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This contribution focuses on a detailed investigation of polymerization/crosslinking process, either 
induced by UV radiation (λ=365 nm), or by electron beam exposure of polypropyleneglycoldiacrylate 
monomers, in conjunction with the nematic liquid crystal E7, in order to compare the phase diagrams, 
kinetics of polymerization and electro-optical properties of the obtained Polymer dispersed liquid 
crystals (PDLC) films. The electro-optical responses of various PDLC systems exhibit remarkable 
differences between UV-cured and analogous Electron Beam (EB) cured samples. It is found that the 
threshold and saturation voltages are considerably increased in the case of UV-cured systems. Other 
results involving electro-optical characteristics such as the contrast ratio which is higher for EB-cured 
systems confirm the higher quality of EB-cured systems in addition to the advantage that EB curing 
leads to high monomer conversions without a photoinitiator which may act as impurity producing a 
strong impact on the electro-optical performance of the obtained PDLC’s. 

Електро-оптични устройства – приложение на електроннолъчева техника: Течни 
кристали,  дисперграни в полимери (Улрих Машке, Мохамед Бочакур,  Язид Деруише, Зохра 
Буберка). Тази работа е фокусирана върху детайлно изследване на напречно-сшиване на 
полимерните молекули при полимеризация, индуцирана чрез ултравиолетова радиация (λ=365 
nm ) или облъчване с електрони на мономер полипропиленглуколдиакрилат, в смес с нематичен 
течен кристал Е7, за да се сравнят фазовите диаграми, кинетиката на полимеризация и 
електро-оптичните свойства на получения дисперсен слой от течен кристал (ДСТК). 
Електро-оптичните свойства на ДСТК системите са много различни в зависимост от 
използването на УВ лъчение или електронен сноп. Намерено е, че прагът и напрежението на 
насищане са значително по-високи в случая на облъчена с УВ лъчение система. Друг резултат 
относно електро-оптичните характеристики – е например контрастното отношение, което 
е по-високо за облъчените с електрони системи, в допълнение на преимуществото, че 
електронното облъчване води към висока конверсия на мономера без фотоинициатор, който 
може да действа като източник на замърсявания, оказващ силно въздействие на електро-
оптичните характеристики на получените ДСТК. 

 

Introduction 
Polymer Dispersed Liquid Crystals (PDLC’s) 

have been developed extensively within the past 
decades. They are made of micron to submicron 
sized droplets dispersed in a solid polymer matrix. 
These systems exhibit a remarkable electro-optical 
behaviour since they can be switched from an opaque 
to a transparent state simply by application of an 
alternative electric field. PDLC films are useful for 
various applications including optical shutters, 
privacy windows, telecommunications and 
information displays. The preparation of these films 
is often based on polymerization induced phase 
separation (PIPS) processes induced either by 

Electron Beam (EB) exposure or UV light. EB 
curing leads to high monomer conversion without a 
photoinitiator which may act as impurity that has a 
strong impact on the electro-optical performance of 
the obtained PDLC’s [1-3]. Thiol-enes systems as 
well as mono- and multi-functional acrylates and 
methacrylates are the basic monomers used to 
prepare PDLC’s. During the polymerization reaction, 
the LC becomes less miscible with the growing 
polymer, and finally the mixture will separate into 
two phases. A proper control of the phase separation 
phenomena of polymer/LC composite systems is 
necessary to obtain different morphologies, 
depending essentially on the polymerization 
conditions [2]. 
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Andrzejewska [4], Decker et al. [5,6], T. Scherzer 
et al. [7], and K. S. Anseth et al. [8] studied 
extensively the photopolymerization of 
multifunctional monomers. They found that it is a 
complicated process, especially with respect to 
reaction kinetics. The kinetics of network formation 
involve phenomena not observed for linear 
polymerizations, especially immediate onset of 
autoacceleration and radical trapping at early stages as 
well as a dominance of reaction diffusion as the means 
of migration of radical centers. In the later stages of 
polymerization, autodeceleration and incomplete 
functional group conversion occur, because of the 
extremely low mobility of reacting species in the 
crosslinked network. 

