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A thermosetting matrix based on an unsaturated polyester resin was employed to realise a
Polymer Dispersed Liquid Crystal (PDLC) system by a UV induced curing process. A
molecular, morphological and thermo-optical characterisation of this system is presented.
The chemical and structural properties were investigated by transmission FT-IR spectra in
the near infrared frequency range and by dynamic-mechanical analysis. The results
indicated that, upon curing, the matrix retains its intrinsic properties even for compositions
very rich in the LC component (40 wt %). The morphology, investigated by optical and
electron microscopy, showed phase separation before and after the curing process. Image
analysis demonstrated that the cured materials had morphological features suitable to
achieve interesting thermo-optical properties. In particular, the composition containing

40 wt % of LC exhibited the typical behaviour of a thermo-optical switch. Interesting optical
bistability effects were also demonstrated for this particular composition © 2000 Kluwer
Academic Publishers

1. Introduction light scattering state (off state) to a transparent state

The inclusion of a low molecular weight Liquid Crystal (on state). This effect occurs because, when the LC

(LC) in a polymeric matrix represents one of the latestis in the nematic phase its refractive indey, differs

and more exciting applications of organic materials infrom that of the polymer matrix and the incident radi-

the field of non linear optics [1]. This class of materi- ation is scattered by the LC domains, whose size is of

als, generally referred to as Polymer Dispersed Liquidhe same order of magnitude as the wavelength of the

Crystals (PDLC), are formed by phase separation ofight. However, when the LC phase become isotropic,

the LC component from a homogeneous solution withits refractive indexn;, exactly matches that of the ma-

a prepolymer or polymer [2]. The liquid crystal forms trix, the scattering vanishes and the system becomes

droplets whose size, shape and distribution depend oliansparent.

the technique used. The polymer adds processability and mechanical
The dispersed mesophase results in an electro- argkrformance to the whole system and molecular in-

thermo-sensitive material that can be switched from deractions between the components may induce very
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interesting non linear effects. The potential applica- The formulation used in the present contribution con-
tions of PDLC films include display devices, spatial tained 35 wt % of styrene as co-reactive monomer;

light modulators, tuneable filters etc [3—8]. therefore the initial molar ratio between styrene and
Three general methods[2, 7, 8] have been developepolyester unsaturations was 1.1. The molecular struc-
for forming PDLC's: ture of the cured network is schematically represented
below:
a) Polymerisation-Induced Phase Separation (PIPS),
where the LC is dissolved into the monomer, which is
subsequently polymerised either thermally or photo- ﬁ 0 ?H3
chemically. _ _ ww—0—C—CH—CH—C—CH—CH,
b) Thermally-Induced Phase Separation (TIPS) in |
which the LC and a thermoplastic polymer form a ho- CH,
mogeneous solution above the melting point of the @7&{
polymer. The phase separation is obtained by rapid

cooling of the melt.

c) Solvent-Induced Phase Separation (SIPS), in
which the LC and the thermoplastic polymer are dis- |
solved in a common solvent. Controlled evaporation of 0 0
the solvent results in the phase separation of the LC
component.

wheren, the average cross-link length, depends on the
In the present contribution we report a novel PDLC stoichiometry of the reactive mixture and on the curing
system obtained by a PIPS method based on a ph@onditions.
tochemically initiated polymerisation process. The LC  The LC component was an eutectic mixture of four
component is commercially available under the traddiquid crystals, commercially available as E7 (Merck).
name of E7, while the polymer matrix is an unsat-The glass transition temperature, Tg, of this mixture,
urated polyester resin. This PDLC system has bee@s evaluated by DSC, is65°C, while the nematic-
characterised with respect to its molecular structurésotropic transition occurs at 38. The chemical for-
by means of near infrared Fourier transform (FT-NIR) mulas, the trade names and the relative amount of the
spectroscopy and by dynamic-mechanical analysis. Infour components are reported below:
formation on the morphology and on the phase struc-
ture has been obtained by optical and scanning electrc
microscopy. N=C @ (CH,);—CH, 5CB 47%
The thermo optical characterisation of this material
has been performed by analysing the light transmittanc
as afunction of temperature for different concentrations N=C
of LC. Optical bistability effects were also investigated
on such a PDLC system.

