We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4,800 122,000 135M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 5

New Polymer Networks
for PDLC Films Application

Ana Isabel Mouquinho, Krasimira Petrova,
Maria Teresa Barros and Joao Sotomayor

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/48203

1. Introduction
1.1. Polymer Dispersed Liquid Crystals

Polymer dispersed liquid crystal (PDLC) films are a mixed phase of nematic liquid crystals
(LC) commonly dispersed as inclusions in a solid polymer!. They have remarkable electro-
optical behaviour since they can be switched from an opaque to a transparent state simply
by application of an electric field 2.

PDLCs have been prepared by two general methods: one in which the system remains
heterogeneous during the process, and another in which the system becomes
heterogeneous. The first case includes the solvent induced phase separation (SIPS): the LC
is mechanically dispersed in solution of a polymer. After evaporation of the solvent, the
composite structure obtained is stabilised because of the polymer morphology, but is
poorly controlled due to a coalescence of droplets during the preparation process. The
second case is called thermally induced phase separation (TIPS) or polymerisation induced
phase separation (PIPS)*.

The main advantage of preparation by the PIPS method is the possibility to obtain a
composite directly between glass plates coated with conductive indium tin oxide (ITO) film
without additional laminating procedures. Thus, the PDLC film is produced in one
technological step, in which the phase separation of the initially homogeneous mixture and
the polymerisation occur simultaneously. The PIPS process was particularly suitable for our
purpose because it is quite simple and allows for high degree of control over the final
properties of the PDLC films.?

In this work the PIPS method was performed by thermal or photochemical polymerisation
of a homogeneous mixture of polymerisable monomers, initiator and liquid crystal. These
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140 New Polymers for Special Applications

types polymerisations occur by the mechanism of free radical polymerisation, as explained
bellow.

1.2. Free radical polymerisation

Free radical polymerisation has been widely practiced method for chain polymerisation and
has been used in this work. This type of polymerisation can be described in three steps:
initiation, propagation and termination. It is initiated by radicals - chemical species
characterised by unpaired electrons which subsequently initiate polymerisations. Radicals
can be formed by monomers themselves without added initiators (self-polymerisation) but
normally by the action of initiators which were added deliberately. The decomposition of
initiators in radicals can be achieved electrochemically, thermally or photochemically.
Depending on the polymerisation conditions, the same monomer can originate polymers
that differ in configuration, molecular mass and therefore in properties. In this work more
attention was given to the thermal and photochemical polymerisation.

In thermal polymerisation the N,N-azobisisobutyronitrile (AIBN) is one of the most
common initiator which fragments mainly into isobutyronitrile radicals (figure 1).

CHj CHj CHs
64°C .

HgC—C—N——N—(|3—CH3 ——— 2 HC + Ny
CN CN CN

Figure 1. Reaction scheme for the thermal decomposition of N, N-azobisisobutyronitrile (AIBN) in two
isobutyronitrile radicals.

Thermal initiator decomposition normally depends on temperature, but also on the solvent
used and its solubility. AIBN decomposition normally occurs to an appreciable extent at
temperatures higher than 64°C.

In photochemical polymerisation, light sensitive compounds are required as initiators.
These compounds absorb light in the ultraviolet / visible wavelength range and undergo
fragmentation leading to the formation of radicals * An example is the photochemical
decomposition of 2,2-dimethoxy-2-phenylacetophenone (DMPA) which is illustrated in
figure 2. The main advantage of polymerisation with UV radiation is the possibility to
achieve high polymerisation rates in a fraction of second °.

OCHj,
O OCH;4 /O OCHj,4
hv
- O+ O
T

Figure 2. Reaction scheme for UV induced decomposition of 2,2-dimethoxy-2-phenylacetophenone
(DMPA) into a benzoyl and an acetal radical fragments.
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However, for thermal and photochemical initiators, it is necessary to take into account that
some of the radicals formed may recombine in secondary reactions to form compounds that
cannot decompose further into radicals and therefore only some radicals are useful to
initiate a chain reaction.

The initiation step includes radical production (described above for the AIBN and DMPA)
and the attack of these radicals to the monomer molecules. The overall mechanism for free
radical chain polymerisation can be described as:

Initiation:
i.  Generation of free radicals (R°) by homolytic dissociation of the initiator (I).

kq

[—>2R.
(ka- rate constant for the dissociation of the initiator)

ii. Reaction between radicals (R*) previously formed and monomer’s double bond (M)
producing new active species (Mr’).

ky

Re+M, >M,«
(ki- rate constant for the initiation step)
Propagation:

i.  Chain extension by successive addition of monomer molecules (M) to the monomer
radical unities (Mxn") formed in the initiation step.

k,.
M M _+—>M__

(ky- rate constant for the propagation step)
Termination:

In last step, radicals combine or disproportionate to terminate the chain growth and form
polymer molecules.

i.  Combination (a simple interaction between two reactive species, Mn and Mn).

k

M ++M_—>M

n+m

(kt- rate constant for the termination step by combination)

ii. Disproportionation (when hydrogen atom is transferred from one chain to another).

