue ellipsoids).  The rubbing axis is 

symbolised by the black double-headed arrow. 
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Material and methods 

Sample preparation 

The following chemicals were used as supplied: 8CB (4-octyl-4'-cyanobiphenyl, CAS 

number: 52709-84-9, Tokyo Chemical Industry, Figure 2.a), 5CB (4-cyano-4'-n-

pentylbiphenyl, CAS number: 40817-08-1, Synthon Chemicals, Figure 2.b), ST03021 

(1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene, CAS number: 

174063-87-7, Synthon Chemicals, Figure 2.c), DMPA (2,2-dimethoxy-2-

phenylacetophenone, CAS number: 24650-42-8, Tokyo Chemical Industry, Figure 2.d).  

In a typical sample preparation, an 8CB/5CB (80/20 wt%) mixture was first prepared to 

lower the temperature of the smectic A / nematic transition below room temperature. 

Small amounts of monomer (ST03021) and photoinitiator (DMPA) were then added. 

Note that the photoinitiator mass fraction mentioned in this article are always expressed 

relative to the monomer mass fraction. The chemical formulas of the compounds are 

given in Figure 2 and the compositions of the samples are given in Table 1. 
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The mixture was introduced by capillarity into an 8 µm thick hybrid LC cell 

(S100A080uHAN, INSTEC, Co, USA) in the isotropic phase (50°C). The temperature 

was then lowered at 1°C/min to 5°C to reach the smectic A phase where a lattice of focal 

conic domains was formed. This temperature was chosen far enough away from the 

nematic/smectic A transition temperature (which is around 16°C) to ensure that there is 

no phase transition during polymerisation due to the heat generated by this type of 

exothermic reaction. The sample was then exposed to UV light (365 nm, UV lamp 

Omnicure LX180, Lumen Dynamics) for 10 minutes to complete the polymerisation 

process. This exposure time was determined from a Raman study of the polymerisation 

kinetics. The UV light intensity was adjusted by varying the intensity of the UV power 

source and the distance between the source and the sample. Three series of samples were 

prepared to study the influence of different parameters (Table 1).  

 

 

Figure 3: (a) 4-octyl-4'-cyanobiphenyl (8CB) (b) 4-cyano-4'-n-pentylbiphenyl (5CB) 

(c) 1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (ST03021) (d) 

2,2-dimethoxy-2-phenylacetophenone (DMPA) 
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Table 1: Parameters used in the optimisation process. 

 

 

Series 1 

Variation of UV 

light intensity  

Series 2 

Variation of 

monomer 

concentration  

Series 3 

Variation of 

photoinitiator 

concentration  

UV power 

(mW/cm²) 

0.349 - 1.35 - 2.32 - 

3.65 - 16.5 - 123 - 

366 

16.5 16.5 

Monomer 

concentration  

(wt%, compared to the 

liquid crystal mass) 

1.94 0.10 - 0.20 - 0.50 - 

1.04 - 1.94 - 4.82 - 

10.10 - 15.69 

1.98 

Photoinitiator mass 

fraction  

(wt%, relative to the 

monomer mass) 

2.0 2.0 0.10 - 0.50 - 1.00 - 

2.00 - 5.00 - 10.00 - 

25.00 - 50.00 

 

Sample characterisation 

Raman measurements were performed using a confocal Raman microscope (inVia 

Qontor, Renishaw, circularly polarised laser, laser wavelength: 532 nm, objective 50X, 

laser power: 50 mW). The monomer was dissolved in toluene and 1 wt% of photoinitiator 

relative to the monomer mass was added. The mixture was introduced by capillarity into 

a 50 µm thick optical capillary and sealed with Canada Balsam. The samples were then 

exposed to UV light for different exposure times and the UV light intensity was set at 

6.9 mW/cm². 



9 

 

The phase transitions of the pure compounds and their mixtures were characterised by 

differential scanning calorimetry (DSC Discovery, TA Instruments), using heating-

cooling-heating ramps at 2°C/min. 

The optical textures of the samples were observed using a polarising optical microscope 

(POM, Nikon Eclipse LV100N POL, Japan), between crossed polarisers, with a 20X 

objective (Nikon, NA: 0.40, WD 19 mm) equipped with a heating stage (LTS 420E, 

Linkam).  

Sinusoidal AC voltages (f = 1 kHz) were applied to the samples in LC cells using a power 

supply (ITECH IT-M7700, MB Electronique). 

Decay times were measured after applying 50 ms bursts of sinusoidal voltage 

(f = 100 kHz) to the sample. The optical response of the sample was observed without 

polariser, with the analyser perpendicular to the rubbing axis. The electro-optical signal 

detected by a photomultiplier tube mounted on the microscope (Leitz Ortholux) was 

accumulated by a digital oscilloscope (DSO-X 2004A, Keysight). A small load resistor 

(1 k) was used to achieve a sub-microsecond response time of the setup. 