Defoort et al. [9], Patacz et al. [10-11], Maschke et 
al. [12], and Knolle et al. [13], have deeply studied the 
polymerization of Tripropyleneglycol-diacrylate 
(TPGDA) under accelerated Electron beams. They 
found that EB-induced free radical polymerization of 
acrylic monomers is considered to follow the same 
reaction scheme as for UV-induced polymerization. 
The main difference between the two initiation 
processes lies in the energy deposition and the 
pathway for free radical generation. EB networks are 
usually uniformly cured due to the full-depth 
penetration of the electrons. Meanwhile, its UV 
counterparts tend to be less ‘‘cured’’ due to the 
photoinitiator which absorbs more of the UV radiation 
at the surface rather than in the core, resulting in non-
uniform polymer networks from the surface to the 
core, especially for thick parts. 

In this paper, two polypropyleneglycoldiacrylic 
monomers possessing the same chemical structures 
were studied. They differ only by their chain lengths 
between the reactive two double bonds, TPGDA (300 
g/mol) and PPGDA900 (900 g/mol). PDLC systems 
made of TPGDA/E7 and PPGDA900/E7 are cured via 
PIPS processes using UV and EB radiations. In the 
first case, a small amount of photoinitiator is added to 
initiate the polymerization/crosslinking process. 

Experimental Part 

A. Materials 

Tripropyleneglycoldiacrylate (TPGDA) with 
Mn=300 g/mol (n=3) and polypropyleneglycol-
diacrylate (PPGDA900) with Mn=900 g/mol (n=12) 
was obtained from Sigma Aldrich. The nematic LC is 
an eutectic mixture called E7 (Merck Japan), 
containing four cyanoparaphenylene derivatives; 51 
wt.% 4-cyano-4'-pentylbiphenyl (5CB), 25 wt.% 4-
cyano-4'-heptyl-biphenyl (7CB), 16 wt.% 4-cyano-4'-

octyloxybiphenyl (8OCB), and 8 wt.% 4-cyano- 4"-
pentyl-p-terphenyl (5CT). It exhibits a nematic-
isotropic transition temperature at TNI=61°C and a 
positive dielectric anisotropy ∆ε=ε//−ε┴ at T=20°C, 
where ε// and ε┴ represent the parallel and 
perpendicular dielectric constants, respectively. The 
refractive indices of E7 at T=20°C are given as 
no=1.5183; ne=1.7378 (λ=632.8nm) leading to a 
birefringence of ∆n=ne-n0=0.2195. The chemical 
structures of the compounds are given in Fig. 1. 
Darocur 1173 (2-hydroxy-2-methyl-1-phenyl-
propane-1-one) of Ciba (Italy) is used as a 
photoinitiator. All chemicals were used as received 
without any purification. 

 

 
 

Fig.1. Chemical structures of (a) Polypropyleneglycol-
diacrylate PPGDA, (b) the nematic LC mixture E7, (c) the 
photoinitiator 2-hydroxy-2-methyl-1-phenyl-propane-1-one 

(Darocur 1173). 
 
For UV curing, 2 wt. % of Darocur 1173 compared 

to that of the monomer, the LC E7 and the monomer 
were weighted and allowed to mix over night before 
use. For EB curing, no photoinitiator was needed. The 
PET (ITO) foils of 50 and 100 µm were supplied from 
Renker (Germany). 
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B. Ultraviolet Curing 

Two UV lamps of type TL08 (Philips), which have 
an output power of 18 W each, were employed as UV 
light sources fixed inside a box and separated from 
each other by around 10 cm. They have a maximum 
output at a wavelength of λ=365 nm, and a dose rate 
of 44 mJ/cm2.min. The exposure times take some 
seconds up to several minutes depending on the 
monomer reactivity. This UV equipment was chosen 
deliberately to lead to a relatively slow 
photopolymerization process for better controlling of 
the phase separation phenomenon. Exposure to UV 
irradiation was conducted at room temperature and in 
some cases under nitrogen gas circulation. 

C. Electron Beam Curing 

The generator used for these experiments is an 
Electrocurtain Model CB 150 (Energy Sciences Inc.) 
with an operating high voltage up to 175 kV used for 
electrons acceleration, and to reach 100 µm of 
penetration depth. The samples less thick than 50 µm 
were covered by PET 50 µm and put on a tray which 
passed under the Electrocurtain by means of a 
conveyor belt. The received dose could be monitored 
by the current intensity and the conveyor belt speed. 