Kia

M M _—>M + M_
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(kta- rate constant for the termination step by disproportionation)

1.3. The nematic liquid crystal mixture E7

The liquid crystal used in this work was thermotropic calamitic nematic, know as E7. It is a
mixture composed by three different cyanobiphenyls and one cyanotriphenyl in different
proportions. The molecular structures of the different components of the nematic liquid
crystal E7 are shown in figure 3. The mass percentage and physical properties of E7
components are shown in table 1 ¢7.

N ase s

Figure 3. Molecular structures of the components of the nematic liquid crystal mixture E7.

E7 is widely used in polymer dispersed liquid crystals, and it was selected to be studied in
this work, because it offers a wide range of operating temperatures in which it maintains
anisotropic characteristics. The refractive indices of E7 at T=20°C are given as: no=1.5183
(ordinary refractive index) and ne=1.7378 (extraordinary refractive index)?. It exhibits a
nematic to isotropic transition at nearly Tni=58°C. At room temperature it still exhibits a
nematic phase and no other transitions between 58 and -62°C, where it shows a glass
transition. Therefore, liquid crystalline properties are extended down to the glass transition”.
These features are possibly due to the multicomponent nature of E7°.

Designation | Molecular formula IUPAC name Con;g;)i:)tlon T (°C)
5CB CisHioN 4-cyano-4'-pentyl-1,1"-biphenyl 51% 35.3
7CB C20H2sN 4-n-heptyl-4’cyanobiphenyl 25% 42.8

8OCB Ca1H2sNO 4, 4"-n-octyloxycyanobiphenyl 16% 80
5CT CosHa2sN 4'n-pentyl-4-cyanotriphenyl 8% 240

Table 1. Components and mass composition of the Merck E7 liquid crystal.

1.4. Microstructure of the polymer matrix

During polymerisation of what is initially a homogeneous solution of monomers and LC
molecules, the polymeric components grow in molecular weight, and when the two
components become sufficiently incompatible, there is a decrease of LC solubility which
induces formation of separate phases. The polymer matrix acquires a particular morphology
with liquid crystal dispersed in its clusters!. The polymerisation conditions®, the chemical
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nature of the liquid crystal’ and the polymerisable monomers!? determine the morphology
of polymer matrix. Conventional PDLCs have two main morphologies: Swiss cheese or
polymer ball types each one with different characteristics. The observation of the
microstructure of the polymer matrix was carried out by scanning electron microscopy
(SEM). The dark areas in the SEM microphotographs reveal the absence of the material,
which would have corresponded to the original liquid crystal domains.

The Swiss cheese morphology type (figure 4A) is characterised by liquid crystal randomly
dispersed in a polymer matrix, as microdroplets. The size and shape of the LC
microdroplets are in strong dependence on the parameters of preparation and the type of
polymeric matrix %12,

Domain of liquid
crystal

Domain of liquid
crystal

Polymer

B

Figure 4. SEM micrograph for the microstructure of the polymer matrix with a A) Swiss cheese
morphology type and B) polymer ball morphology type.

In PDLC morphologies with isolated LC microdroplets, two types of distribution of liquid
crystal molecules are typically observed, as shown in figure 5.

The bipolar and radial configurations (figure 5) are related to droplet size and shape and
depend on whether the liquid crystal prefers to align parallel or perpendicular to the
polymer surface, respectively. Due to these different configurations, liquid crystal molecules
would be randomly oriented within each droplet or from droplet to droplet, causing
dispersion of the incident light.

(a) (b)
Figure 5. Schematic illustration of bipolar (A) and radial (B) director configurations of the liquid
crystals inside spherical droplets.

In the polymer ball morphology type (figure 4B) the polymerisable monomers are phase
separated from the continuous liquid crystals and form micro-sized polymer balls. These
micro-sized polymer balls merge and form a large polymer network structure with diversely
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shaped voids in which LC exists. In this case, the LC is in a continuous phase and fills the
irregular shaped voids of the polymer network, which are more or less interconnected'2.

1.5. PDLC films transmittance

As mentioned before, PDLC devices can be switched electrically from an opaque scattering
state to a highly transparent state when a film of liquid crystal-polymer mixture is
sandwiched between two conductive glass slides and the electric field is applied. The
polymer matrix material is optically isotropic so it has a single refractive index (np). The
liquid crystal within the micro-domains has an ordinary refractive index (n.) and an
extraordinary refractive index (n¢) when light ray travel through the liquid crystal.

When no electric field is applied although the liquid crystal molecules would be oriented
within each droplet, this orientation changes from droplet to droplet and light propagation
normal to the film surface will experiment a range of refractive indices between (no) and (ne).
Since the optical anisotropy of LC molecules used in PDLC is sufficiently large, the effective
refractive index is not generally matched with the refractive index of the polymer (np), light
will be scattered and the PDLC is opaque (OFF state). To maximize off-state scattering, the
birefringence (An= ne-no) should be as large as possible®. On the other hand, when an electric
field with sufficient strength to overcome the interactions between polymer matrix and
liquid crystal at interfaces of LC domains—polymer matrix, is applied across the film liquid
crystal directors within each droplet become uniformly oriented parallel to the direction of
the field. If refractive index of the liquid crystal matches the refractive index of the
polymeric matrix (np) the film become transparent (ON state)'3.