Haze measurements were made using a spectrophotometer with an integrating sphere 

(Lambda950, PerkinElmer). For each sample, a spectrum of the total transmission 

[380 nm – 780 nm] and a spectrum of the diffuse transmission [380 nm – 780 nm] (light 

transmitted excluding a cone of 5° angle) were recorded. Haze is defined as the ratio of 

the diffuse transmission to the total transmission, integrated between 380 nm and 780 nm. 

The microstructure of the samples was characterised by atomic force microscopy (AFM, 

ICON, Bruker, tapping mode).  

To avoid destroying the polymer network when opening the cell, an alternative 

preparation method was developed. A polyvinyl alcohol (PVA, Mowiol® 4-98, CAS 

number: 9002-89-5) layer was deposited on a glass substrate and rubbed (Bench Top 
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Rubbing Machine, model: HO-IAD-BTR-01, Holmarc). A mixture of liquid crystals, 

polymer, photoinitiator and toluene was then spin-coated onto the PVA layer. The spin-

coater parameters were chosen to obtain coatings as homogeneous as possible and with a 

thickness as close as possible to that of the cell. We were able to produce homogeneous 

5 µm thick samples by adjusting the viscosity of the mixture by setting the liquid 

crystal/toluene volume ratio to 0.90, the rotation speed to 1000 rpm (for 60 s), and the 

acceleration to 500 rpm/s. The PVA layer provides the planar anchoring and the air 

homeotropic anchoring. Polymerisation was carried out under the UV lamp, as described 

above, and in a nitrogen atmosphere. The thickness of the layers was measured with an 

optical profilometer (NewView 6000, Zygo). The liquid crystalline compounds of the 

mixtures were then washed out: 30 µL of toluene was deposited on the sample and then 

spin-coated to evacuate the liquid crystal dissolved in the toluene (4000 rpm, 1000 rpm/s, 

60 s). The procedure was done twice to ensure that all the liquid crystal was washed out. 

The samples were then characterised by AFM. Note that because the polymerisation is 

carried in coatings and not in cells, the trends observed by AFM as the different 

parameters are varied (UV light intensity, monomer concentration, photoinitiator 

concentration) are not quantitatively comparable to the results obtained in cells. This 

could be due to the presence of traces of dioxygen, despite the nitrogen atmosphere. 

The composition of 8CB, supplied by Tokyo Chemical Industry, was analysed by 

liquid chromatography coupled to high resolution mass spectrometry (LC-HRMS). A 

Dionex Ultimate 3000 LC instrument coupled with a Thermo Q-Exactive Orbitrap mass 

spectrometer was used. The LC column was a Hypersil C8 (ThermoFisher, 100 x 2.1 mm, 

1.9 µm). A water – acetonitrile gradient was used in the LC column, both acidified with 

0.1% of formic acid. The Q-Exactive system was equipped with a heated electrospray 

ionisation probe. MS spectra were recorded with positive ionisation in the 150 to 1500 
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m/z range. The resolution of the HRMS is 70 000 for m/z of 200. The UV-visible 

acquisition was made in the 200 – 800 nm range.  

 

Results and Discussion 

Polymerisation kinetics 

Polymerisation times for PSLC reported in the literature vary from 3 minutes33 to 

5.5 hour34. Before varying the other polymerisation parameters (the UV power, monomer 

and photoinitiator concentrations), it was necessary to first select a UV-exposure time 

long enough to ensure that the polymerisation would be completed regardless of the 

values of the other parameters. Indeed, the polymerisation rate in the case of radical 

polymerisation (in the steady-state approximation) is given by35: 𝑅𝑝 = −
𝑑[𝑀]

𝑑𝑡
=

𝑘𝑝

√𝑘𝑡
[𝑀]√𝜙𝐼0𝜀[𝐴] where [M] is the monomer concentration, kp is the propagation rate 

constant, kt is the termination rate constant, Φ is the photoinitiator efficiency, I0 is the 

incident light intensity, ε is the absorption coefficient of the photoinitiator, and [A] is the 

concentration in photoinitiator.  

In order to evaluate the polymerisation kinetics under conditions as close as possible to 

those prevailing in the electro-optical cells, the conversion of the C=C bonds of the 

monomer was followed directly by confocal Raman microscopy. Indeed, as 

polymerisation proceeds, the C=C bonds are converted into C-C bonds (Figure 1SI). The 

C=C peak maximum is at 1637 cm-1 36 and its area is proportional to the C=C 

concentration. The C=C peak area is normalised by the C=O peak area (maximum at 1735 

cm-1 36) which should remain constant, allowing us to compare the kinetics at two 

monomer concentrations: 20 wt% and 30 wt%. Moreover, the monomer was dissolved in 

toluene instead of the 8CB/5CB mixture because the signal of the 8CB and 5CB aromatics 
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was too close to the C=C peak. It has been shown that the polymerisation rate depends 

on the liquid crystal phase: polymerisation is faster in the smectic phase than in the 

isotropic phase37,38. The reaction times that we will measure in toluene may be slightly 

overestimated, but we just want to determine the time needed to complete the reaction. 

