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1. Introduction 

Polymer network stabilized liquid crystals (PSLCs) have attracted increasing interest over 
the past decade because of their potential applications mainly in electro-optic devices such 
as displays and light shutters [1-5]. The main motivation to incorporate a polymer network 
in liquid crystal cells was to bulk-stabilize a desired director configuration against any 
mechanical shock and distortions which can irreversibly alter the functionality of the cells. 
The PSLCs are composite materials in which a low density polymer network is dispersed 
within liquid crystal medium [6,7]. The polymer network is formed by chemical crosslinking 
of a small amount (few percent) of photo-reactive monomers dissolved in low molecular 
weight mesogenic material, through a polymerization reaction photochemically activated by 
a UV illumination. When the polymerization occurs in an aligned geometry, the resulting 
polymer network is roughly aligned parallel to the direction initially imposed by the liquid 
crystal medium in which the network has been formed [8]. Depending on the type of the 
reactive mesogen, the morphology of the polymer network may correspond to an open 
structure consisting of anisotropic fibrils [8-10]. The lateral size of fibrils is of the order of a 
few tenths of a micron [11-13]; their density increases with the initial reactive monomer 
concentration. The polymer fibrils, by creating a large internal boundary, provide a bulk 
anchoring mechanism which allows a control of the liquid crystal alignment in the bulk. 
Application of an electric field causes a distortion of the liquid crystal host, which 
corresponds to a field-induced director rotation, without any reorientation of the fibrils [8] 
considered rigid by the authors because the network is heavily cross-linked. The structure of 
the polymer network has been observed using different techniques. The scanning electron 
microscope (SEM) observations, observations between crossed polarizer after removal of the 
un-reacted species and observations at high temperature, all provide information on the 
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network structure. The SEM and crossed polarizers observations give a detailed of the 
lateral size of fibrils [11-13] and the width of the fibers. Most of these observations have been 
reported in the nematic [14] or cholesteric [15] liquid crystals phases. However, a few 
information has been reported in the literature about the vertical distance between fibers 
especially when the polymer network was formed in a ordering helical ferroelectric liquid 
crystals ( SmC*) and paraelectric SmA phases (PSFLC). The PSFLC composites have been 
investigated by different methods, electro optic technical [16-22] and dielectric method [23-
26]. It is know that the dielectric properties of the ferroelectric liquid crystals in the ideal 
unbounded sample are nowadays well understood. The dielectric dispersion is essentially 
dominated by the dynamic of the soft mode, responsible for the phase transition from the 
paraelectric phase SmA to the ferroelectric phase SmC* phase, and the Goldstone mode 
connected with the helical structure in the ferroelectric SmC* phase [27]. The subject is 
already compiled in monographs [28,29].  

Detailed dielectric spectroscopic study over a wide temperature and frequency ranges in the 
PSFLC systems reveal different molecular dynamics of this type of composites [23-25]. It 
was reported [23-25], that the dielectric strength of the Goldstone mode decreases with 
increasing polymer concentration, however, the relaxation frequency was found to be higher 
for the PSFLC composite film compared to that of the corresponding pure FLC. However, 
the behavior of the soft mode dielectric strength is not completely explained yet. Kundu et 
al. [25] are showed for polymer stabilized ferroelectric liquid crystal (PSFLC) systems that 
the soft mode dielectric strength remains unchanged when the FLC cells are stabilized by a 
polymer network formed from a nonmesogenic reactive monomer. The most of these 
studies have not given a quantitative interpretation of the dielectric response until our work 
published in [26]. 

In our previous study [26], although the range of the SmA phase is very narrow, the effect of 
the polymer network on the soft mode is clearly observed. By increasing the polymer 
concentration the dielectric strength is reduced and the relaxation frequency is increased [26].  

It is knows that, in a thin enough sample when the sample thickness becomes comparable 
with the pitch of the helix, the entire structure in helix-free. The director twist-bend fixed by 
the surface polar anchoring can still exist as well as in the helicoidal samples. This spaced 
modulation is called a twisted structure [30]. However when the twist helical pitch is 
confining with the polymer network in a thin thickness, logically there is no reason that the 
twisted structure still remains in spite of the confinement effects. In this chapter we will 
illustrate that in spite of the confinement of the twist short helical structure in a polymer 
network the ferroelectric liquid crystal conserves the helical structure. This behavior was 
interpreted by the type of the morphology of the polymer network which is formed in the 
liquid crystals medium. After describing the dielectric responses, in sect.3-2-A we will 
describe in detail the effect of the polymer network density formed in a planar alignment of 
the ferroelectric liquid crystals cells [30] on the dielectric responses namely soft and 
Goldstone mode. The results of the dielectric responses were interpreted by the morphology 
of the polymer network using atomic force microscopy investigations. In sec.3-2-B the effect 
of the applied electric field during the photopolymerisation on the dielectric responses is 
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reported, the observations of the structure of the polymer network by AFM agree well with 
all dielectric responses. 