Normally, when the applied electric field is removed, the nematic directors return to their
random distribution. The film begins to appear opaque again. A schematic representation of
a functional PDLC film is shown in figure 6.

Visible light Visible light
LC domain

@ @ D. o

tv

' 0@ @
\
/ /< \1 Polymer matrix

OFF State ON State

Opaque material Transparent material
(a) (b)

Figure 6. Schematic representation of the averaged molecular orientation of the liquid crystal within the
microdroplets without (a) and with (b) an applied electric field.
1.6. Electro-optical properties of PDLCs

Three main types of electro-optical response can be observed (figure 7). The factors
contributing to the different response are many and still poorly understood. Electro-optical
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response of PDLC is usually measured by ramping a PDLC up and down in voltage and
comparing the optical response at each voltage'. The different types of change of
transmittance of PDLC films as a function of the electric field are shown in figure 7.

One of the parameters used to evaluate the efficiency of electro optical response of PDLC is
the electric field required to achieve 90% of the maximum transmittance and is designated
as Eo. Thus, the lower the value of E, the more easily PDLC devices switch from the OFF
state to ON state.

The most common electro-optical response reported in the literature for PDLC is when the
increasing voltage curve is coincident to the decreasing voltage curve as shown in figure 7A.
It was observed that when the electric field is removed liquid crystal molecules relax back,
so that the long shaped molecules which were oriented in the same direction in each droplet

return to their original random orientation.
Final OFE-S
/High transparency state

ON state

ON state

ON state

3 brd @

2 = < |even after reach ON stal

£ = £

F = =

8 =

: - g

= E E

A IOFE sfate B o C
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Electric field (V) Electric field (V) Electric field (V)

Figure 7. Example of electro-optical response of PDLC A) with no hysteresis, B) with hysteresis and C)
with permanent memory effect.

When these curves are not coincident the PDLC shows electrical hysteresis. The
transmission with increasing voltage is lower than the transmission when the electric field is
decreased. This effect is illustrated on figure 7B and can be defined as the difference
between the increasing voltage curve and the decreasing voltage curve.

This difference is commonly attributed in literature to the fact that liquid crystal molecules
have a tendency to remain with a certain degree of alignment even after removal of the
electric field. The PDLC film is more transparent under decreasing field voltage than with
increasing field, because liquid crystals remain with certain degree of alignment caused by
the increasing field voltage. However, at the end of measured electro-optical response, the
value of the transmittance for the initial opaque state is coincident with that of the final
opaque state!.

In particular cases, not only the transmission with increasing voltage is lower than the
transmission when the voltage is decreased but also a high transparency state is obtained for
a long period of time at room temperature even after the applied voltage has been switched
off, starting from an opaque state and later reaching a transparent state (figures 7C and 8)".

In figures 7C and 8, the initial OFF state corresponds to the transmittance of the initial
opaque state (zero electric field), the ON state to the transmittance upon applying electric
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field and the final OFF' state is the transmittance after removal of the applied field. The
PDLC film with this electro-optical response has a permanent memory effect and this still
remains a poorly understood aspect of PDLC electro-optical behaviour.

Applied Electric Field Removed Electric Field

Initial OFF State Final OFF' State

ON State
() ) ©

Figure 8. Images of PDLC devices with permanent memory effect: (a) initial OFF state, (b) upon
applying electric field and (c) OFF state after removed electric field.

Various factors can influence the performance of a PDLC and therefore the permanent
memory effect. However, the most frequently explanation mentioned in literature is related
to the anchoring effect® ' 15, 16, This effect consists of the interaction between the liquid
crystal molecules and polymer matrix at the interface of LC domains and polymer matrix.
When an electric field is applied inducing the orientation of LC molecules, it opposes the
anchoring effect. If this orientation remains even after the applied voltage has been switched
off, the liquid crystal does not relax back completely but remains aligned with the electric
field and a high transparency state is displayed without any more energy consumption.
Therefore for this to happen there must be a weak force between LC molecules and the
polymer surface.

The permanent memory effect is very revolutionary in the study of PDLCs because it allows
a switch in transparency and the new state is kept without the need for energy to be spent.
The only energy required is that needed to switch the PDLC from the OFF state to the ON
state, therefore these devices become low power consumers and environmentally friendly.

1.7. Parameters that influence the performance of PDLC films

Despite the fact that PDLC films can be switched between a highly scattering opaque state
and a clearly transparent state, these devices sometimes have disadvantages such as the
high driving voltage (Es) and the insufficient maximum transmittance (Tmax). The electro-
optical properties of PDLC films prepared by the polymerisation induced phase separation
(PIPS) method depend on a numbers of factors such as the type of liquid crystal, molecular
structure of polymerisable monomers and polymeric conditions. These factors could
seriously affect the microstructure of the polymer matrix, the size and the shapes of the LC
domains and molecular interactions between the LC molecules and the polymer matrix
(anchoring effect)® 1820, In general and in a simple way, in a nematic liquid crystal there is a
relationship between the size and the shape of LC domains and the anchoring effect. When
sizes decreased the anchoring effect increase. This effect is directly related with the voltage
needed to align the liquid crystal molecules in the domain. Strong anchoring forces hinder
the alignment of liquid crystal molecules. Therefore a high voltage is needed to align liquid
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crystal molecule along the electric field, and the reverse is valid for lower anchoring
effects!®. Therefore, an understanding of the relationships between preparation conditions
and molecular structure of the monomers on electro-optical performance of PDLCs is crucial
to control device properties.