D. Polarized Optical Microscopy 

Polarized optical microscopy (POM) is a common 
technique that gives information about the 
morphology of materials. It is also used to study the 
phase transitions for monomer/LC mixtures and 
PDLC’s. The Olympus BX-41 is connected to a 
digital camera that can record images with a high 
resolution. A small droplet was put on a microscope 
glass plate inside the oven at a temperature around 
50°C, where the mixture is isotropic, then transferred 
under the POM which was set at 60°C for about 5min. 
After that an upper glass plate was introduced before 
the sample was cooled down by a rate of 0.5°C/min in 
order to observe the transition from isotropic to 
nematic state. 

E. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) 
measurements were performed on a Perkin Elmer 
Pyris Diamond calorimeter equipped with an 
Intracooler 2P system. A rate of 10°C/min during 
heating and cooling was used in the temperature range 
of -72 to 100°C. The program consisted first to cool 
the sample, of mass 8mg, to -72°C followed by three 
heating and cooling cycles. The results presented in 
this study were taken from the second heating cycles. 

F. Infrared spectroscopy 

FTIR spectra of thin films (less than 10µm), 
covered by PET 100 µm for UV curing, and PET 50 
µm for EB curing, were recorded in the absorption 
mode by a Perkin Elmer 2000 model at room 
temperature using 16 scans and a resolution of 4 cm-1. 
Small cumulated doses were applied for both methods 
of elaboration. The time interval between the end of 
exposure and the infrared analysis was kept constant 
(around one minute). The experiments were repeated 
three times to check the reproducibility of the results. 

G. Electro-Optical Measurements 

The electro-optical properties were analyzed by 
using a set up described earlier in ref. [14]. A linearly 
collimated beam from He-Ne laser light (λ=632.8 nm) 
passes perpendicularly through the sample. The 
transmitted intensity was measured by a silicon 
photodiode. For the electro-optical measurements, an 
external electric field is applied across the PDLC film. 
The output of a frequency generator is amplified and 
used to drive the shutter device. Starting from the 
electrical off-state, the applied alternating sinusoidal 
voltage of 1 kHz frequency was increased linearly up 
to a desired maximum value Vmax, and then 
subsequently decreased in the same way to 0 volt. The 
whole scan up and down ramp took 120 s with an 
additional extra time of 60 s to allow the sample for 
relaxation. The same procedure was repeated several 
times using the appropriate increasing voltage values. 

Results and discussion 

Phase diagrams by POM and DSC 

Fig. 2 illustrates the phase diagrams of the two 
monomeric TPGDA/E7 and PPGDA900/E7 mixtures. 
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Fig.2. Phase diagrams of TPGDA /E7 (squared symbols) 

and PPGDA900/E7 (triangular symbols). Empty and full 
symbols correspond to POM and DSC measurements, 

respectively. 
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Empty and full symbols correspond to POM and 
DSC measurements, respectively, recorded following 
the procedure described above. The nematic/isotropic 
(N/I) transition temperature (TNI) decreases upon 
adding monomer to the LC E7. The depression of TNI 
follows a similar trend for the two monomers. The 
observations by POM were performed by varying 
temperature and concentration of the nematic LC E7, 
covering the range from 30 wt. % to 100 wt. % of E7, 
in order to detect the segregated LC domains in the 
(nematic+isotropic) bi-phase. 

Fig. 3 shows the morphology corresponding to the 
monomeric PPGDA900/E7 system at a temperature of 
20°C and for three different E7 concentrations. The 
micrographs reveal a clear variation of the LC domain 
sizes in the nematic state, depending on the E7 
concentration. The choice of the right monomeric 
composition is crucial in terms of the phase separation 
induced by PIPS: good electro-optical results can 
generally be obtained if the initial reactive blend is in 
the homogeneous isotropic phase, close to the limit of 
LC solubility [2]. For this reason, 60 wt. % E7 was 
chosen which corresponds to the limit of its solubility 
in PPGDA900, and the same E7 concentration was 
maintained for all mixtures. 

 

 
          a)                                     b) 

 
c) 

Fig.3. Morphologies of PPGDA900/E7 monomeric 
mixtures at 20°C: (a) 60, (b) 70 and (c) 80wt. % E7. 

