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Calais, Algérie

Polymer Dispersed Liquid Crystal films were elaborated by photopolymerization
using ultraviolet radiation of liquid crystal/monomer mixtures. Three acrylic difunc-
tional propyleneglycol based monomers were used; differing only by their chain
lengths in terms of their molecular weight. Infrared spectroscopy investigation made
it possible to obtain the monomer conversion rates, in order to determine the effect of
the presence of liquid crystal on the kinetics of polymerization and phase separation.
The characterization by linear dielectric spectroscopy of the monomers and poly-
mers was carried out as a function of temperature in the frequency range from
20 Hz to 1 MHz.

Keywords Dielectric spectroscopy; differential scanning calorimetry; infrared
spectroscopy; liquid crystal; polymer

1. Introduction

Polymer/liquid crystal systems are the subject of intensive investigations in many
laboratories around the world [1,2]. This interest is motivated by their potential
use in many fields of high technology involving electronic equipments, display sys-
tems, commutable windows, etc [1,2]. In particular, PDLC (Polymer Dispersed
Liquid Crystal) systems are multicomponent mixtures and can be switched electri-
cally from a light scattering ‘OFF’ state to a highly transparent ‘ON’ state. In this
work we are particularly interested in an experimental study of the effect of molecu-
lar weight of starting materials (monomers) on the thermo-physical and dielectric
properties of elaborated polymer/LC systems. Difunctional acrylic propyleneglycol
based monomers having similar chemical structures and nematic LC E7 were used.
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Propyleneglycol diacrylate is a difunctional acrylate monomer that is particularly
useful in inkjets and coatings where improved thermal stability is desired under oper-
ating conditions. In addition, some components made of propyleneglycol diacrylate
exhibit good flexibility, adhesion and moisture resistance, and improved filtration
characteristics, which can shorten manufacturing time, and reduce usage of filtration
media. The propyleneglycol diacrylate monomers employed in this study are dis-
tinguished by their molecular weight between the two reactive chain ends, giving
the formation of polymer networks with varying distances between two adjacent
crosslinking points. A dielectric study of these three monomers was performed using
an impedance bench measurement covering a wide frequency range from 20 Hz to
1 MHz. The aim is to compare the dielectric and thermo-physical properties of the
monomers, the corresponding polymer, and selected polymer/LC systems.

2. Materials and Experimental Methods
2.1. Materials

Three acrylic difunctional propyleneglycol based monomers possessing the same
chemical structures were used in this study; differing only by their chain lengths
in terms of their molecular weight:Tripropyleneglycoldiacrylate (TPGDA) with
300 g/mol, polypropylene-glycoldiacrylate with 540 g/mol (PPGDAS540), and poly-
propyleneglycoldiacrylate with 900 g/mol (PPGDA900).

Samples were prepared from mixtures of X weight-percent (wt.-%) LC and
(100-X) wt.-% of the monomer. 2 wt.-% (compared to the acrylate) of 2-hydroxy-2-
methyl-1-phenyl-propane-1-one (Darocur 1173) was added as photoinitiator to the
initial mixtures before exposure to UV light. All products were used as received.

The nematic LC used in this work is the eutectic mixture E7 (Merck KGaA,
Darmstadt, Germany) containing four cyanoparaphenylene derivatives. E7 is made
of 51 weight-percent (wt.-%) 4-cyano-4’-pentylbiphenyl (5CB), 25 wt.-% 4-cyano-4'-
heptyl-biphenyl (7CB), 16 wt.-% 4-cyano-4'-octyloxybiphenyl (80CB), and 8 wt.-%
4-cyano-4”-pentyl-p-terphenyl (5CT). This LC mixture exhibits a nematic-isotropic
transition temperature at Tny—61°C and a positive dielectric anisotropy Ae=¢,, —
¢, at T=20°C, where ¢/, and ¢, represent the parallel and perpendicular dielectric
constants, respectively. The refractive indices of E7 at T=20°C are given as
no=1.5183; n,=1.7378 (4 =632.8 nm) [3,4], leading to a birefringence of An=n, —
no=0.2195. The chemical structures of the compounds are given in Figure 1.

Each mixture was prepared in duplicate and stirred at room temperature during
several hours. Samples for infrared spectroscopy measurements were prepared by
sandwiching the initial reactive mixture between a NaCl plate (Sigma Aldrich) and
a Polyethylene-terephthalate (PET) sheet (Renker, Germany), allowing a uniform
penetration of the applied dose in the depth of the sample. The PET sheet was coated
with a thin transparent layer of conducting indium/tin oxide (ITO). This technique
avoids undesired oxygen — inhibition effects and is routinely used in our laboratories
to prepare polymer/LC materials for different applications.