1.8. Polymerisation conditions

The phase separation phenomenon between LC and polymeric matrix in PDLCs is a kinetic
process where the transport parameters can play an important role in determining the
domain size and amount of LC separated from the polymer matrix. The rate of
polymerisation and also some physical parameters, such as the viscosity of the systems
change the LC domain size. In general, the thermal polymerisation is slower (can take
several hours), which combined with the effect of temperature that significantly decreases
the viscosity of the medium may cause a promotion of the growth of LC domains by
diffusion and coalescence. On the other hand, photochemical polymerisation produces a
higher polymerisation rate. Smaller domain size can be achieved by higher viscosity of the
systems and poor diffusion of free radicals of the polymerisable monomers during
polymerisation and hence the reduced coalescence of LC domains. Therefore, small LC
domains can be obtained®?.

1.9. Molecular structure of polymerisable monomers

The electro-optical response of PDLC films is greatly influenced by molecular structure of
the monomers to be incorporated as polymeric matrix!® %20, In literature reports there is not
a great variety of monomers used in research for applications for PDLC films, besides the
most common commercial ones. To the best of our knowledge, published results of the
synthesis of monomers to be incorporated as polymer matrix, were mainly dedicated to the
preparation of monomers bearing a cyanobiphenyl group?" 2. These monomers with a
molecular structure similar to the E7 liquid crystal molecules, could lead to better miscibility
and compatibility between the polymeric matrix and LCs during the preparation of PDLCs.
This could lead to a uniform phase separation and control of the LC domains, which could
enhance the performance of PDLCs. On the other hand, the low miscibility with the LC
molecules can lead to a premature separation from the matrix. Therefore, one of the main
objectives of this work was the design and synthesis of new photochemically and thermally
polymerisable monomers, mimicking some structural elements of the E7 liquid crystal
molecules. Besides the specific cyanobiphenyl groups, also aromatic systems in general with
and without a linear chain spacer with five methylene units were synthesised. Thus, a
number of aromatic mono- and dimethacrylates with and without spacer, as well as vinylic
monomers, were synthesised under microwave irradiation. A linear chain spacer with five
methylene units was introduced into some of the structures between the aromatic systems
and the methacrylate group to mimic the structure of 5CB, which is the liquid crystal
component present with the highest percentage in E7.
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2. Synthesis and characterisation

As mentioned before, a number of photochemical and thermal polymerisable monomers, as
well in some cases, their starting materials were prepared under microwave irradiation. The
synthetic methods and the full characterisation of the compounds obtained have been
described elsewhere?. All the compounds were synthesised using a microwave synthetic
reactor under mild or solventless procedures. For some reactions, it was necessary to add a
small amount of DMF (dimethylformamide) to obtain better homogenisation of the mixture.
DMF was chosen because of its dipolar nature and the high ability to absorb microwave
energy and convert it into heat, coupled with a comparatively high boiling point of 153°C?%.
The protocol employed consisted in placing equivalent amounts of the corresponding
reagents in an open quartz tube and then subjecting the mixture to microwave irradiation at
200W. The reaction time was optimised by following the reactions by thin layer
chromatography (TLC) every minute and stopped when no starting material remained. The
authors have described? the data of compounds characterisation by 'H and 3C NMR, FTIR
spectroscopy, elemental analysis and melting points. Also, a comparison between the results
described in the literature for the syntheses of the compounds under classical synthetic
methods with the results obtained under microwave irradiation have been made. Part of the
Gel Permeation Chromatography (GPC), Differential Scanning Calorimetry (DSC) and
electro-optical studies presented here have been previously published?.

2.1. List of synthesised monomers

The molecular structures of all synthesised monomers are shown in figure 9. Some of the
synthesised monomers have been already mentioned in the literature, but were lacking full
characterisation, which was provided in ref. 23. This was the case for compounds: 1%, 2%,
3%,4 28, 52, 6%, 72, 931, 10, 11%, 13%, 14 3415 %, 16%, 25 %7, 26 3. To the best of our knowledge,
the compounds 8§, 12, 17, 18, 19, 20, 21, 22, 23 and 24 had not been synthesised before.

2.2. Selected monomers

Among all the synthesised monomers, the monomers containing cyano and/or spacer chain
group (figure 10) were studied further due to higher chemical structural compatibility with
E7 liquid crystal molecules. The monomers (with cyano and/or with spacer chains groups)
properties will be compared to the analogous monomers without cyano group and/or spacer
chain and the results will be presented later on.

2.3. Calorimetric characterisation

In order to determine the transition temperatures and their associated enthalpies differential
scanning calorimetry (DSC) was employed. Figures 11-14 present the DSC thermograms
collected on heating and on cooling run of cycle I. This cycle corresponds to the first heating
and cooling runs and the cycle II to the second heating and cooling runs.
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Figure 9. Molecular structures of synthesised monomers.