2. Experiments 

The liquid crystal compound used in these studies is the ROLIC 8823 (Rolic research ltd) 
which exhibits the following phase sequence: Crystal (Cr) -27 °C SmC* 63.5 °C SmA 65°C 
Isotropic (Figure 1). In the SmC* phase (Figure 2), at low temperature the helical pitch is about 
0.3µm and the spontaneous polarization (Ps is close to 100 nC/cm²). To prepare the polymer 
network we have used a photoreactive diacrylate mesogen as photocurable monomer which 
presents a nematic (N) phase between Cr and Isotropic phases Cr−88 °C−N−118 °C− Isotropic. 
The chemical structure of the monomer is presented in figure 3. 
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Figure 1. A schematic representation of the nematic phase (A), Paraelectric phase or smectic A (B) and 
Smectic C (C).  

 
Figure 2. A schematic representation of a smectic C* phase : molecular order in the layer (a), helical 
structure (b) and the direction of the ferroelectric spontaneous polarization in the smectic layers planes (c). 
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Figure 3. The molecular structure of the monomer. 

 
Figure 4. The Planar configuration of the helical structure in our system, the electric field is applied 
perpendicular to the helical axis. 

 
Figure 5. A schematic illustration the formation of the polymer network, before de 
photopolymerisation (on the left) and after the pohopolymerisation (on the right). 

The PSFLC mixture was prepared by mixing the Diacrylate monomer with weight 
concentrations between 2 and 7%. The ferroelectric liquid crystals (FLC) compound and the 
diacrylate were dissolved in the isotropic phase to make a homogeneous mixture. A 5 µm 
thick EHC Inc, Japon-cell (two glass faces were treated with polyimide to favorite a planar 
alignment (Figure 4)) was filled by the mixture in its isotropic phase. In order to obtain a 
good alignment in the SmC* phase, the cell was slowly cooled (0.1 °C/minute) from the 
isotropic phase under an applied electric field (5V/µm) into the SmC* phase. For the section 
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3.2.A, the sample cells were then exposed to ultraviolet light (wavelength  = 365nm) at  
25 °C with an intensity of 5 (mW/cm² ) for 30 minutes without any applied electric field. 
Here, polymer phase separation and network formation take place (Figure 5). During these 
studies, the cell was placed on a hot stage (Linkam TMS 93) for temperature control. The 
texture observations of the cells were carried out by means of a polarized optical microscope 
(POM)(LEICA DMRXP). 

Dielectric measurements were performed in the frequency range of 10 Hz–13 MHz HP 
4192A. In a linear dielectric response, the time dependent polarization P(t) of the sample, 
being induced by a weak measuring electric field E(t), is proportional to the field : 

P(t)= 0 (*-1) E(t)  where E(t)=E0 exp(-it)  

Is a sinusoidal electric field applied to the dielectric under test and * is the complex 
dielectric permittivity,  is the angular frequency, and f is the frequency of measuring 
electric field displayed in the channel A of most impedance analyzers, and 0 is the dielectric 
permittivity of free space. In linear dielectric spectroscopy the amplitude of the measuring 
electric field should be chosen so that it does not suppress the helicoidal structure of the 
SmC* phase. Generally for ferroelectric liquid crystals two processes contribute to the 
dielectric spectra. We are interesting here only to the collective processes namely soft and 
Goldstone modes.  

In order to obtain the characteristic dielectric strengths and relaxation frequencies of the 
ferroelectric relaxation modes, the dielectric spectra were fitted simultaneously by the Cole-
Cole function : 

 * =  + ( G) / (1+jf/fG)1-G + ( s) / (1+jf/fs)1-s+ (/j2f0)  (1) 

Where f is the frequency,  is the high frequency limit of the dielectric permittivity,  G and 
s represent the dielectric strengths corresponding to Goldstone and soft modes, 
respectively ; fG and fs represent the relaxation frequencies of the two modes, G and s are 
the distribution parameters, and  is the electric conductivity. The temperature 
dependencies of different dielectric processes are reported and discussed below. To image 
the topography of polymer networks a Veeco Multimode Atomic Force Microscopy (AFM) 
equipped with a Nanoscope IIIa controller was used. All AFM scans were taken in tapping 
mode with commercially available tips made of Phosphorus doped Silicon. 

3. Results and discussion  

3.1. Optical observations 

The first objective of this study was to investigate the effect of the applied electric field and 
phase order (before the polymerization) on the alignment on the polymer network formed 
in the FLC host. To illustrates the effect of the applied electric field during the cooling from 
the isotropic phase to the SmC* phase on the alignment of the SmC* layers we present on 
Figure 6.  
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Figure 6.  Optical micrographs of PSFLC samples obtained between  crossed polarizers at T = 70 ◦C, for 
7% polymer concentrations formed at 25°C. (V=0V) indicate the region where no field was applied  and 
(V=8 v) indicate the region where an electric field was applied. 

Figure 6 shows example of optical micrographs representing the observed textures of the 
PSFLC cells obtained for 7% initial monomer concentration. These micrographs were 
obtained at a temperature of 70 ° C (above the SmA- Isotrope transition temperature) so that 
only the birefringence associated to the polymer network would appear. The micrographs of 
Figure 6 clearly show the anisotropic structure of the polymer network. The optical 
observation of this anisotropic structure is due not only to the residual birefringence of 
polymer fibrils, but also to the remaining birefringence of the surrounding FLC molecules 
which are still aligned by the polymer structure. Two regions have been observed (Figure 6), 
the first region when no electric field has been applied (V=0V), the polymer network was 
randomly distributed. However, in the region where an electric field is applied ( V=8V) the 
polymer network presents a good alignment. To illustrate the effect of the phase order on the 
formation of the polymer network, two cells of 7% polymer concentration were polymerized 
in two different temperatures. The first cell was polymerized at 25°C. The measured helical 
pitch at 25°C is about 0.25 µm (Figure 7). However, the second cell was polymerized at high 
temperature (T=58°C) where the helical pitch diverges (Figure 7). Figure 8 shows the optical 
micrographs representing the PSFLC cells obtained for 7% polymer concentration which are 
polymerized at two different temperatures. As seen in this figure, the dechiralisation lines 
[31] have been clearly observed on the structure of the polymer network (dechiralisation lines 
are perpendicular to the polymer fibers (Figure 8 (a))).  