The kinetics experiments were carried out with a monomer concentration much higher 

than that used in ordinary PSLCs (20 - 30 wt% instead of 1 wt% - 5 wt%) in order to 

obtain enough signal. We assumed the reaction kinetics to be first order, so that it does 

not depend on the monomer concentration. The toluene/monomer mixture was inserted 

into 50 µm thick glass capillaries and the capillaries were then sealed to avoid O2 

inhibition of the reaction. The capillary thickness was chosen to be small enough to ensure 

that the UV absorption was the same throughout the thickness of the sample39.  

The dependence of the ratio of peak areas on exposure time was fitted by an exponential 

law derived from eq (1): 𝑦(𝑡) = 𝑦0𝑒
−𝑡/𝐵 where y0 is proportional to the initial nC=C/nC=O 

Figure 4: Polymerisation kinetics of ST03021 in toluene at two concentrations (20 wt% 

and 30 wt%), as followed by Raman spectroscopy. Dependence of the ratio of the area of 

the peak at 1637 cm-1(C=C) to that of the peak at 1735 cm-1 (C=O) versus UV exposure 

time. Lines: fits of the data by an exponential decay (y(t)=y0 * exp(-t/)). The dotted line 

is the fit for 20 wt% of monomer and the solid line is the fit for 30 wt% of monomer. For 

20 wt%, B= 56 s and for 30 wt%,  = 52 s. 
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ratio, y(t) is proportional to the nC=C/nC=O ratio at time t and 𝐵 = 1
𝑘𝑝

√𝑘𝑡
√Φ𝐼0𝜀[𝐴]⁄ . The 

kinetic constants kp and kt cannot be deduced from this fit but the reaction half-time can 

be expressed as: 𝑡1/2 = ln(2) × 𝐵, which should indeed not depend on the monomer 

concentration, due to the assumption of a first-order reaction. 

 As shown in Figure 3, the reaction half-time is around 39 s for 30 wt% monomer and 

around 36 s for 20 wt% monomer. The reaction half-time does not seem to depend much 

on the monomer concentration, confirming the first-order reaction hypothesis.  

In usual photopolymerisation of acrylates, polymerisation is completed in a few seconds40 

or minutes35, but here the monomer is extremely diluted (2 wt%) compared to classical 

polymerisation studies where the monomer is not dissolved in a solvent. For PSLC, it is 

therefore difficult to directly follow the monomer concentration and the conversion rate 

(evolution of the C=C bond concentration) because the monomer is extremely diluted 

(between 1 wt% and 10 wt%). Consequently, indirect techniques have been developed. 

Gu et al.21 performed in situ time-resolved dynamic light scattering on PSLC and 

concluded that the reaction was completed 20 minutes after a 10-minute long UV 

irradiation. They fitted their data with an exponential decay, consistent with a first-order 

reaction, and found a rate constant of 0.1 min-1. Guymon et al.38 studied the 

polymerisation of PSLC by differential scanning calorimetry and found that the 

polymerisation was completed in approximately 100 s. Wall et al.41 studied the 

polymerisation of PSLC (E7/monomer : 97/3 in mass) by FTIR and concluded that the 

reaction was completed in less than 10 minutes. Therefore, our results are in good 

agreement with those reported in the literature. 

To ensure that the reaction is completed regardless of the photoinitiator concentration or 

UV light intensity, we set the polymerisation time to 10 minutes for the next experiments. 
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Influence of UV light intensity 

The effect of UV light intensity was first investigated. For this purpose, the monomer 

concentration was set to 2 wt% with respect to the liquid crystal mass and the 

photoinitiator concentration to 2 wt% compared to the monomer mass. These values are 

standard according to the literature5.  

The most direct, albeit qualitative, way of assessing the completion of the polymerisation 

is to examine the texture of the sample at room temperature (in the nematic phase, after 

the reaction) because the persistence of the focal conic defects of the smectic phase is a 

sign that the polymerisation is complete (Figure 4). Below a UV light intensity threshold 

(between 0.35 mW/cm² and 2.3 mW/cm²), focal conic domains are not observed and the 

nematic texture remains exactly as before polymerisation. Above this threshold, the 

smectic A defects are retained in the nematic phase and no significant evolution was 

observed with variation of the UV light intensity over two decades.  

To our knowledge, the literature does not mention any UV light intensity threshold for 

the polymerisation reaction in the investigated range (from 0.01 mW/cm² 34 to 4 W/cm² 

Figure 5: POM images of samples, between crossed polarisers (white cross), from series 1 

(UV light intensity variation) after polymerisation, 25°C, nematic phase (no field applied). 
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24). Besides, the minimum UV light intensity that we observed could depend on several 

experimental parameters, such as the efficiency of photoinitiator dissociation, the match 

between photoinitiator and UV lamp spectra, and the exposure time. 

Since more quantitative measurements are required to detect any differences between the 

samples of series 1 (UV light intensity variation), their electro-optical properties were 

investigated. Haze measurements in the off- and on-states (0 V and 40 V) as a function 

of UV light intensity (Figure 5) confirm the existence of a threshold. Above this threshold, 

in good agreement with the POM observations, there are no differences between the 

samples in the off-state (0 V: “scattering state”). This simply suggests that, above the 

threshold, the UV power is high enough to initiate the polymerisation, which preserves 

the smectic defects.  