B. Infrared spectroscopy 

The kinetics of photopolymerization and phase 
separation of monomer/LC mixtures govern the 
architecture of the obtained polymer network. 
Difunctional acrylic monomers lead to chemically 
crosslinked polymer networks. It is evident that high 
monomer conversions should be reached to minimize 
undesired effects of unreacted monomers. FTIR 

spectroscopy is a versatile method used to investigate 
the extent of curing via carbon-carbon double bond 
consumption. 
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Fig.4. FTIR-analysis: Conversion of acrylic double bonds 

of TPGDA, PPGDA900, TPGDA/60% E7, and 
PPGDA900/60% E7 prepared by (a) UV- and (b) EB 

curing. The open squares and triangles refer to PPGDA900 
and TPGDA, the full squares and triangles refer to 

PPGDA900/E7 and TPGDA/E7, respectively. 

Several absorption bands are available to monitor 
the polymerization/crosslinking processes and to 
evaluate the conversion of the acrylic double bonds of 
TPGDA and PPGDA900. One of the most 
characteristic absorption bands which is quite often 
used in FTIR-analysis of acrylates, is the one 
corresponding to the –CH=CH– deformation vibration 
at 810cm-1. Unfortunately, the LC E7 exhibits a strong 
absorption band near 810 cm-1 originating from the 
vibration of the phenyl group [15-17]. To circumvent 
this difficulty, coming from the overlap of these two 
bands, another peak emerging at 1638 cm-1 is used for 
the analysis of the monomer/E7 mixtures. The 
calculation of the monomer conversion is made by 
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considering the peak heights of the absorption band at 
1638cm-1. The conversion ratio C is calculated using: 

(1) 
( )

( )( ) ( )( )

( )( )

1638 16380

1638 0

A A
C % =

A
D D

D

=

=

−

 
 
where (A1638)D=0 is the height of the peak at 

1638cm-1 (i.e., radiation dose D is zero), and (A1638)D 
is the corresponding result for the system exposed to a 
dose D. Fig. 4 represents the results of a FTIR 
spectroscopic analysis of two different systems based 
on 40wt.% monomer and 60wt.% E7 under UV and 
EB irradiation. In the UV part, Fig. 4(a) shows the 
evolution of the acrylic double-bond conversion as a 
function of UV light exposure time. The inset of this 
figure exhibits the same results in the range between 0 
and 70s. The open squares and triangles refer to 
PPGDA900 and TPGDA with 2wt. % of Darocur 
1173 respectively, the full squares and triangles refer 
to PPGDA900/E7 and TPGDA/E7, respectively. It 
was noticed that increasing irradiation doses lead to an 
uptake of the monomer conversion. The TPGDA 
system showed slower polymerization kinetics leading 
to lower conversion values compared to PPGDA900, 
even though it has a lower viscosity than PPGDA900. 
The TPGDA polymer network exhibited higher 
crosslink density, leading to a relatively high glass 
transition temperature (Tg), which would exceed room 
temperature in some cases, and thus lead to a very 
restricted or hindered mobility of the reacting species 
during polymerization. The PPGDA900 system 
revealed a sharp increase of the conversion 
particularly between 10 and 60s, showing fast photo-
polymerization. This could be explained by the 
enhanced mobility of the reacting species related to 
the strongly reduced Tg (less than room temperature), 
due to the greater distance between acrylic functional 
groups. Adding E7 to the mixture leads to some 
retardation effect at the early stages of the reaction 
due to the solvation effect of E7. The reaction was 
then controlled by the diffusion of the reactive species 
in the solvent E7; however, it enhances considerably 
the reaction toward completion after phase separation. 
The phase separation in TPGDA/E7 started later than 
that for the PPGDA900/E7 system; this might be 
related to the fact that phase separation was mainly 
affected by the increase in molecular weight of the 
network [18]; the starting PPGDA900/60wt.% E7 
mixture was at the limit of solubility, however, far 
away from the limit of solubility (80wt.% E7) of the 
TPGDA/60wt.% E7 mixture. 