We can remember here, that the dechiralisation lines are well known lines defects can be 
observed in a planar samples filled by a highly twisted FLC [30-32]. In a smectic C* sample, 
competition between a strong surface anchoring and a helicoidal configuration in the bulk 
induces a double lattice of singular lines. These lines are located near both the boundary 
surfaces and are parallel to the plane of the layers [30-32]. Those lines are named the 
dechiralisation lines. Hence, these results illustrate that the polymer structure conserves 
locally a lines defect print. We can also indicate here that the fact that the helical structure of 
the FLC at T=25°C is very shorter no twisted structure on the polymer fiber has been 
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observed by polarizing microscopy. However, when the polymer network was formed at 
high temperature, the helical structure of the polymer fibers is easy observed by polarizer 
microscopy (Figure 8 (b)). One can seen that, at high temperature, the dechiralisation lines 
were not printed on the polymer fibers. That illustrate that the order and structure of the 
liquid crystal phase are transferred onto the polymer network. It has been already shown by 
Archer et al [33] that the defect of the FLC twisted grain boundary were found printed on 
the polymer network structure. However, for short-pitch ferroelectric liquid crystals, the 
transfer of the lines defects has not been observed. Figure 8 shows also that the polymer 
network which was formed at high temperature, the dechiralisation lines were not printed 
on the polymer fibers. Because, when approaching the phase transition SmC*- SmA, the 
helical pitch diverges. The divergence of the helical pitch (unwinding of the helix) is seen as 
disappearance of dechiralisation lines [31]. 

 
Figure 7. Temperature dependence of the helical pitch of the FLC measured by mean of Grandjean-
Cano method [32]. 

 
Figure 8. Optical microscopy images between crossed polarizers at T = 70 ◦C, for 7% polymer 
concentration. (a) polymerization at 25°C (dechiralisation lines are clearly observed and correspond to 
the straight lines which are perpendicular to the polymer fibers). (b) polymerization at 58°C (the 
polymer fibers present a helical structure). 

          (a)         (b) 
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This implies that even after polymerization, the characteristic property of the host phase in 
which polymerization was carried out was effectively retained. 

3.2. Dielectric studies 

3.2.1. Effect of the polymer network density on the dielectric responses 

Goldstone mode of the SmC* 

Figures 9 (a) and (b) show examples of the dispersion, ’(f) and absorption, ”(f) dielectric 
spectra obtained in the SmC* phase at low temperatures for different polymer 
concentrations. For all of the concentrations studied, two relaxation mechanisms were 
detected. The first, at low frequencies between (1 and 3 kHz) with a high amplitude, is due 
to the Goldstone mode; whereas the second observed at high frequencies (> 1 MHz) with a 
weak amplitude is an artifact due to the indium tin oxide (ITO) conducting layers. As shown 
in Fig. 9(a), at low frequencies, the dielectric response shows a very strong polymer 
concentration dependence; at 100 Hz, for example, ’(f) decreases from 100 to 30 when the 
polymer concentration increases from 0% to 7%.  

 
Figure 9. Frequency dependence of (a) the real and (b) the imaginary parts of complex permittivity in 
the smectic C* phase for different poclymer concentrations at T=25 °C. 

This effect is also clearly illustrated in the behavior of the absorption peak observed in the 
”(f) spectra [Fig. 9 (b)]; the absorption peak strongly decreases from 48 to 8 when the 
polymer concentration is varied from 0% to 7%. The parameters  G and fG obtained from 
the curve-fit procedure are displayed in Figs. 10 (a) and (b). The behavior of  G versus 
temperature showed the same general features for all the samples Fig.10 (a) ;  G slightly 
increases to reach a maximum at a temperature called Tmax 3 °C below Tc then decreases 
abruptly above Tmax. The behavior of  G versus temperature is dependent on that of the 
helical pitch of the FLC Fig. 7. Usually the maximum observed in  G (T) is related to that 
exhibited by the helical pitch Fig. 7 at temperatures close to Tc and indicates that the helical 
structure of the FLC is preserved in all our PSFLC systems.  
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Figure 10. Temperature dependence (a) of  G and (b) the relaxation frequency of the Goldstone mode 
for different polymer concentrations. 