However, in the on-state (40 V: “transparent state”), a slight increase in haze is observed 

as the UV light intensity is increased. This could be due to an evolution of the morphology 

of the polymer network with UV light intensity. 

Figure 6: Haze measurements, at 0 V and 40 V, versus UV light intensity during the 

polymerisation process. 
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The threshold appears again in the dependence on UV light intensity of the decay time, 

off, of the samples, which drops from around 8 ms to around 2 ms when the UV light 

intensity is increased from 0.35 to 1.35 mW/cm2 (Figure 6). We have checked (see Suppl. 

Info. Section 2 for details) that this is indeed due to the polymer network and not to a 

change in texture (distorted nematic vs focal conic domains).  

Note that, in most cases, the electro-optical curves showed two different decay times 

(Figure 2SI). We only considered the shortest one and fitted the corresponding part of the 

curve with a single exponential decay. This phenomenon has already been reported once 

in the literature using a different characterisation method34. 

A closer look at the dependence of the decay time on the UV power reveals the same 

trend as that of the haze at 40 V, and a linear correlation is found between these two 

quantities (Figure 7), which leads to two conclusions. Firstly, the small increase in haze, 

at 40 V (Figure 5) and the small decrease in decay time (Figure 6), observed above the 

UV light intensity threshold, are indeed significant because two independent 

Figure 7: Dependence on the UV light intensity of the decay time of the electro-optical 

signal of the system after applying a voltage pulse (40 Vrms). 
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measurement techniques show the same trend. Secondly, as the UV light intensity is 

reduced, the decay time increases and the haze at 40 V decreases, indicating that the 

contact area between the polymer strands and the liquid crystal decreases. Thus, the 

anchoring effect of the polymer in the bulk on the liquid crystal becomes weaker, 

allowing the latter to align more easily along the field (low haze at high voltage) and 

increasing its relaxation time.  

The decrease in contact area between the polymer strands and the liquid crystal with 

decreasing UV light intensity could be due to two things. Firstly, the polymerisation rate 

increases with UV power40 so if the UV-exposure time is too short, the reaction might not 

be completed for low UV light intensity and the polymer network might thus be less 

dense. However, the UV-exposure time was carefully chosen to ensure that the reaction 

was completed even for small UV light intensity, and this is confirmed by monitoring the 

SmA-N transition temperatures (Figure 3SI). This hypothesis can therefore be ruled out. 

Figure 8: Haze at 40 V vs decay time at 40 V for samples of series 1 

(UV light intensity variation). 
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Secondly, the morphology of the polymer network could change as the UV light intensity 

is increased: at high UV light intensity, many radicals are generated simultaneously at the 

beginning of the reaction, so that the polymer network consists of many short polymer 

chains. It has been shown for acrylate polymerisation that the molecular weight fraction 

decreases and the polydispersity increases as the UV intensity increases42. The structure 

of our polymer network is different because it is organised by the liquid crystal matrix. 

We could imagine that as the UV intensity increases, the polymer fibres become shorter 

and more branched and thus more numerous, which would increase the contact area 

between the liquid crystal and the polymer. Microstructural analysis could help to shed 

some light on this issue.  

An AFM study of coatings that closely replicate the systems in electro-optical cells (see 

Experimental section) provides clues to better understand Figures 5, 6, and 7. Figure 8 

shows the height profile of the polymer network (after washing out the liquid crystal) of 

two samples differing only by the UV power applied (16.5 mW/cm² for Figure 8 (a) vs 

366 mW/cm² for Figure 8 (b)).  

Figure 9: AFM height profiles of washed polymerised coatings. The applied UV light intensity 

was 16.5 mW/cm² in (a) and 366 mW/cm² in (b). In both cases, the reactive mixtures contained 

2 wt% of monomer and 2 wt% of photoinitiator relative to the monomer mass. 
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Previous studies allow us to better understand these images. Firstly, the polymer fibres 

observed probably follow the director field during polymerisation5,43. These fibres are 

only observed with suitable monomers19,33 and the morphology of the polymer network 

is often interpreted in terms of a phase separation process and the competition between 

the polymerisation reaction rate and the diffusion rate18. It has been shown that when the 

polymerisation takes place in the smectic A phase, the polymer strands orient 

perpendicularly to the smectic layers19. These AFM images thus provide a representation 

of the director field in a focal conic domain. Singular lines are particularly visible at the 

edges of each defect, which is the place where two fibre orientations meet. Some samples 

were also examined by SEM. Both a side view and a tilted view of the sample were taken 

to better assess the polymer network in three dimensions (Figure 4SI). These images show 

that the polymer network has collapsed due to the washing of the liquid crystal. Therefore, 

only the projection of the orientation of the fibres in the (x,y) plane parallel to the substrate 

can be reliably determined. Nevertheless, the SEM images are quite similar to the AFM 

images we have previously obtained and largely confirm the observations of Guymon et 

al and their claim that that the polymer strands are oriented perpendicular to the smectic 

layers19. To our knowledge, this type of images of the polymer network in  polymerised 

focal conic domains, at the microscopic scale, has only been observed once in the twist-

bend nematic phase44 and with less detail. Therefore, this approach is a new tool to study 

the structure of FCDs.   