As mentioned before, the melting temperature (Tm) was obtained at the peak of the melting
endothermic transition, and in analogues way the crystallisation temperature either for cold-
(Tee) or for melt- (T¢) crystallisation was obtained at the peak of the respective exothermic
transition peak. The glass transition temperature (Tg) was taken at the inflection point of the
specific heat capacity variation in the transition. The melting and crystallisation enthalpies
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(AHm) and (AHc), respectively, were determined from the areas under the curve that
represents the respective transitions. The information obtained on the temperatures and
enthalpies is summarised in table 2.

Figure 11A presents the DSC thermogram collected on cycle I for liquid monomer 19. The
heat flux presents a discontinuity characteristic of the glass transition at Tg=-86.01°C. At
higher temperatures an exothermic peaks characteristic of cold crystallisation emerges at -
40.19°C with an enthalpy of -97.45 Jg! followed by endothermic peak due to melting at Tm=-
3.62°C with an enthalpy of 115.52 Jg!. During the first cooling rate no transitions were
detected, so it is possible that the liquid remained in a supercooled state. During cycle II the
same calorimetric behaviour as that obtained for cycle I was observed.

Wb o NC@ZH

4'-isocyanobiphenyl-4-yl methacrylate 4-isocyanophenyl methacrylate
O
5-(4'-cyanobiphenyl-4-yloxy)pentyl methacrylate 5-(4-cyanophenoxy)pentyl methacrylate
O O
5-phenoxypentyl methacrylate 5-(biphenyl-4-yloxy)pentyl methacrylate

o) o)
O~ ) o )
Biphenyl-4-yl methacrylate Phenyl methacrylate

Figure 10. Molecular structure of synthesised monomers with and without cyano and spacer chain
group.

During cycle I for liquid monomer 1 (figure 11B) the thermogram showed endothermic peak
at 18.86°C with an enthalpy of 108.97 Jg! due to the melting of the crystalline form; on
cooling rate no transitions were detected, thus the liquid could have remained in a
supercooled state. However, during the cycle II the thermograms showed endothermic
transitions assigned to a glass transitions at Tg=-89.02°C and melting temperature at
Tm=18.86°C with an enthalpy of 107.67 Jg'. Cold crystallisation was also observed at Tec=-
55.13°C with an enthalpy of -71.0 Jg1. These thermal transitions were very similar to those
observed in the thermogram obtained for liquid monomer 19 (figure 11A).
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Figure 11. DSC measurement obtained for A) monomer 19 and B) monomer 1 during cycle I at 10°C
min.

The solid monomers, 7, 5, 22, 21 and 20 had different thermal behaviour compared with the
liquid monomers (19 and 1) described above. The thermograms for monomers 7, 5, 22 and
21 in figures 12 and 13, showed reversible systems that on heating gave endothermic peaks
characteristic of melting transition and on cooling rate - exothermic peaks of crystallisation.
The second heating and cooling rates were characterised by the same thermal behaviour.
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Figure 12. DSC measurement obtained for A) monomer 7 and B) monomer 5 during cycle I at 10°C min-!.
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Figure 13. DSC measurement obtained for A) monomer 22 and B) monomer 21 during cycle I at 10°C
min-.

Monomer 20 (figure 14A), despite having the same thermal behaviour as described above, it
was not reversible. The thermogram of monomer 20 showed that the crystalline form melted
and partially crystallised on cooling. During the first heating rate it exhibited endothermic
peak due to melting transition with AHm=57.84 Jg! and during the cooling - exothermic peak
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due to melt-crystallisation but with AHa=-18.65 Jg'!. During the second heating this crystalline
solid formed melted with AHm=14.93 Jg! and partially crystallised again on cooling, but also
with lower value of AHcr=-2.86 Jg!. The difference between the values of enthalpies
associated with endothermic and exothermic transitions suggested that part of the material
previously melted could have remained in supercooled state, degraded or polymerised, and
only a small fraction of the monomer crystallised during cooling run. This possibility was
supported by previous studies of DSC between 25 and 200°C, which indicated that the
temperature of 100°C seemed to be enough to initiate polymerisation of the monomer.

All these monomers revealed high tendency to organise in crystalline form that melted
during the heating run followed by melt-crystallisation during the cooling run. The only
thermal event during the heating run was the melting transition that showed that until
melting the material was in a crystalline phase.

The insertion of a spacer chain, in monomers 20, 21 and 22 decreased the melting
temperatures, compared to the analogue monomers without the spacer chain, which have
made the later structures more rigid.
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Figure 14. DSC measurement obtained for A) monomer 20 and B) monomer 8 during cycle I at 10°C
minl.