2.2. Experimental Methods

2.2.1. Differential Scanning Calorimetry (DSC). The Differential Scanning
Calorimetry (DSC) was used for the study of polymer/LC composites [5-13] and
detection of phase transitions for molecules of low molecular weight such as
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Figure 1. Chemical structures of (a) Polypropyleneglycoldiacrylate PPGDA, (b) the nematic LC
mixture E7, (¢) the photoinitiator 2-hydroxy-2-methyl-1-phenyl-propane-1-one (Darocur 1173).

the nematic LC E7. DSC measurements were performed on a Perkin Elmer Pyris
Diamond calorimeter equipped with an Intracooler 2P system allowing cooling
experiments. Samples for calorimetric measurements were prepared by introducing
approximately 8 mg of the film into aluminum DSC pans, which have been sealed
to avoid evaporation effects during the temperature treatment. A rate of 10°C/
min (heating and cooling) was used in the temperature range from —70 to
+100°C. The program consists first in cooling the sample followed by three heating
and cooling cycles to take into account eventual thermal events related to the sample
preparation history. The thermograms presented in this work were obtained from the
first heating ramps. In each case, at least three duplicate samples having the same
composition and prepared independently were used to check the reproducibility of
results. The polymer glass transition temperature was determined from the midpoint
of the transition range of the thermograms.

2.2.2. Infrared Spectroscopy. FTIR spectra of thin films (less than 10 um) in the
transmission mode were recorded at room temperature with a Perkin Elmer 2000
model before and after UV exposure. Each dose was applied once and the interval
of time between the end of exposure and the infrared analysis was kept constant
(below one minute). The number of accumulated scans was 16 with a spectral
resolution of 4cm™'. The experiments were repeated three times to validate the
results and check if they are reproducible.

2.2.3. Dielectric Spectroscopy. The dielectric characterization set-up is made of an
HP4284A impedance analyser, and a measuring cell which allows performing
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measurements in a frequency range 20 Hz-1 MHz. The measuring ac voltage is
fixed to 0.1 V. The real &(f) and imaginary &’(f) parts of the complex permit-

tivity &* (&*(f) = &'(f) — j¢'(f)) are calculated from the measured capacitance C and
conductance G:

#(f) = (1)

8// (f)

= 2xfC, (2)

where C, is the empty cell capacitance measured before cell filling. The tempera-
ture was stabilized with a temperature controller (Oxford Instrument ITC601 with
platinum sensor) with a accuracy better than 0.1°C; the experimental set-up is
controlled via a PC computer equipped with HPVEE software.

The measuring cell of dielectric spectroscopy consists of a planar capacitor made
of two glass plates [14]. To obtain an electrical contact, the first plate is covered by
gold and the second one by ITO which is transparent and allows thus to check the
filling of the cell. The sample thickness of 25 pm was fixed with mica or double-sided
self-adhesive tape spacers. The electrical contact on the electrodes is made with
coaxial connectors (SMA standard). The sample is introduced by capillarity. For
the LC, the dielectric characterization is usually carried out using oriented LC mole-
cules. Since, the total orientation of LC molecules vanishes, and no orientation
layers were used for polymer/LC materials.

3. Results and Discussion
3.1. Differential Scanning Calovimetry (DSC)

Figure 2 shows selected regions of DSC thermograms for the three polymer/LC
systems: 30wt% TPGDA/70wt% E7, 30wt% PPGDA540/70wt% E7, 30wt%
PPGDA900/70 wt% E7, and pure E7. In the temperature range chosen for this study
(—=70°C to 100°C), two characteristic transitions were detected for each system stud-
ied: on the left hand side of Figure 2, the glass transition of the LC domains
dispersed in the polymer matrix (7, (E7)); and on the right hand side, the
nematic-isotropic transition (7)) of these segregated LC domains at higher tem-
peratures. In Table 1 are summarized the values of T, (polymer matrix), T, (E7)
and TN, obtained for the different samples investigated.

The glass transition temperature of LC confined in the polymer matrix remains
almost constant with a slight variation of approximately 1°C for the three polymer/
LC systems, compared to pure E7. The results from Figure 2 (see also Table 1) show
clearly the decrease of the glass transition temperature of the polymer matrix with
the molecular weight of the monomer. An increase of chain length between two
adjacent crosslinking points leads to an enhanced molecular mobility and thus to
lower values of the T, (polymer matrix).

3.2. Infirared Spectroscopy

The kinetics of photopolymerization and the phase separation behavior of
monomer/LC blends govern the architecture of the obtained polymer network.
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Figure 2. DSC curves of E7 and cured 30wt% TPGDA/70wt% E7, 30 wt% PPGDAS540/
70 wt% E7 and 30 wt% PPGDA900/70 wt% E7.