(CH,)s—CH3 7CB 25%

N=C O—(CH,);-CH; 80CB18%
2. Experimental

2.1. Materials

The unsaturated polyester prepolymer was kindly supN=C @ (CHy),—CH; 5CT10%
plied by Lonza ltalia S.p.A. It was obtained by a con-

densation reaction between propylene glycol, maleic the PpLC samples were prepared by mixing the
anhydride and isophthalic anhydride in the molar ratio P brep y g

appropriate amounts of E7 into the uncured resin
0.50/0.45/0.05. The polyester prepolymer had a numbeg; 70°C, obtaining a visually transparent, homoge-
average molecular weighl ,, of 2.4 x 103, a weight

. neous solution. 1.0 wt % of the UV curing agent,
average molecular weightlyy, of 8.0 x 10° f"‘”d anav- 1 2 diphenyl-2,2-dimethoxyethan-1-one, IRGACURE
erage number of double bonds per chain of 9.5. Thg g1 from Ciba-Geigy) was added and the formulation
chemical formula of the polyester prepolymer may b& a5 houred between two glass plates separated by teflon
represented as follows: spacers of different thicknesses, according to the type

of measurement to be performed on the specimen. The

assembly was placed under an UV lamp and irradiated
CH, for 5 minutes. By this procedure PDLC samples con-
H O—g—X——yZ—O—(I?H——CHz ol taining 10, 20, 30 and 40 wt % of E7 were prepared.

QOO
Clejeje
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15.2
2.2. Techniques
FTIR investigations were performed in the near infrared
X @ 10 mol % frequency range (8000—4000 ch) on samples 0.5 mm
mol %

—CH=CH— 90 mol %

thick, as obtained after the curing process. A Perkin-
Elmer Mod. System 2000 was employed, equipped with
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a deuterated triglycine sulphate (DTGS) detector an@. Results and discussion
a Ge/KBr beam splitter. 30 to 300 spectra were sig3.1. Near infrared spectroscopy
nal averaged in the conventional manner to reduce thelnsaturated Polyester resins and their blends have been
noise. extensively investigated by vibrational spectroscopy in
Dynamic-mechanical measurements were perthe mid-ir range (4000—-400 cmh) to obtain informa-
formed on 0.5 mm thick slabs by a Polymer Labor-tion on the mechanism and kinetics of the curing pro-
atories MKIII DMTA apparatus, operated at 1 Hz in cess, as well as on the molecular structure developed
the single cantilever bending mode. thereupon [9—13]. No mention has been made in the lit-
Optical microscopy was employed to follow the mix- erature to the use of the near-ir frequency range (10000—
ing of the components and the phase separation befo#000 cnt?) to get the same type of information. How-
and after the curing process. ever nir spectroscopy shows a series of distinct advan-
Morphological observations were carried out bytages, amongwhichthe mostrelevantisdue to the lower
scanning electron microscopy (SEM). Prior to SEM ex-intensity of the overtone and combination bands oc-
amination, the samples were treated with methanol focurring in this region, with respect to the fundamental
12 h to selectively dissolve and remove the LC compowibrations observed in the mid-ir. Typically, the differ-
nent. The size and distribution of the LC domains withinence in molar absorptivity between an overtone and its
the UP matrix were determined from SEM micrographsfundamental vibration exceeds one order of magnitude.
of methanol-treated surfaces using computerised imagehis allows the use of much thicker samples in nir-
analysis. The software package Image-Pro Plus Ver. 3.§pectroscopy, where films ranging from 0.1 to 3.0 mm
was employed. can be easily analysed, while in the mid-ir range the
Thermo-optical analysis was performed using the ex{ilm thickness seldom exceeds &n. In the present
perimental apparatus shown in Fig. 1. Samples 0.6 mroase the films used to perform the dynamic-mechanical
thick, were placed in a programmable thermostaticand thermo-optical characterisation were unsuitable to
cell which allows temperature control t80.1°C and  be analysed in the mid-ir range because the signals were
heating rates as low as10C/min. A heating rate of completely saturated, while they produced good qual-
2.0°C/min was used throughout. The light source wasty spectra in the nir interval (see Fig. 5), with most
a cw Art laser ¢ =514 nm) with a constant value of of the peaks occurring in an absorbance range where,
the incident power (15 mW). according to the Lambert-Beer law, linearity with con-
Optical bistability effects were investigated using thecentration is usually observed (upto 1.2 A. U.)
experimental set-up shown in Fig. 2. A Pockels cell, To proceed to a tentative assignment of the main
driven by a sine voltage wave-form at a frequency ofpeaks, we turned the attention to a number of model
0.01 Hz, was used to modulate the power of a cw Ar compounds whose molecular structures mimic those
laser beam in the range 0—250 mW. A beam splitter diof the different components of the system under inves-
rects a fraction of the input power onto a photodiode tigation. In Fig. 3 are reported the FT-NIR spectra of
The transmitted power is measured by another photostyrene (trace B), which is the co-reactive monomer
diode. The signals from both photodetectors are plottegiresent in the formulation, and of polystyrene (trace A)
on an X-Y recorder, to obtain the input-output charac-which resembles the intermolecular bridges between
teristics. polyester chains formed upon curing. The main peaks
characteristic of the carbon-carbon double bond can be
identified as those completely absent in the polystyrene