It can be seen in figure 14B that for monomer 8 on the heating run there were two
endothermic peaks at 114.95 and 125.90°C with enthalpies of 29.09 and 60.40 Jg7,
respectively. However on the cooling run only one exothermic peak emerged at 107.72°C
with enthalpy of -14.74 Jg1. During the second heating run part of the amorphous material
underwent cold crystallisation at Te=63.61°C with an enthalpy of -10.43 Jg! followed by two
endothermic transitions at 109.60 and 123.95 °C with 7.48 and 12.13 Jg’!, respectively. On the
second cooling run no transitions were detected, so it was possible that the liquid have
remained in supercooled state or that it had polymerised previously. This last possibility
was supported by DSC studies between 25-200°C. POM studies allowed better
understanding of the thermal transitions, especially those involved in the thermal behaviour
of monomer 8. Thus, the data from DSC and POM indicated that crystalline material
transited to a mesophase state which could be assigned to the first endothermic peak,
followed by transition to an isotropic state, assigned to the second endothermic peak. The
peak at 114.95°C could be assigned to solid to mesophase transition temperature (Tsv) and at
125.90°C to mesophase to isotropic transition temperature (Twmr).
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2.4. Polarised optical microscopy characterisation

The thermal properties of monomers were complemented with polarised optical microscopy
(POM) studies. The polarised optical microscope equipped with a hot stage only allows the
observation of transitions from 20 to 300°C and therefore for the liquid monomers an analysis
by POM with the same conditions used in DSC (-130 to 25°C) was not possible. Optical
observations allowed the determination of not only temperatures for each transition, but also
the texture acquired by the sample. Furthermore, polarised optical microscopy can evaluate
the possibility of the existence of liquid crystalline phases. An isotropic phase placed between
crossed polarisers does not allow polarised light to pass through and what is observed is simply
a black uniform image, unlike what is observed for a birefringent phase (optical anisotropy).

The values of the thermal proprieties determined by POM are summarised in table 3.

Heating run at 10°C min"!

Cooling run at 10°C min"!

glass Cold- . Melt- Glass
. . .. _ Melting . ..
transition crystallisation crystallisation transition
Monomer Cycle Tg/°C Tee/°C AH/ Tm/°C AP_I‘“/ Te/°C AH/ Tg/°C
Jg~ Jg~ Jg~

19 I -86.01 -40.19 -9745 -3.62 11552 - - -

11 -86.01 -39.83 -96.60 -3.58 114.80 - - -
1 I - - - 18.86  108.97 - - -

I -89.02 -55.13 -71.00 18.86 107.67 - - -
. I - - - 81.53 56.03 4428 9192 -

11 - - - 7952  76.00 3826 -90.85 -
5 I - - - 83.99 -83.45 -

11 - - - 106.04 7135 8272 -82.02

114.95 29.09
. I - - - 19590 60.40 107.72 -14.74 -
109.60 7.48

I 63.61 -10.43 19395 1213 - -
21 I - - - 49.80 11570 32.53 -105.98 -

11 - - - 49.68 11152 31.28 -91.19
20 I - - - 3819 5784 924 -18.65 -

11 - - - 1627 2648 -8.13 -2.87 -
- I - - - 79.77 8521 5590 -64.55 -

11 - - - 7814 69.36 5371 -24.29 -

Table 2. Thermal properties of monomers obtained by DSC during different cooling/heating cycles

The texture for liquid monomers 19 and 1 which may be analysed in the optical
microphotographs presented in figure 15, revealed an isotropic phase on heating and the
cooling runs between 30 and 100°C and no birefringent phase was observed. The spheres

that appear in the images are spacers of ITO cell.
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Optical microscopy pictures of monomers 7, 5, 22, 21 and 20 are present in figures 16-20. The
analysis of these figures revealed a birefringent texture in the solid state. However, this
property was lost with melting transition and the liquid state showed an optic isotropic
structure that remained until the crystallisation temperature where again the monomers
acquire a birefringent texture.

As mentioned before, in DSC analysis monomer 8 showed a particular thermal behaviour
with two endothermic transitions one after the other in the heating run. The results of
combined POM and DSC studies allow a better understanding of the type of transitions
involved in all the monomers and in particular in monomer 8. The optical microscopy
picture presented in figure 21 shows in the heating run that the birefringent solid material
first transition to a mesophase at 114°C (Tsm). This mesophase was assigned based on the
observation of birefringence and fluidity. However this phase with the increase of
temperature transited to an isotropic phase at 124°C (Tm). During the cooling run, at 102°C
the isotropic phase crystallised out, so that in the second heating run transit to an isotropic
phase at 124°C. This isotropic phase crystallised at 100°C into a birefringent material. From
POM studies it was possible to observe the onset of polymerisation at 140 °C which is in
agreement with the DSC analysis.

T(C) 30 100 30 T(*C) 30 100 30
Aligned Aligned
polarisers polarisers
Cressed Crossed
polarisers polarisers
Heating run Cooling run e
voling run

A x B Heating run

Figure 15. Optical micrographs of A) monomer 19 and B) monomer 1 at specific temperatures during
the heating and cooling runs at 10°C min-!.

The melting temperature determined by DSC for all the monomers analysed seemed to be
corroborated by the melting temperature determined by capillarity. However, the transition
temperatures determined by POM showed small differences. Although the programme for
the heating and the cooling runs was the same (10°Cmin!) it was difficult to keep exactly the
same ramp throughout the POM analysis. During POM measurements the runs of heating
and cooling were stopped momentarily to take optical micrographs.
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Figure 16. Optical micrographs of monomer 7 at specific temperature during the heating and cooling

run at 10°C min-!.
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Figure 17. Optical micrographs of monomer 5 at specific temperatures during the heating and cooling

runs at 10°C min-!.
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Figure 18. Optical micrographs of monomer 22 at specific temperatures during the heating and cooling
runs at 10°C min.