The temperature dependence of the Goldstone relaxation frequency Fig. 10 (b) shows that 
fG slightly increases with temperature, reaches a maximum, and then rapidly decreases to a 
minimum value at a temperature corresponding to Tmax, after Tmax, an abrupt increase in fG 
is observed for a temperature close to Tc. Qualitatively, the thermal behavior of the 
Goldstone mode is not affected by the polymer network. However, quantitative differences 
were observed forG and fG when the polymer network density increases. To illustrate this 
effect, we present on Figs. 11 (a) and 11 (b) the evolution at room temperature of  G and fG 
as a function of the polymer concentration. It can be seen from these figures that the 
increase in the polymer concentration from 0% to 7% leads to a breakdown of  G from 120 
to 27 and to an increase in fG from 1.5 to 3.5 kHz. Changes in the dynamic of the Goldstone 
mode have already been observed in PSFLC systems by Gasser et al. [35] and in other 
composite based FLC, as a random network formed from dispersions of aerosil particles 
within FLC media [36–38]. For aerosil/FLC composites, a decrease in G and a shift of fG 

toward high frequencies [37,38] with increasing the density of aerosol particles were 
observed.  

 
Figure 11. The dielectric strength ( G ) (a) and relaxation frequency fG (b) of the Goldstone mode at 
25°C as function of the polymer concentration 
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The Goldstone mode even disappears in these systems for a sufficiently high aerosil density. 
The authors have interpreted the behavior of the dielectric response in these systems by size 
effects on smectic domains [36–38]; the reduction in the Goldstone mode strength and the 
increase in the relaxation frequency with increasing the concentration of aerosil particles are 
due, according to these authors, to the formation of smaller smectic domains where 
fluctuations are quenched by surface interactions, leading to a deformation of the helix. 
Additionally, the orientation of these smectic domains becomes randomly distributed so 
that fewer domains are therefore preferentially oriented in the direction of the applied 
electric field. We believe that the interpretation given above cannot explain the behavior 
of our PSFLC systems, despite similar changes in dielectric relaxation being observed. 
First, the polymer network in PSFLC cells are anisotropic and stabilizes the configuration 
of smectic domains oriented preferentially to the direction of the electric field. We think 
that the changes observed in dielectric response in our systems are essentially governed 
by elastic effects. We expect that the network-FLC interactions enhance the apparent 
elasticity of the PSFLC films, and accordingly, causes the increase in the relaxation 
frequency fG and the reduction in dielectric strength G. In fact, the dielectric strength 
and the relaxation frequency of the Goldstone mode in the case of a pure SmC* phase are 
expressed as [39] : 

 G = (Ps/)² / (20Kq²0 ) (2) 

 fG = (Keff q²0 ) / (2) (3) 

where  is the rotational viscosity, Keff is the effective elastic constant.  and Ps are the tilt 
angle and spontaneous polarization, respectively. q0= 2/p0 with p0 is the helical pitch of the 
FLC. If we think that the Equations (2) and Equation (3) are applicable for the PSFLC 
composite, q0 is considered here constant. The reduction in G as a function of polymer 
concentration is attributed to the variation in (Ps/) and/or Keff. To clarify that, we have 
plotted in Fig. 12 the ratio (Ps/) as a function of polymer concentration. This figure shows 
that this ratio can be considered independent of the polymer concentration. As a 
consequence, the observed decrease in the G with polymer concentration can be explained 
rather by the increase in the effective elastic constant Keff.  

On the other hand, the relaxation frequency of the Goldstone mode Equation 3 is controlled 
both by the elastic (Keff q²0) and viscous (eff)  forces. From the equation 3, the increase in fG 

with polymer concentration can be explained by the decrease in the Goldstone rotational 
viscosity (eff)  and/or the increase in the effective elastic constant Keff. From Eqs. 2 and 3, the 
effective rotational viscosity can be expressed as (eff)  =(Ps -1)2 / 4 fG G. According to this 
expression and using the experimental data of (G x fG ) (Fig 13(b)) and (Ps/ ) (Fig 12), eff 
was evaluated as a function of temperature for all polymer concentrations studied. 
Generally, eff of the PSFLC films increases with the polymer network density. At room 
temperature, for example, eff increases from 0.2 to 0.6 Pa. s when the polymer concentration 
increases from 0% to 7% (Fig. 13(b)).  
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Figure 12. The (Ps/) ratio as function of the polymer network density  

 

 
Figure 13. Temperature dependence of the Goldstone mode rotational viscosity (eff)  (b) and the 
product G x fG (a) for different polymer concentrations. 

Consequently, the increase in the relaxation frequency with the network density is 
certainly due to the increase in the effective elastic constant Keff. To illustrate this, Keff 
was evaluated at room temperature from Eqs. 2 and 3; the results are displayed in Fig. 
14. This figure shows that Keff linearly increases from 0.5 10−11 to 2.310−11 N when the 
polymer concentration increases from 0% to 7%. The values of Keff found here compare 
well with those obtained for the same PSFLC systems from the electro-optic 
measurements [18,20]. 
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Figure 14. The effective twist elastic constant Keff versus polymer concentration. 

In conclusion, the increase in the relaxation frequency and the reduction in the dielectric 
strength of the Goldstone mode for the PSFLC films seem to be due to the increase in the 
twist elastic energy, resulting from the strong interaction between liquid crystal molecules 
and the polymer network liquid crystal molecules and the polymer network.  