Although the two images in Figure 8 are rather similar, the polymer network appears 

more branched in the case of the sample exposed to the highest UV light intensity. Ma et 

al.45 also observed that as the UV intensity increases, the polymers became more branched 

and the diameter of the fibres decreased. This trend was also observed by Fung et al43. In 

our samples, we did not observe a significant variation in fibre diameter (Figure 5SI), 
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although the polymer network is clearly more branched at high UV light intensity. This 

suggests that the trend observed in Figure 7 is probably mainly due to a change in 

morphology, in agreement with the literature : Ma et al.45 observed that the Fréedericksz 

threshold increased with UV light intensity and they attributed this effect to the increase 

in fibre diameter. Conversely, Dierking et al. investigated the effect of UV-light intensity 

on the electro-optical properties of polymerised cholesterics and observed a slight 

decrease in the threshold voltage as the light intensity increased. They also observed first 

a slight decrease of the decay time as the light intensity increased from 0.01 mW/cm² to 

0.1 mW/cm² and then a sharp rise of the decay time as the light intensity increased to 

10 mW/cm². 

In the following, the UV light intensity was set to 16.5 mW/cm². 

Influence of monomer concentration 

The influence of the monomer concentration (series 2) was then investigated, keeping the 

photoinitiator concentration constant, at 2 wt% (relative to the monomer mass). The 

monomer mass fraction was varied between 0.1 wt% and 15 wt%, but above 5 wt%, we 

Figure 10: POM images of samples, between crossed polarisers (white cross), from 

series 2 (monomer concentration variation) after polymerisation, 25°C, nematic phase 

(no field applied). 
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couldn’t solubilise all the monomer crystalline powder in the liquid crystal, even if the 

flask was heated. When the cell was filled by capillarity, the undissolved crystals were 

too large to enter the cell. The cell looked homogeneous and no phase separation was 

observed before or after polymerisation. This solubility limit is in agreement with that 

reported in the literature26. The SmA-N transition temperatures were measured by optical 

microscopy and differential scanning calorimetry before and after polymerisation 

(Figure 6SI). Before polymerisation, the SmA-N transition temperature decreases with 

increasing monomer mass fraction. After polymerisation, the SmA-N transition 

temperature doesn’t depend on the monomer mass fraction anymore. 

The optical textures observed in the nematic phase at room temperature after 

polymerisation (Figure 9) show that, below 0.5 wt% monomer, the focal conic domains 

of the smectic phase are not retained in the nematic phase. At 0.5 wt%, an  

intermediate state is obtained, with a texture that is no longer uniform, while above 

0.5 wt%, the defects are maintained in the nematic phase thanks to the polymer network. 

Therefore, there seems to be a threshold monomer concentration of 0.5 wt% below which 

the polymer network formed is not dense enough to retain any smectic defects. 

A similar evolution is expected for the haze measurements, both in the off-state (0 V) and 

in the on-state (40 V), as shown in Figure 10. 
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Indeed, at very low monomer concentrations (0.1 wt% and 0.2 wt%), no difference is 

observed between the off-state and the on-state. In fact, because there are no focal conic 

domains and very little polymer, the off-state does not scatter light. Moreover, when the 

electric field is applied, the liquid crystal aligns along the field, but since the transparency 

is already excellent, the field hardly affects it. Above the 0.5 wt% monomer concentration 

threshold, the haze of the samples increases with the monomer mass fraction, both at 0 V 

and 40 V.  

A first possible explanation for this behaviour is based on the sample textures. As the 

monomer concentration increases, focal conic domains are better retained in the nematic 

phase and therefore better scatter light, hence the haze at 0 V increases. The defects are 

probably better maintained because the polymer network is denser and the surface contact 

between the polymer fibres and the liquid crystal is improved. Then, the polymer 

anchoring effect increases and alignment of the liquid crystal along the field becomes 

more and more difficult16,46. Even at high voltages, there are still areas of distorted 

director that scatter light, which explains why the haze at 40 V increases with the 

monomer concentration. 

A second possible explanation is based on the contrast in refractive index between the 

liquid crystal and the monomer. The optical indices of liquid crystal and polymer systems, 

Figure 11: Dependence on the monomer concentration of the haze in the off-state 

(0 V) and the on-state (40 V). 
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taken from the literature, are shown in the supplementary information (Table SI1). Since 

there is a slight difference in refractive index between the liquid crystal and the polymer, 

then the latter could contribute to the light scattering, which would indeed increase with 

the amount of polymer. However, the index difference is very small, so it is neglected 

here. 