Figure 19. Optical micrographs of monomer 21 at specific temperatures during the heating and cooling
run at 10°C min-.
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Figure 20. Optical micrographs of monomer 20 at specific temperatures during the heating and cooling

runs at 10°C min-!.
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Figure 21. Optical micrographs of monomer 8 at specific temperatures during the first and second

heating at 10°C min-'.
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Heating run at 10°C min! | Cooling run at 10°C min!

Melting Melt-crystallisation
Monomer Initial optical property T/°C  Optical property| T/°C Optical property
19 Isotropic - - - -
1 Isotropic - - - -
7 Birefringent 84(Tm) Isotropic 35 Birefringent
5 Birefringent 108(Tm) Isotropic 87 Birefringent
22 Birefringent 78(Tm) Isotropic 63 Birefringent
21 Birefringent 49(Tm) Isotropic 30 Birefringent
20 Birefringent 35(Tm) Isotropic - -
e 114 (Tsm Birefringent

8 Birefringent 124 ((TMI)) Isotrogic 102 Birefringent

Table 3. Thermal properties of monomers obtained by POM during heating/cooling runs.

3. Structural and electro-optical characterisation

3.1. Molecular weights and polymer structures

The molecular weight of the polymer matrix plays an important role in the morphologies of
the matrix and therefore in the liquid crystal domain size and shape. If the polymer chain
increases with an increase in molecular weight leading to a higher network density, the size
of liquid crystal domains should decrease. This promotes the interaction between polymer
and liquid crystal molecules; the opposite is valid for smaller chains. As previously
mentioned, the size and the shapes of liquid crystal domains are correlated with the
anchoring strength on the interface between the liquid crystal molecules and polymer
molecules. The anchoring strength determines the electric field needed to achieve the
transparent state in the PDLC. Generally, the strength of the field needed is inversely
proportional to the liquid crystal domain size. A number of factors influence the electro-
optical response of PDLCs and the investigation of these parameters allows control of the
performance of these devices. So, it is important to understand and establish the effect of the
molecular structure of the polymerisable monomers on the molecular weight of the polymer
and the effect of molecular weight on the morphology and electro-optical properties.

3.2. Characterisation of molecular weights

Gel permeation chromatography (GPC) is a liquid chromatography technique that separates
molecules according to sizes and not according to chemical affinities toward the porous
substrate® Large polymer molecules with higher molecular weights can move into pores but
since there are only few large pores available to them, they reside, on average, less time in
pores than smaller molecules. Therefore, larger molecules are eluted first. On the other
hand, smaller polymer molecules with lower molecular weights can fit into the small pores
and penetrate into a larger number of pores. So, the elution time increases with decreasing
molecular size*. This correlation between elution time and molecular weight was observed
for the polymers analysed. The values of average molecular weights (Mn and Mw) and
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polydispersity index (PDI) for mixture of monomer/glycidyl methacrylate (50/50 w/w) after
thermal and photochemical polymerisations are summarised in Tables 4 and 5, respectively.
It was possible to observe differences between polymer matrixes prepared by thermal
polymerisation and by photochemical polymerisation. For thermal polymerisation, the
polymers had a number average molecular weight, Mn, around e® or e'?, and for
photochemical polymerisation polydispersions were higher and Mn was around e'2
Generally, the polymers with lower molecular weight possessed lower polydispersion,
indicating that there were chains with more uniform lengths (sizes), but no correlation was
observed with the molecular structure of the respective monomers.

3.3. Microstructure of the polymer matrix

The microscopic images of the microstructure of the polymeric matrix were evaluated by
scanning electronic microscopy (SEM). Some microscopic images can be assigned to the Swiss
cheese (figure 22A) or polymer ball (figure 22B) types of morphology, but for some samples
these morphologies were not uniform across the sample. For other samples it was not
possible to identify any morphology. These results can suggest that the chemical affinity of
polymerisable monomers with liquid crystal molecules due to their similarities in chemical
structure produced smaller phase separation and therefore the E7 liquid crystal molecules

Monomers used in

. . PDI Peak/min In (Mw/gmol?) In (Mr/gmol)
co-polymerisation
8 1.91 13.86 12.80 12.15
22 1.40 14.97 12.51 12.16
19 1.44 13.57 13.05 12.69
5 1.04 20.51 8.13 8.09
7 1.04 20.81 8.02 7.99
21 1.04 20.47 8.16 8.12
20 1.05 20.14 8.22 8.17

Table 4. Values of average molecular weights (Mn and Mw) and polydispersity index (PDI) for
polymers prepared with a mixture of monomer/glycidyl methacrylate (50/50 w/w) by thermal
polymerisation.

Monomers used in

L PDI Peak/min In (Mw/gmol?) In (Mn/gmol™?)
co-polymerisation
8 1.51 14.28 12.80 12.39
22 1.47 14.68 12.36 11.98
19 1.35 15.06 12.04 11.74
5 1.24 15.78 11.67 11.45
7 1.08 14.37 12.30 12.23
21 1.38 15.63 11.72 11.39
20 1.36 22.36 6.99 6.68

Table 5. Values of average molecular weights (Mn and Mw) and polydispersity index (PD) for polymers
prepared with a mixture of monomer/glycidyl methacrylate (50/50 w/w) by photochemical
polymerisation.
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Figure 22. Examples of SEM micrographs for the microstructure of the polymer matrix prepared by
thermal polymerisation of A) monomer 19 and B) monomer 7.

would be highly embedded in the matrix. It was also possible to observe that there could not
be established a correlation between the molecular structure of the polymerisable monomers
and polymerisation conditions. Although the samples for analysis by GPC and SEM were not
prepared under the same conditions, it was not possible to establish a correlation between the
molecular weight of polymers and the microstructure of the polymer matrix.