2O spectrum. They occur at 6135 ch(tentatively as-
IE i plY signed to the first overtone of the out-of phase H-C
o - stretching fundamental occurring at 3080 Ty at

4720 cn! (a combination of they.c.c and the G-C
stretching fundamental at 1630 cf); at 4488 cm!
(likely associated with a combination of thgc-c and

the in-plane deformation of theCH, group located at
1420 cnl); and at 4378 cm. In Fig. 5A, where is re-
ported the spectrum of the reaction mixture containing
30 wt % of LC prior to curing, the peaks at 6135t
4720 cnt! and 4480 cm? are clearly identified. They
are well resolved and posses sufficient intensity to be
employed for the quantitative evaluation of the conver-
sion of styrene unsaturations after curing.

With respect to the fumaric double bonds present
along the polyester chains, a peak characteristic of this
functional group has been identified by comparing the
spectra of diethyl fumarate, the same molecular seg-

. . , . ment presentin the polyester, with its saturated counter-
Figure 2 Experimental arrangement for measuring output power vs in- . . . .
put power. PC: pockels cell; CU: control unit; FG: function generator; P: part, diethyl s_uccmate (_See Fig. 4Band A, respectively).
polariser; BS: beam splitter; PD: photodiode: O: oven; S: sample; TC:The absorption occurring at 4790 cfncan be tenta-
thermocouple. tively assigned to a combination of thg.c-c vibration

Figure 1 Experimental set-up for thermo-optical analysis. O: oven; S:
sample; TC: temperature control; PD: photodiode.
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Figure 3 FT-NIR spectra of polystyrene (trace A) and styrene (trace B) in the frequency range 65004000 cm
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Figure 4 FT-NIR spectra of dibutylsuccinate (trace A) and dibutylfumarate (trace B) in the frequency range 6500-4%00 cm

of the polyester at 3080 cm with the G=C stretching  With respect to the spectrum of the uncured sample, but

fundamental at 1645 cm. Also this peak is readily de- remains well detectable. Thus, under the experimental

tectable in the uncured formulation (see Fig. 5A) andconditions employed, the styrene monomer is fully re-

is well suited for quantitative evaluation. acted at all compositions, while the final conversion of
The spectra reported in Fig. 5B and C, relative to thethe polyester unsaturations is incomplete.

cured PDLC samples containing, respectively, 30 and The percent final conversion, has been evaluated

40% by wt of LC, show that the peaks characteristic ofas follows:

styrene unsaturations (at 6135, 4720 and 4480%m

are completely absent, while that of the fumaric double o = <C0 — Cf) .100= (1 — 9) .100

bonds (at 4790 cmt) is strongly reduced in intensity Co 0

1002



2 .
4480
4720
: |
© 8135
(o) 4790 ,
_e i
@ 1 ‘
O
< C f
] |
B8
\‘_’______—__/ I
A
O -
T T T
6000 5000 4000

Wavenumbers (cm—1)

Figure 5 FT-NIR spectra in the 7000—-4000 cof the 70/30 PDLC formulation prior to curing (trace A); the same sample after curing; the 60/40
formulation after curing.