 

As shown in Figure 11, the electro-optical decay time decreases with increasing monomer 

mass fraction above the 0.5 wt% threshold. The same trends have been observed with 

similar systems3,26,47. The typical evolution of the intensity as the field is switched off is 

shown in Figure SI7. Initially, the intensity decreases rapidly, following an approximately 

exponential law (Figure SI7, zone I). This part of the decay is qualitatively similar to the 

usual behaviour of a nematic cell, but is significantly faster. Indeed, the decay time 

depends on the characteristic lengths, n , of the excited distortion modes during the 

application of the field. In a cell with thickness d and strong anchoring on the boundary 

surfaces, n d n/ (2 1) = +    with n 0,1,2,...= , and the corresponding relaxation 

times are n n K2
1 /  = , where 1 is the rotational viscosity of the nematic and K is the 

Figure 12: Decay time after a 40 V pulse versus monomer mass fraction 

(wt%) (series 2, monomer concentration variation). 
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relevant elasticity constant. Due to the fast decrease of n  with the mode number n, the 

decay curve ends in a single-exponential regime, ~ exp(-t/ 0 ), with d K2 2
0 1 / ( )  = . 

The much faster decay time,  , of the polymerised cells reveals that the corresponding 

length  is much smaller, due to the anchoring of the nematic on the adjacent polymer 

fibres rather than on the much more distant boundaries of the cell.  

After the usual approximately exponential part, the decay curve shows a plateau or a 

small bump, which is not present for the non-polymerised cell (Figure SI7 zone II). The 

low intensity and the much longer relaxation time of this signal indicate that it is related 

to the relaxation of the polymer fibre network on a larger scale. Indeed, due to the 

anchoring of the nematic on the fibres, the electrical torque is transmitted to the polymer 

structure and distorts it to some extent.  

Here we focus only on the fast response of the nematic itself. This type of response 

has been theoretically analysed for polymer-stabilised cells with planar alignment and 

therefore with a much simpler geometry. The specificity of the decay response for a 

polymer-stabilised cell is due to the fact that the nematic is anchored on the neighbouring 

polymer fibres rather than on the boundary surfaces, i.e. the anchoring is “distributed” 

throughout the bulk of the cell. Two different approximations have been proposed to 

describe this anchoring, either on virtual polymer surfaces stacked in the cell48 or on the 

faces of a rectangular unit cell formed by the polymer fibres26. In both cases, the cell 

undergoes a Fréedericksz transition with a much larger threshold and a faster response 

time than in a usual nematic cell without polymer stabilisation. In our case, however, the 

geometry of the cell is much more complex, as the fibres and the nematic itself are not 

planarly aligned (without a field), but are organised in focal-conic-like structures. 

Throughout the cell, the local director orientation varies and is, in general, tilted at an 

arbitrary angle with respect to the field. Due to this tilt, there is no a Fréedericksz 
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transition in the “unit cells”, but a smooth realignment of the nematic director even at 

fields much weaker than the Fréedericksz threshold (Figure SI8). Moreover, the relation 

between the relaxation time of the “unit cell” and the experimentally measured optical 

relaxation time  is much more complex in our case: instead of the simple relation  

𝜏𝑜𝑝𝑡 = 𝜏0 2⁄  for planarly oriented cells, in our geometry 𝜏𝑜𝑝𝑡 𝜏0⁄  is a function of the local 

tilt angle of the fibres, θ0. 

To qualitatively describe the decay behaviour of our polymer-stabilised cell, we consider 

a small region in which the polymer fibres with radius r0 are tilted at an angle 0 with 

respect to the applied field E ║ z, the normal to the cell. We assume that the fibres are 

approximately uniformly distributed in the cell, with an average separation of 2R0 (see 

Figure 12.a). Comparing the volumes of the polymer and nematic regions, we obtain 

r R c0 0/ = , where c is the volume fraction of the polymer. As the densities of the 

polymer and the liquid crystal are close to 1, the monomer mass fraction cm is assumed 

to be very close to c. In the remainder of this text, these two quantities are assumed to be 

equal. As a “unit cell”, we consider a cylindrical region around each fibre, with r0 < r < 

R0. Without a field, the nematic is oriented parallel to the fibre due to its anchoring on 

the fibre surface (for simplicity, we assume that the anchoring is extremely strong). 

Under field, the nematic director rotates at some angle  = (r). The boundary conditions 

for (r) are  r0( ) 0 =  and d/dr = 0 at r R0=  (see Figure 12.b). Therefore, (r) can be 

developed in Fourier series with generic term 
m r

R0

2 1
sin( )

2

+
, m = 0,1,2,… The 

relaxation time of the m-th term is given by m m K2
1 /  = , where 

m R m02 / (2 1) = +    is the characteristic length of the corresponding relaxation 

mode. Similar to the case of the planar cell, the last part of the decay function relaxes as   

opt
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exp(-t/ 0 ), where  R K r cK2 2 2 2
0 1 0 1 04 / ( ) 4 / ( )    = =  is the characteristic time of 

the slowest relaxation mode. As 0  is independent of the orientation of the “unit cell”, 

it will also be the decay time of the polymer-stabilised cell after averaging over all the 

fibre orientations. The corresponding optical relaxation time will be of the same order of 

magnitude, opt a0 / = , where a1 2   is a numerical coefficient depending on the 

average tilt of the fibres in the cell.  