Polymer network morphology by AFM investigations: 

The principal result surprising in this party (section 3-2-A) is the role played by a polymer 
network to stabilize of the ferroelectric order. Indeed Bayth et al [34] which are reported that 
when the helical pitch of the smectic C* was confined between two parallel glass with a 
homogeneous planar anchoring causes an unwound of the helical structure which is 
proportional to the cell thickness. This transition is due to the result of the competition 
between the energy cost of the lines of dechiralisation slightly dependent on the thickness 
and that to the unwound of helix which is highly depends to the cell thickness. A similar 
mechanism could be compared in the case of our results by schematizing the fibril like 
cylinders with a homogeneous planar anchoring along their axis. In this case, the work 
which is reported by Baytch et al should remain valid once subsisted the thickness of the cell 
by the distance between cylinders. We think that the fibril seem to have a twisted 
morphology. In this case, these morphology could stabilizes the smectic phase. The increase 
of the apparent elasticity coefficients can be explained from a simple energetic argument if 
we take into account the polymer network morphology. One must note here that the 
polymer network was formed within the SmC* phase in which the director field is highly 
twisted in a helix. This helical structure of the FLC is transferred on the polymer network as 
shown in Figure 15.  
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Figure 15. Tapping mode AFM height image of polymer fibers formed from a 5% polymer 
concentration into the short-pitch FLC ( at T= 25°C). The twisted structure of fibrils is clearly observed 
indicating that the helical structure of the FLC from which the network was formed is printed on the 
polymer fibers.  

For AFM experiments, the PSFLC cells were disassembled and flushed with solvent to 
remove the FLC. Figure 15 (on the left) presents a tapping mode AFM image (Veeco 
Instrument Inc.) of a 3×3 µm² region, and shows a fibrillar structure of the polymer network. 
The width of the fibers ranges from 150 to 300 nm. The AFM images clearly reveal a twisted 
structure of the fibers with a periodicity of about 0.24 µm which approximately corresponds 
to the pitch of the FLC helix used in this study. Hence, the polymer structure conserves 
locally a helical print which in turn stabilizes the FLC structure present during the 
polymerization. It has been already shown by I. Dierking et al. [12], and by G.A. Held et 
al.[40] that for long-pitch cholesteric liquid crystals, the helical superstaructure was 
transferred onto a polymer network. However, for short-pitch ferroelectric liquid crystals, 
this transfer has not been observed. Recently, K. Akagi et al [41] were confirmed the 
possibility of the printing of the short helical pitch on the polymer network. Archer et al [33] 
showed that the defect of the FLC twisted grain boundary were found printed on the 
polymer network structure. In [21] the chevron pattern has been observed on the polymer 
network. The printing of the helical structure on the polymer network is also reported by 
[42]. One could not observe any twisting of the polymer strands when polymerized in the 
Sm A* phase [43]. This implies that even after polymerization, the characteristic property of 
the host phase in which polymerisation was carried out was effectively retained. The helical 
aspect of the fiber structure certainly influences and explains the electro-optical: Deformed 
Helix ferroelectric liquid crystals (DHF) [18] and electroclinic effects [19,20].  

Sof mode in the SmA phase 

Figures 16 (a) and 16 (b) show examples of the dispersion, ’(f) and absorption, ”(f) , 
dielectric spectra obtained in the SmA phase at Tc for each polymer concentration. Two 
relaxations mechanisms are detected. The first, at frequencies between 10 and 30 kHz 
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with a weak strength, is attributed to the soft-mode relaxation mechanism; whereas the 
second observed at high frequencies 1 MHz is due to the ITO conducting layers. As 
shown in Fig.16, at 1 kHz frequency, the dielectric response shows a very strong polymer 
concentration dependence; ’ decreases from 23 to 12 when the polymer concentration 
increases from 0% to 7%. This effect is also clearly demonstrated from the behavior of the 
absorption peak observed in Fig. 16 (b); the absorption peak decreases from 12 to 3 when 
the polymer concentration is varied from 0% to7%. We present in Figs. 17 (a) and 17 (b) 
the temperature dependence of the dielectric strength, s, and the relaxation frequency, 
fs, of the soft mode. For all studied concentrations, the behavior of versus temperature 
shows the same general features fig. 17 (a). A rapid increase in s is observed close to Tc 

for all concentrations studied. The increase in s at and close to Tc is dependent on the 
polymer concentration. Note that s becomes relatively weakly affected by the network 
as temperature increases from Tc (Fig. 17 (a)). The relaxation frequency, fs, exhibits a 
linear temperature dependence (Fig. 17 (b)). At Tc, fs increases from 10 to 36 kHz when 
the polymer concentration increases from 0% to 7%. This effect seems to be less 
dependent on the polymer network density at relatively higher temperatures  Tc +0.5 °C 
(Fig. 17 (b)). Similar behaviors have been observed in the case of dispersed silica particles 
on FLC matrix near the SmA-SmC phase transition [6–8]. However, Kundu et al. [25] 
showed for other PSFLC systems that the soft-mode dielectric strength remains 
unchanged when the FLC cells are stabilized by a polymer network formed from a 
nonmesogenic reactive monomer. These authors did not provide any indications of the 
network structure of their systems. However Beckel et al. [44] demonstrated that 
nonmesogenic monomers give rise to polymer chains which microseparate from FLC 
molecules in the smectic layers leading to a layer swelling. Obviously, this polymer 
network structure is completely different to that obtained in our systems Fig. 15. In order 
to examine how the polymer network influences the soft-mode dielectric strength of the 
PSFLC, we used the model previously developed [20] to explain the electroclinic 
behavior of PSFLC films.  