In the case of EB curing, Fig. 4(b) shows the 
evolution of the acrylic double-bond conversion as a 

function of EB exposure time. The inset of this figure 
exhibits the same results in the range between 0 and 
2.5 s. The TPGDA system showed faster 
polymerization kinetics leading to higher conversion 
values compared to PPGDA900. This was mainly 
attributed to the higher number of reactive sites which 
were closer to each other in TPGDA than in 
PPGDA900. Limited conversions were obtained at 
higher exposure times due to the reduced mobility of 
the reactive species during the later stages of 
polymerization. Adding E7 to the two systems 
induced the same effects as stated for UV curing. 
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Fig.5. Electro-optical responses of TPGDA/E7 and 

PPGDA900/E7 prepared by (a) UV and (b) EB curing. The 
up and down triangular symbols refer to TPGDA/E7, and 

the solid and dashed lines refer to PPGDA900/E7, 
respectively. 

Electro-optical responses 

The UV samples were made by introducing a small 
amount of the mixture between two ITO-coated 
glasses, and then cured at a dose of 150 mJ/cm2 for 
about 5 min, allowing complete conversion of the two 
systems. The EB samples were made by sandwiching 
a small droplet of the mixture between an ITO-glass 
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and a PET-ITO sheet, and then exposed to 120 kGy 
for about 2.45 s of residence time. This was achieved 
by fixing 2 mA of intensity and adjusting the speed of 
the conveyor belt. 

Fig. 5 represents the electro-optical responses of 
UV and EB cured 19 µm thick samples. The up and 
down triangular symbols refer to TPGDA/E7, and the 
solid and dashed lines refer to PPGDA900/E7, 
respectively. 

The plateau of the ON state transmission for UV 
systems was reached at higher voltages than that for 
EB systems. The threshold V10 and saturation V90 
voltages increased strongly for UV systems than for 
EB systems i.e. UV systems require higher voltages to 
be activated. This might be related to the different 
types of morphologies obtained by the two curing 
methods. More regular morphology would be obtained 
in the case of EB [19-21]. Here, the higher 
crosslinking density of TPGDA/E7 and lower spacing 
between reactive double bonds yield smaller droplet 
sizes than for the PPGDA900/E7 system. For this 
reason the OFF state light transmission is reduced 
while the width of hysteresis is broadened. In the case 
of EB cured systems, one finds that V10 and V90 of 
TPGDA/E7 are much lower than for the 
PPGDA900/E7 system. The TOFF values remained 
near zero before and after applying the electric field 
meaning that there was practically no memory effect. 
Moreover, the maximum transmission TON of 90% can 
be achieved at a voltage as low as 17V and the width 
of hysteresis is also very narrow. The results found for 
the TPGDA/E7 system confirmed the conclusions 
made earlier by Gyselinck et al. [22] and Benkhaled et 
al. [23], that EB cured PDLC films exhibit better 
electro-optical responses compared to their analogous 
UV cured systems. 

Conclusion 
In this study, some physical properties were 

reported for the TPGDA/E7 and PPGDA900/E7 
systems prepared by two different methods UV and 
EB curing. The investigation of the phase diagrams 
indicated that 60wt. % of E7 represents the limit of 
solubility for the PPGDA900/E7 mixture at room 
temperature. This composition was chosen also for the 
TPGDA/E7 mixture to work at the same E7 
concentration. In the case of UV cured systems, the 
higher the molecular weight of the monomer (longer 
spacing between the two double bonds of the 
monomer or between two adjacent crosslinking points 
of the polymer network), the higher the mobility of 
reactive species, and the higher the rate of 
polymerization/crosslinking. In the case of the EB 

cured systems, the lower the molecular weight of the 
monomer (shorter spacing between two adjacent 
crosslinking points), the higher the number of reactive 
species that are close to each other, and the higher the 
rate of polymerization/crosslinking. The LC E7 acts as 
a solvent for the reaction in the early stages of 
polymerization, and it enhances considerably the 
polymerization reactions for both methods of 
elaboration during the later stages of the reaction, due 
to its plasticizing effect. The electro-optical responses 
of the two systems showed that in the case of EB-
curing, the lower the molar mass of the monomer 
(shorter spacing between adjacent crosslinking 
points), the better the electro-optical properties. 
However, in the case of UV curing, the longer the 
spacing between adjacent crosslinking points, the 
better the electro-optical properties. 
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