Figure 11 shows the decay times measured in cells with the same thickness, d = 8 µm, 

and different concentrations c, of polymer fibres. Up to about c = 0.5 wt%, the decay 

time remains the same as in the absence of polymer. At higher polymer content the decay 

time decreases rapidly, following approximately a c-1 law (see the fit in Figure 13). A 

comparison of this behaviour with our theoretical estimate of 0  indicates that the radius 

of the polymer fibres, r0 ,  is approximately independent of the concentration. The data 

τopt vs 1/c can be fitted with a linear function and the slope found is 4.5 10-5 s. Thanks to 

the expression 𝜏𝑜𝑝𝑡 = 4𝛾1𝑟0
2/(𝜋2𝑐𝐾𝑎), we calculated the theoretical slope using 

standard values (γ1=0.1 Pa.s49, r0=50 nm, K=5 pN50,51, a=1) and found 2.0 10-5 s, which 

is of the same order of magnitude. 

Figure 12: (a) The polymer fibres are modelled as cylinders of radius r0 separated by 

2R0. (b) Boundary conditions of the angle . 
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This analysis confirms previous literature reports that the decrease in decay time with 

increasing monomer mass fraction can be explained by a gradual compaction of the 

polymer network16,52 and that if the polymer strand diameter remains constant45,53, then 

the number of strands increases and thus the characteristic mesh size decreases.  

AFM analyses were done to better support this explanation.  

Figure 13: Approximation of opt vs 1/cm by a linear fit (cm is the monomer mass fraction). 

Since the densities of the liquid crystal and the polymer are close to 1, the monomer mass 

fraction was used for the monomer volume fraction. 

Figure 14: AFM height profiles of washed polymerised coatings. The monomer 

mass fraction is 2 wt% in (a) and 5 wt% in (b). In both cases, the reactive mixtures 

contained 2 wt% of photoinitiator relative to the monomer mass and the applied 

UV light intensity was 16.5 mW/cm². 
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As shown in Figure 14, the diameter of the fibres does not change significantly with 

increasing monomer concentration, but there are many more fibres in the 5 wt% monomer 

sample than in the 2 wt% monomer sample. This effect was confirmed by SEM analyses 

of the same samples (Figure SI9). The effect of the monomer concentration on the 

morphology of the network has been studied extensively. When the diameter of the fibres 

was measured by fitting electro-optical curves, it was found that the diameter of the fibres 

decreased as the monomer concentration increased45,54. However, direct images of the 

polymer network obtained by SEM showed that the diameter of the fibres was 

independent of the monomer concentration16,45,55. Our results are consistent with this 

literature.  

The polymer network also becomes denser with increasing monomer concentration, but 

the shape of the focal conic domains is still well defined. This supports our hypothesis 

mentioned above in the discussion of haze measurements that as the monomer 

concentration increases, the contact area between the liquid crystal and the fibres 

increases, making it more difficult to align the liquid crystal. 

To conclude this section, the monomer concentration that gives the best compromise 

between a sufficiently scattering off-state and a sufficiently clear on-state is around 1-

2 wt%. 
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Influence of the photoinitiator concentration 

Finally, the effect of the photoinitiator concentration was studied, keeping the monomer 

concentration at 2 wt% and the UV power at 16.5 mW/cm². As little variation was 

observed over a wide range of photoinitiator concentrations (0.1 – 50 wt% relative to the 

monomer mass), a control sample without any photoinitiator was also prepared. The 

evolution of the SmA-N transition temperature shows that the polymerisation is complete 

for each sample (Figure SI10). The textures of the samples at room temperature (in the 

nematic phase) after polymerisation are shown in Figure 15.  

Polymerisation proceeds even with small amounts of photoinitiator (0.1 wt%) and no 

differences in texture are observed as the concentration is increased. More surprisingly, 

polymerisation appears to proceed even in the absence of photoinitiator. Control tests 

were carried out with another batch of ST03021 and 8CB (same company but different 

batch numbers), with the same result, ruling out any extrinsic contamination of the 

chemicals used. 

Figure 15: POM images of samples, between crossed polarisers (white cross), 

from series 3 (photoinitiator concentration variation) after polymerisation, 25°C, 

nematic phase (no field applied). 
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Haze measurements were carried out in the on- and off-states (Figure 16). In both cases, 

no effect of photoinitiator concentration was noticed, suggesting that the polymer 

network is not affected by an increase in the photoinitiator concentration. The same 

conclusions were drawn from a study of the decay times (Figure 17). 

Figure 16: Haze in the off-state (0 V) and the on-state (40 V) versus the 

photoinitiator mass fraction. 

Figure 17: Decay time after a 40 V pulse versus photoinitiator mass fraction (wt%) 

(series 3, photoinitiator concentration variation). 



31 

 

Polymerised coatings were also prepared to study the morphology of the polymer network 

as a function of the photoinitiator concentration (Figure 18). No significant differences 

were observed between the three samples (0 wt%, 2 wt% and 50 wt% photoinitiator). 