 
Figure 16. Frequency dependence of (a) the real and (b) the imaginary parts of the complex permittivity 
at the SmC-SmAphase-transition temperature, Tc, for different polymer concentrations.  
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Figure 17. Temperature dependence of (a) the dielectric strength and (b) the relaxation frequency fs of 
the soft mode in the smectic Aphase for different polymer concentrations. 

Although polymer networks formed in liquid crystal media generally have a complex 
structure, they have been previously modeled as an assembly of parallel cylinders randomly 
distributed within the liquid crystal media [7]. The cylinders are interconnected via a 
chemical cross linking which ensure the network stability. In the framework of the rigid 
model of the network introduced by Li et al. [17], they considered that FLC molecules are 
affected by the bulk anchoring force from network. Li et al. interpreted this bulk anchoring 
force in terms of a field like effect, where the orientation of the FLC molecules was coupled 
to that of the anisotropic polymer network. This model gives a macroscopic description of 
the polymer network and was successfully applied to describe the “V-shaped” electro-optic 
properties of FLC gels [17]. We adopt in our theoretical approach this model structure of 
random polymer network of Li et al. We will consider below as a characteristic parameter of 
the polymer network structure the average intercylinder distance, which we call Lc, (Figure 
18) and we try to analyze the effect of the applied electric field on smectic-A layers confined 
between two successive cylinders. The basic relation giving the free energy density of a 
chiral SmA phase near Tc in the presence of a small electric field E was expressed by Garoff 
et al. [45,46] as:    

 fE= f0+(1/2)  (T-Tc)2-CP+(P2/0C)-PE  (4) 

f0 represents contributions to free energy density from the undistorted SmA phase.  is the 
mean-field coefficient and C is related to the piezoelectric coupling between the polarization 
P and the induced electroclinic tilt . 0 is the dielectric constant and  is the electric 
susceptibility. Moreover, to the free energy density term expressed in Eq.4, two other 
contributions are required to describe the effect of electric field on SmA blocks confined 
between the polymer fibers. The first one consists of the free energy density fps arising from 
the bulk polymer stabilization, and may be written as [17] 

 fps = (1/2) Wp sin²  (1/2) Wp ²   (5) 
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Figure 18. Tilt angle induced by electric field in the SmA* phase; distortion due to the anchorage at the 
polymer boundaries (on the left). Lc is the average distance between two successive polymer fibers parallel 
to the direction of the electric field. Cell normal and layer normal are parallel to the Z and X axis 
respectively. 

Wp is the coupling coefficient for the interaction between the polymer network and the 
liquid crystal molecular director. Equation 5 is an approximative expression of fps because 
we are interested in low field regime where the angle is small. The second contribution 
comes from the elastic free energy density fel arising from a director distortion upon 
application of E. In our system, the smectic layers are arranged perpendicular to the 
direction of the fibers. Between two successive groups of fibers separated by the average 
distance Lc ( Figure18), due to anchoring forces between the liquid crystal molecules and the 
polymer network, the rotation of the director can be reasonably assumed not to be uniform: 
It is larger at or close to Lc /2 and weaker near the surface fibers. We must remark here that 
this theoretical approach of our PSFLC system is based on a one-dimensional model. We 
neglect then any splay deformation of the director, and we only consider the elastic energy 
arising from a twist deformation. fel can then be given by the following expression: 

 fel = (1/2) K2 (/z)2  (6) 

K2 is the twist elastic constant, and Z denotes the coordinate along the axis parallel to the 
direction of the applied electric field. The total free energy density f t= fE+ fel+ fps is then 
expressed as : 

 ft= f0+(1/2)  (T-Tc)2-CP+(P2/0C)-PE+(1/2) K2 (/z)2+(1/2) Wp ² (7) 

The equilibrium values of P and  are found by minimizing the free energy ft with respect to 
P and  , respectively. This leads to the following equations: 

  (T-Tc) - CP+ Wp  - K2 ( ²/z²)=0 (8) 

 C - (P/0) + E=0 (9) 

Inserting Eq. 9 into Eq. 8 gives  

 K2 ( ²/z²)-  (T-T’c) +C 0 E=0 (10) 

Polymer fibers

Pind

ind(0)=0 ind c(L )=0

Lc

E

X

Z

Y

ind
n

N

O



Atomic Force Microscopy Observations of the Polymer  
Network Structure Formed in Ferroelectric Liquid Crystals Cells 19 

where T’c =Tc −Wp / is the SmC*−SmA transition temperature of the PSFLC system; Tc =T0 

+C²0 / is the SmC*−SmA transition temperature of pure FLC. Equation 10 governing the 
director distortion induced by an applied electric field in the SmA phase the anisotropic 
polymer fibers in PSFLC systems constrain the molecular orientation at their surfaces as the 
screw dislocations at the grain boundaries in the TGBA phase do. To solve Eq. 10, we 
assume the anchoring of the molecules at the fiber surfaces to be rigid. The boundary 
conditions at these surfaces are :  (z=0)=  (z=Lc)=0 

Equation 10 has a solution :  

  (z)=(CE)( (T-T’c) )-1 [1-exp(z/a)((1-exp(Lc/a))-1 - exp(-z/a) (1+exp(-Lc/a))-1 ] (11) 