The three difunctional propyleneglycol based acrylic monomers used in this work
give rise to chemically crosslinked polymer networks. In order to analyze the
extent of formation of the polymer network, the relationship between the conver-
sion of the monomers and the curing conditions was investigated. It is evident
that high monomer conversions should be reached to minimize undesired effects
of untreated monomers or dangling chains. FTIR spectroscopy was applied as
versatile method to investigate the extent of curing via carbon-carbon double
bond conversion.

Several absorption bands are available to monitor the polymerization/cross-
linking processes and to evaluate the conversion of the acrylic double bonds of
the monomers TPGDA, PPGDA540 and PPGDA900. One of the most character-
istic absorption bands which is quite often used in IR-analysis of acrylates is the
one corresponding to the -CH=CH- deformation vibration at 810cm~'. Unfortu-
nately, the LC E7 exhibits a strong absorption band near 810cm ™' originating
from the vibration of the phenyl group [15]. To circumvent the difficulty, coming
from the overlap of these two bands, another band emerging at 1638cm ™" is used
for the analysis of the monomer/E7 blend. The calculation of the monomer conver-
sion is made by considering the peak heights of the absorption band at 1638 cm™".

Table 1. Characteristic temperatures of E7 and cured 30 wt% TPGDA /70 wt% E7,
30 wt% PPGDA540/7O wt % E7, and 30 wt% PPGDA900/7O wt% E7

PPGD900 PPGDAS540 TPGDA

E7 (70 wt%) (70 wt%) (70 wt%)
T, (poly matrix) [°C] =51 —41 -22
T, (E7) [°C] —65 —65 —66 —66

T [°C] 58 52 53 54
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The conversion ratio C is calculated using:

(A1638) (p=g) — (A1638)(p)

C (%) = 3)

(A1638) (p-0)

where (Aig33)D—o 18 the height of the absorption band of the precursor system at
1638cm ! (i.e., radiation dose D is zero) and (Aje3s)p is the corresponding result
for the system exposed to a dose D. Figure 3 represents the results of a FTIR spec-
troscopic analysis of three different systems based on 30wt-% monomer and
70 wt-% E7. This figure shows the evolution of the acrylic double-bond conversion
as a function of UV light exposure time. The inset of this figure shows the same
results based on the range between 0 and 400s. It can be observed that increasing
irradiation doses lead to an uptake of the monomer conversion. The TPGDA sys-
tem shows slower polymerization kinetics leading to lower conversion values com-
pared to the other monomer mixtures. The TPGDA polymer network exhibits the
highest crosslinking density of all systems studied here, leading to a relatively high
glass transition temperature (7,=—22°C, compared to T,=—41°C for cured
PPGDAS540 and T,=—51°C for cured PPGDA900, see Table 1), and thus to a
reduced monomer mobility during polymerization. As a result, the TPGDA system
shows lower conversion values compared to the other systems. The PPGDA 540 sys-
tem reveals a sharp increase of the conversion/exposure time curve, in particular
between 0 and 60s, showing faster polymerization kinetics compared with the
TPGDA system. This can be explained by the enhanced mobility of the reacting
species in relation with the strongly reduced T, due to the greater distance between
acrylic functions. Further increase of the molecular weight of monomer leads to
reduced probability of chain propagation. As a consequence, Figure 3 shows inter-
mediate kinetics of the PPGDA900 system compared to PPGDA 540 and TPGDA.

100

~ —o— TPGDA (70wt% E7)
< 80 —2— PPGDA 540 (70wt% E7)
S —o— PPGDAS00 (70wt% E7)
2]
] R p— e
c 60 4
8 80
hel
§ 60
S ]
o 40-
3 40+
[}
kel
£ 20 20
>
(5}
< 0 . . .

0 0 100 200 300 400

T T T

T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
UV-exposure time (s)

Figure 3. FTIR-analysis: conversion of acrylic double bonds of TPGDA, PPGDAS540
and PPGDA900 prepared by UV curing using 70wt % E7 and 2wt% Darocur 1173 as
photoinitiator.
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Figure 4. Real part of the dielectric spectra of the three monomers at room temperature.

These results show clearly that high conversions (>95%) were achieved in all
cases considered here for exposure times higher than 400s and that, therefore, one
of the conditions necessary for good performance of PDLC films are fulfilled.

3.3. Dielectric Spectroscopy

Figures 4-6 show room temperature dielectric spectra (real part of permittivity &'(f))
corresponding to monomers, polymers, and polymer/LC systems (70 wt%E7),
respectively. The conductivities of all materials are gathered in Table 2, and were
calculated at low frequencies and from the imaginary part of the dielectric
spectra (&’(f)):0 = 2rfe"g.