3.4. Electro-optical characterisation

The PDLCs prepared with the monomers synthesised showed poor electro-optical response
(figure 23). In most of the studies the PDLC cells showed good opacity after polymerisation with
transmittance of the initial opaque state TOFFo0%. However, the electro-optical study did not
reveal significant difference on the transmission of the sample with the application of electric
field up to 400V (20V pm'?), the maximum transmittance, TMAX, being less than 4%. The reason
for this non-ideal behaviour is unclear, however, it was possible to suggest explications.

100 §

[o5)
o
L

60

40 -

Transmittance(%o)

20

0 T T T 1
0 5 10 15 20

Hectric field (V/pm)

Figure 23. General electro-optical response for PDLC films prepared by the PIPS method with the
monomers synthesised + E7 in a ratio of 30/70 (w/w).
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As mentioned before, the electro-optical properties of PDLC films depend on numerous
parameters, namely, the structure and the molecular weight of the polymeric matrix (size
and shape of the liquid crystal domains). These factors control the dynamics between
alignment and random distribution when the electric field is applied and after removal of
the electric field, respectively. These dynamics are very much dependent on anchoring force.
This force is related to the interactions between the liquid crystal molecules and the
polymeric matrix at the interface of LC domains and polymer matrix. The electro-optical
results for PDLC films studied in this work suggested that higher molecular affinity
between the polymeric matrix and the liquid crystal could increase the anchoring effect.

The similar molecular structure between the molecules of monomer and the LC could have
led to higher affinity between molecules of polymer and molecules of liquid crystal in the
interfaces matrix-LC domains. In this way, the electric field applied could not overcome the
interactions at the interface and the PDLC remained in an opaque state. This was due to the
fact that if the liquid crystal molecules do not align themselves along the electric field, the
PDLC films appear opaque. The higher affinity between molecular structure of polymer
matrix and LC molecules caused an increase in anchoring strength, i.e. it hindered the
alignment of the liquid crystal molecules and could be the cause of the low electro-optical
response of PDLC films.

In conclusion, the chemical affinity between the polymerisable monomers and the liquid
crystal molecules was able to provide better affinity between the two which created more
homogeneous mixture with consequent phase separation, in which the liquid crystal was
uniformly dispersed in the polymer matrix. However, this affinity could be high enough to
increase the anchoring effect not allowing a good electro-optical response.

4. Conclusions

A series of new monomers with structurally diverse functionalisation was successfully
synthesised under microwave irradiation. These results were compared with those obtained
following classical methods. The comparison of these methodologies clearly indicated the
considerable reduction in time and amount of solvent used in the reactions performed under
microwave irradiation. Therefore, two important advantages, reduction in time and solvents,
obtained by the use of microwave irradiation were demonstrated. Beyond that, the majority
of monomers were synthesised in one step and in some cases in two steps, which provided
simple and effective methods of synthesis. The GPC analysis of co-polymers (monomers
synthesised and glicidyl methacrylate) revealed that it was not possible to establish a
correlation between the molecular structure of the polymerisable monomers and the
molecular weight of polymers. The microstructure of the polymer matrix was evaluated by
SEM. From these studies, it was also not possible to establish a correlation between the
molecular structure and molecular weight of the respective monomers. Nevertheless, the
absence of a typical morphology on most microscopic images seemed to indicate that the
liquid crystal remained highly impregnated in the polymer matrix and thus, their micro-
domains could not be visualised. The phase transformations of the monomers were
investigated by DSC and complemented by POM. In general, the thermal behaviour seems to
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be that of a reversible system and the monomers show a high tendency to melting followed
by a melt-crystallisation. The spacer chain in the molecular structure of the monomers
decreases the melting temperature in comparison with the respective monomers without this
chain. The POM analyses confirmed the transition determined by DSC and allowed an
observation of the texture acquired by the sample. The analysis of solid monomers showed a
birefringent texture in the solid state that where lost in the melting transition where an
isotropic phase is acquired. However, monomer 8 revealed a different thermal behaviour
with a mesophase between 114-124°C. On the other hand, the liquid monomers showed
isotropic properties in all temperature ranges.

The electro-optical responses of all PDLCs prepared by the PIPS method with the composites
of monomers synthesised—E7 exhibit a lower transmittance upon the application of an electric
tield. This behaviour can be interpreted as the result of a higher anchoring effect. Thus, even
the application of a higher electric field could not orient the E7 molecules along the direction
of the electric field and they scattered strongly the incident light. The similarity in molecular
structure between the molecules of polymerisable monomers and LC should allow a good
chemical affinity between them and a better homogenisation of the mixture and a uniform
phase separation can be achieved but it should not be too high to avoid a higher anchoring
effect which resulted in a low electro-optical response of the PDLCs.
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