The effect of photoinitiator concentration on the electro-optical properties of PSLC and 

the morphology of the polymer networks has not been well described in the literature. 

Dierking2 reported no effect of the photoinitiator concentration on the electro-optical 

properties of PSLC and Li et al.56 only observed a slight decrease in the distance between 

polymer walls with increasing photoinitiator concentration, but this behaviour may 

depend on the chemical nature of the monomer. 

Since polymerisation seems to proceed in exactly the same way in the absence of a 

photoinitiator, we assumed that there is an intrinsic impurity in the liquid crystal (for both 

8CB and 5CB), as a synthesis by-product that could act as a photoinitiator. Indeed, control 

experiments (see Suppl. Info. Section 13 for details) showed that the polymerisation 

occurs in the absence of photoinitiator in 5CB, but not in toluene. To identify the impurity 

that could act as a photoinitiator, 5CB and 8CB were analysed by LC-MS. Both products 

were of very high purity rate (5CB: 99.9 % and 8CB: 99.0%). 

Figure 18: AFM height profiles of washed polymerised coatings. The photoinitiator mass 

fraction relative to the monomer mass is 0 wt% in (a) 2 wt% in (b) and 50 wt% in (c). In 

both cases, the reactive mixtures contained 2 wt% monomer and the applied UV light 

intensity was 16.5 mW/cm². 
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Nevertheless, the presence of 4-n-octanoylbiphenyl (chemical formula in Figure 19) in 

8CB was clearly identified. The details of the analysis are given in SI, part 14. The 

presence of this molecule in 8CB can be explained by the fact that it may be a by-product 

of 8CB. An example of 8CB synthesis route and a discussion about the formation of 4-n-

octanoylbiphenyl are presented in Figure SI14. Moreover, this molecule is a conjugated 

ketone and so its formula is very close to type I photoinitiators57. Our interpretation of 

these observations is therefore that the photopolymerisation is initiated by the UV-

dissociation of 4-n-octanoylbiphenyl, so that the addition of a photoinitiator (DMPA) 

may not be necessary. This hypothesis was checked by carrying out photopolymerisation 

in toluene in the absence of photoinitiator (DMPA) and liquid crystal (8CB and 5CB) but 

in the presence of 4-n-octanoylbiphenyl (see Figure SI15). We have shown that 

polymerisation could indeed be initiated by 4-n-octanoylbiphenyl. To our knowledge, this 

is the first indication that the initiation of photopolymerisation of PSLC systems may be 

due to an impurity, which obviously requires more detailed studies. Dispensing with the 

addition of a photoinitiator in the preparation of PSLCs could help to improve their 

electro-optical properties because some photoinitiators generate ionic impurities when 

exposed to UV light58. 

 

 

  

 

Figure 19: Chemical formula of the impurity, 4-n-octanoylbiphenyl, detected in 8CB. 
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Conclusions 

The kinetics of the polymerisation reaction has been studied by Raman spectroscopy 

under conditions as close as possible to those of our samples. The polymerisation reaction 

is probably a first-order reaction and it can be considered complete after 10 minutes of 

UV exposure. 

In the range that we explored, the influence of UV light intensity on the electro-optical 

properties is very weak but still measurable: as the UV light intensity increases, the haze 

at 40 Vrms increases, the decay time decreases, and the liquid crystal becomes more 

difficult to align by the electric field. AFM images of the polymer suggest that this is 

probably because the network is more branched, increasing the contact area between the 

liquid crystal and the fibres. This could be due to the generation of more radicals in a 

short time during the initiation step of the polymerisation, but a more detailed study is 

still needed to prove this point. 

The monomer concentration plays a crucial role in the electro-optical properties of the 

device. The monomer concentration must be between 1 wt% and 5 wt% to retain the 

defects without exceeding the solubility limit. As the monomer concentration increases, 

the haze increases in both the on- and off-states. Moreover, AFM images showed that the 

polymer network becomes denser, although the fibre diameter does not change. The 

contact area between the polymer fibres and the liquid crystal increases with increasing 

monomer concentration, and the liquid crystal becomes more difficult to align and 

scatters more light. In addition, the decay time decreases as the monomer concentration 

increases and we propose that these two quantities are simply related by 𝜏0 =
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4𝛾1𝑟0
2/(𝜋2𝑐𝐾). The fit of the decay times with this formula confirmed the order of 

magnitude of the fibre diameter found by AFM. 

The influence of the photoinitiator concentration on the electro-optical properties was 

also investigated, but no effect was found. Surprisingly, the polymerisation worked even 

without photoinitiator in 8CB, which is a liquid crystal commonly used for PSLC. We 

tentatively explained this observation by the presence of an impurity in the liquid crystal 

that could generate radicals and initiate the reaction, but further work is needed to confirm 

this hypothesis.  

From another point of view, this work provided a unique opportunity to visualise the 

director field in focal conic domains thanks to AFM images of the polymer network. This 

could help to better understand the structure of these topological defects, which are not 

only at the basis of this smart window application, but are also ubiquitous in smectic 

phases. 
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