In a wide frequency range (f > 1 kHz), the dielectric permittivities of the mono-
mers are constant as shown in Figure 4. In the frequency range investigated here, the

8
Polymers| |- TPGDA
enoeod PPGDAS40
PPGDAY00
6 -+
S'
4 -
2 e
10 1000 100 000

f (Hz)

Figure 5. Real part of the dielectric spectra of the three polymers at room temperature.
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Figure 6. Real part of the dielectric spectra of the three polymer/LC systems (70 wt% E7) at
room temperature.

three materials do not present the classical o dielectric relaxation process usually
observed near the glass transition. In fact, the T, of the monomers are very low
compared to the room temperature (T, tpgpa =—85°C; Ty ppGpAsso = —74°C,
Ty ppGDA900 = —70°C). At low frequencies (f< 100 Hz), the dielectric permittivity
for the different materials increases when the frequency decreases. This effect, due
to the accumulation of ionic charges near electrodes, is more pronounced on the
TPGDA and the PPGDAS540 monomers. This is in good agreement with the evo-
lution of the ionic conductivity, which is higher for these two systems compared
to PPGDA900 (Table 2). When the molecular weight of the monomer increases,
the dielectric permittivity decreases (¢ =7.2 for TPGDA, ¢ = 6.6 for PPGDA540,
¢ =6.0 for PPGDAY900). Let us notice that the dipolar moment of the monomer
molecules is mainly linked to that of the carbon-oxygen double bonds (C=0). The
higher permittivity of the TPGDA monomer can be explained by its lower molecular
length, which results in a higher volume density of C=0 groups and thus a higher
dipole moment.

The polymerization of TPGDA leads to a decrease of static permittivity
(¢ =4.2), compared to that of the monomer (¢' = 7.2), as shown in Figure 5. This dif-
ference decreases when the molecular length increases and was not observed for
PPGDA900. This effect can be explained by the influence of the polymer network
density. In fact, in the case of the TPGDA monomer, the chain length between

Table 2. Conductivities of monomers, polymers and PDLCs
(70wt% E7) (x1073%Q-m)™ 1)

Monomers Polymers PDLCs
TPGDA 160 <0.1 4.6
PPGDAS540 27 <0.1 8.9

PPGDA%00 9.3 ~0.1 12.9
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two adjacent crosslinking points is relatively low and the mobility of molecular
chains and the dipolar response are affected by the polymer network. In the case
of the PPGDAY900, the polymer network exhibits a lower density and the dipolar
response is similar to the one of monomer. This effect can be correlated to the ionic
conductivity, which is linked to the ionic mobility. The dielectric relaxation process
observed on polymers at high frequencies (100 kHz) is probably linked to a classical
o process.

At low frequencies, the three PDLC systems present permittivities higher than
those obtained for the pure polymers (Fig. 6). This can be explained by the contri-
bution of the LC, which seems to present a predominant homeotropic orientation.
In fact, the LC presents higher permittivity (8/‘ =19) compared with that obtained
in planar orientation (¢, =5). Let us notice that the TPGDA/E7 system presents
the lowest permittivity. This can be explained by the lower permittivity value of
the TPGDA polymer and/or by the polymer density effect. The mobility of the
LC molecules and the dielectric response can be affected by the dense polymer net-
work of TPGDA. The relaxation process observed at low frequencies for the three
polymer/LC systems is probably correlated to the well know Maxwell-Wagner pro-
cess (interfacial polarization). The relaxation process with frequency about 1 MHz
corresponds to the LC dielectric process linked to the rotation around the short axis.

4. Conclusions

Spectroscopical, thermophysical and dielectrical response functions of UV-cured
PPGDA/ET7 films were investigated experimentally as function of the chain length
of the monomer. The conversion of double bonds of the acrylate monomers was
monitored by FTIR spectroscopy in terms of the radiation dose. The PPGDA
540/E7 blend shows the highest reactivity compared to the other systems. An upper
limit of the double bond conversion was reached near 95-98%. A detailed analysis
conducted by DSC measurements revealed decreasing polymer glass transition tem-
peratures and decreasing nematic-isotropic transition temperatures of polymer/LC
systems with increasing monomer chain length.

The dielectric permittivity increases in the order PPGDA900 — PPGDAS540 —
TPGDA which can be explained by the higher dipole moment of TPGDA caused
by an enhanced volume density of carbonyl groups. Polymer/LC systems show
relaxation processes at low frequencies which can probably be explained by the
Maxwell-Wagner process. The presence of crosslinks in the polymer networks leads
to reduced chain mobility and thus to a decrease of the static permittivity.
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