Where 

a= (K2/((T-Tc))1/2  

Averaging the  (z) [15] and P(z) values over the 0  z  Lc  domain (Figure 18) gives the 
expression of the mean induced tilt and polarization : 

 <PSFLC >=(0CE)/(T-T’c )[ 1- tanh (Lc/2a) / (Lc/2a)] (12) 

 <P PSFLC > = (0E)+ (0 2C2E) / (T-T’c ) [1- tanh (Lc/2a) / (Lc/2a)]   (13) 

Where 

a= K2 ((T-T’c)) -1 

The average induced polarization can also be written as :     

 <PPSFLC> = (0E)+ (0 E PSFLC ) (14) 

The identification between equations (13) and (14) gives the expression of the dielectric 
strength of the soft mode, PSFLC, as a function of Lc :             

 PSFLC  (0 2C2E) /  (T-T’c ) [1-H]  (15) 

Where H = tanh (Lc/2a)/(Lc/2a) which we called the elastic parameter, depends on the network 
density via Lc. For a same given reduced temperature, (T-T’c), the equation (10) can be 
expressed as: 

 PSFLC    FLC [1-H]   (16) 

FLC denotes the soft mode dielectric strength of the pure FLC. Equation (16) shows that, in the 
SmA* phase, the main parameter that governs the soft mode dielectric strength in the PSFLC 
films is Lc. This means that the stored elastic energy arising from the distortion of the director 
upon application of electric field is as much larger than the Lc becomes smaller, which causes a 
decreases of the soft mode dielectric strength (equation (16)). The effect of the polymer 
concentration on the dielectric strength is in accordance with the theoretical results (Equation 
16). According to this equation, the s is reduced by the increase of the polymer network 
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density or by decreasing the distance Lc. To explain quantitatively the behavior of the reduction 
of the soft mode dielectric strength we can use the expression given by equation (16). From this 
equation, we conclude that the main parameter which governs the soft mode dielectric strength 
is the vertical distance which separated between two successive groups of polymer fibers Lc. We 
used the values of  8.8 10+3 N m-2K-1, a =0.12µm [20], and the values of s presented in the 
Figure 17(a) at T-Tc=0.1° C, with a reasonable value of the twist elastic constant, typically, K2 10-

11 N, the equation (16) was graphically resolved to evaluate Lc. We obtain a mean inter-fiber Lc. 
The results are displayed in Fig. 15. The calculated values were compared to those directly 
measured from the topography of the polymer networks obtained by means of AFM 
experiments (Fig. 19). Figure 19 shows example of AFM images and height profiles on the z 
direction in Fig. 18 of the polymer network. The height profile in the z direction indicates two 
successive groups of fibers. The mean distance Lc Fig. 18 between them was evaluated for each 
polymer concentration and displayed in Fig. 20(a). The measured values of Lc linearly decrease 
with the polymer density and agree well with those calculated from the model. It seems from 
these results that the fibrillar and anisotropic nature of the network stabilizes, at long-range 
scale, the SmA order and opposes the electric field effect on the deformation of the SmA 
director. These results are in accordance with previous works [19,20] of the electroclinic effect in 
the same PSFLC systems, which demonstrate that the electroclinic susceptibility of these 
systems is reduced with the increase in the polymer network density. It must be noted here that 
the average lateral separation distance (y direction in Fig.18) between polymer strands is 
estimated to be about 10 µm (Fig. 19), which is 1 order of magnitude higher than Lc.  

 
Figure 19. Tapping mode AFM images of polymer network structure of 40 x 40 µm ² (upper) and the 
height profile of the network structure (lower) of the 2%, 3.5% and 5%, respectively polymer 
concentration formed at T=25°C. 
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Figure 20. The average distance between two successive groups of fibers Lc as a function of polymer 
concentration (a) and the coupling interaction Polymer-Liquid crystals (Wp )(b). 

This difference between interfiber distances in the two directions is an unexpected result. In 
fact, during the photopolymerization process, the mobility of the reactive monomers could 
be comparable within the smectic layers so that they present the same ability to come 
together and react to form the network. This ability could be significantly different across 
the smectic layers. Therefore, it would be reasonable to suspect that the average distance 
between polymer fibers could be of the same order of magnitude in lateral direction as well 
as in the z direction. The result found here is not yet clear, and the physical and chemical 
mechanisms governing the formation of the network could provide an explanation of our 
finding. This is not the aim of the work presented in this chapter. From the shift of the 
transition temperature, T=Tc−T’c = Wp/ , the coupling coefficient, Wp, characterizing the 
interaction energy between the FLC and the polymer network can be estimated. Tc values 
of 0.2 °C, 0.5 °C, 0.7 °C, an 0.9 °C were found for the polymer concentration of 2%, 3.5%, 5%, 
and 7%, respectively. The values of Wp are displayed in Fig. 20 (b). Wp linearly increases with 
the polymer concentration. The linear behavior of Wp in PSFLC system was already 
reported in earlier works [18-20]. The value of Wp found here are within 1 order of 
magnitude of those reported by Furue et al. [21] and Li et al. [17] on other PSFLC systems. 

3.2.2. Effect of the polymer network morphology created under electric field in the short 

pitch ferroelectric liquid crystal on the dielectric responses 

In this study we show that, both the dielectric intensity and the relaxation frequencies of the 
collective relaxations mechanisms namely soft and the Goldstone modes are strongly affected 
not only by the presence of the polymer network but also by the polymerization conditions. 

Two samples cells with7% polymer concentration were then exposed to ultraviolet light 
(wavelength  = 365nm) at 25 °C with an intensity of 18 (mW/cm2) for 30 minutes. One of 
each is polymerized without the presence of electric field, however, the other cell is 
polymerized with the presence of AC electric field at 5 V µm -1 and for f= 1 Hz. 

Goldstone mode of the SmC* 

In Figures 21 (a) and (b) the parameters  G and fG obtained from the curve-fit procedure 
are displayed. For all studied samples, the behavior of G versus temperature shows the 
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same general features (Figure 21 (a)). As seen in this figure, G increases slightly to reach a 
maximum at Tmax (3°C below Tc). Above Tmax, G abruptly decreases. 

 
Figure 21. Temperature dependence of the Goldstone mode dielectric intensity (a) and the relaxation 
frequency (b). 

Figure 21(b). This figure shows that the fG slightly increases with temperature, reaches a 
maximum, then rapidly decreases to a minimum value at a temperature corresponding to Tmax. 
It can be see from the figure 21 (b) that at room temperature, the fG values are about 1.5 kHz, 4 
kHz and 7 kHz for pure FLC, cell polymerized without and that polymerized with electric field, 
respectively. Significant differences were reported by Kaur et al [23] in another PSFLC 
systems. These authors were reported that the relaxation frequency fG for the case when an 
bias field is applied during the polymerisation is very lower than in the case for sample when 
no bias was applied during the polymerisation. From the Equation (2) and (Equation 3), the 
values of Keff are found about 2 10-11 N and 5.6 10-11 N for mixtures polymerized without and 
those polymerized with electric field, respectively. In conclusion, a lower dielectric strength (or 
larger relaxation frequency) could appear for a result of an increase of the elastic constant. 

Soft mode of the SmA* phase  

In Figures 22 (a) and (b) the temperature dependences of the dielectric strength, s, and the 
relaxation frequencies, fs, are shown for the soft mode detected in the SmA phase. One can see 
that at (T-Tc)=0.1° C, an increase in the polymer concentration leads to the strong reduction of 
the soft mode dielectric strength. At the same temperature, s for a mixture polymerized 
without electric field is three times higher than those polymerized under electric field.  

It can be seen that, at T-Tc =0.1°C, an increase of the polymer concentration from 0 to 7% leads to 
an increase of fs from 10 KHz to 40 KHz, respectively. It can be seen from this figure that, at T-Tc 

=0.1° C the cell polymerized with electric field presents a high fs value about 80 KHz (Figure 

22(b). To explain quantitatively the behavior of the reduction of the soft mode dielectric strength 
we can use the expression given by equation (16). We used the values of  8.8 10+3 N m-2K-1, a 
=0.12µm [19,20], and the values of s presented in the Figure 22(a) at T-Tc=0.1° C, with a 
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reasonable value of the twist elastic constant, typically, K2 10-11 N, the equation (16) was 
graphically resolved to evaluate Lc. We obtain a mean inter-fiber distance Lc  500 nm and 200 
nm, for samples polymerized without and those polymerized with electric field respectively.  

 
Figure 22. Temperature dependence of the dielectric intensity (a) and the relaxation frequency (b) of 
the soft mode in the smectic A* phase. 

Atomic force microscopy observations 

Figure 23 shows examples of AFM images and height profiles in the z direction of the Figure 
18 of the polymer networks. These figures reveal that the separation distance between two 
polymer fibers ( in the Y direction of the Figure 18) varies from 1 µm to 3µm for the cell 
polymerized without electric field and from 300 nm to 500 nm for sample polymerized under 
electric field. The diameter of the fibrils was found varied between 500 nm and 1µm for 
sample polymerized without electric field. However, it is found between 200nm and 700 nm 
for sample polymerized with electric field.  

Figures 3 and 4 (lower) represent the height profiles (on the z direction in the figure2) of the 
polymer networks. The height profiles show two successive groups of fibers. The mean distance, 
Lc between them was evaluated for each sample and are about 480nm and 250 nm for samples 
when no field was applied during the polymerisation and those polymerized under electric field 
respectively. In conclusion, it must be noted from these observations that the polymerization 
under electric field is a principal factor affecting the polymer network structure. These calculated 
values are in accordance with those measured by the model. Tc values of the sample 
polymerized without Electric and those polymerized with E are 0.9°C and 1.4°C, respectively. 
The coupling interaction Wp values are 0.46 104 (J/m3 ) and 12,3 104 (J/m3) for sample polymerized 
without electric field and those polymerized with electric field respectively.  

In conclusion, the main parameter which governs the dielectric strength and the relaxation 
frequency in our PSFLC systems is the distance Lc which separated between two layers of 
the polymer network in the Z direction parallel to the direction of the electric field. The 
changes observed on the dielectric response are confirmed by AFM pictures. The 
polymerization under electric field is another factor affecting the structure of the polymer 
network formed in liquid crystals. 
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Figure 23. Tapping mode AFM images of polymer network structure of 40 x 40 µm ² (upper) and the 
height profile of the network structure (lower) of the 7% polymer concentration (polymerization 
without electric field) on the left and that polymerized under electric field (on the right). 
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