and, for the Beer-Lambert law: It is observed that the final conversion of fumaric
double bonds remains constant at values around 65%,
As irrespective of the amount of LC present in the formu-
a= (1 — E) -100 lation. It is worth noting that the plain UP formulation,

cured isothermally at 7@ for 10 h, exhibitsxyp val-

In the above equationS, and C; denote, respec- ues close to 75_% _[12]. The_refore,_it can pe anticipated

tively, the concentration ofothe rea{ctive grc;ups beforethat the _cross—llnklng densny obtained with the_z photo-
’ ! . polymerisation process is lower than that achieved by

and after the curing _process;\f represents the ab— hermal curing and so will affect th&,. This expec-

sorbance ofthe analytlcal_pga_k after curing, normahse(ﬁation will be confirmed by the dynamic-mechanical

for sample thickness, whilég is the same parameter

luated on th . or 1o th ) measurements to be discussed later, which gaval-
evaluated on the Specimen prior to the curing Process, s ¢ 165¢ and 175C, respectively, in the two cases.
The amount of residual polyester unsaturations, i

i ; ¢ . ted in Fia. 6 "However, such a slight decreasdjis more than com-
€rms of per cent conversion, are reported in Fig. a?)ensated for by the velocity of the curing process (5 min
a function of the mixture composition.

versus 10 h) which is essential for obtaining a suitable
morphology in this particular PDLC system.

With respect to the details of the molecular structure
100 ' ' ' ' developed upon curing both in the plain resin and in the
PDLC samples (see the structure of the polymer net-
80 L work reported in Section 2.1), taking into consideration
o the system’s stoichiometry and the final conversion of
50 o © i the reactants, it is found that 1.70 styrene vinyl groups

are consumed for every polyester vinylene reacted. This
value represents the average crosslink lengthof
40 1 " styrene chains bridging together the vinylene groups lo-
cated on two adjacent polyester molecules (intermolec-
20 | L ular cross-links) or on the same polyester backbone
(intramolecular cross-links). For comparison, the same
formulation, cured isothermally at 70 has an average
crosslink length equal to 1.17 [12].

In summary, the spectroscopic analysis indicated that
the curing protocol employed is suitable for the inves-
Figure 6 Conversion of the fumaric double bonds of the polyester aftertlgate_d system and that th(_% cross-link density achieved
the photo-polymerisation process as a function of the LC content in thd€Mains acceptable even in the presence of very large
PDLC system. amounts of the LC components (40%).

Qup {%)

0 T T T T
] 10 20 30 40 50

Composition (¥ LC b.w.)
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Figure 7 Optical micrograph taken at ambient temperature under po-Figure 8 Optical micrograph taken at 7@ under unpolarised light of
larised light of the 60/40 PDLC composition before curing. the 60/40 PDLC composition before curing.

3.2. Morphological analysis
All the PDLC compositions investigated were exam-
ined by optical microscopy under polarised and unpo-
larised light. Evidence of a separate LC phase in the
form of birefringent droplets started to appear at com-
positions higher than 10 wt %. Since, as reported in
the literature [6, 14—-18] most PDLC applications re-
quire substantial amounts of LC (i.e. more than 35%),
a deeper morphological analysis was carried out on th#
60/40 composition.
In Fig. 7 is shown the optical micrograph, taken at
ambient temperature under polarised light, of a PDLC
system containing 40 wt % of LC before the photo-
polymerisation process. It is observed that, prior to
curing, the system is clearly phase separated. The L&gure 9 Optical micrograph taken at ambient temperature under po-
component forms spherical-like droplets uniformly dis- larised light of the 60/40 PDLC composition after curing.
tributed within the polyester matrix, whose dimensions
range from 3 to 65um. However, rising the temper-
ature above the nematic/isotropic transition of the LCy
(58°C), the characteristic birefringence of the droplets
disappears, and the system becomes featureless. T

dissolution at the molecular level of the LC component
inthe polyester matrix, taking place above the transitiong

of this type behave as upper critical solution systems. §
In this particular case, however, under unpolarised.

Fig. 8). This observation demonstrates that the syste
under investigation is phase-separated irrespective
temperature, and that the transparency observed vist
ally at temperatures above the nematic/isotropic trans
tion of the LC, is due to the matChing of the refractive Figure 10 Low magnification SEM micrograph of the etched surface of
indices of the two components and not to the disappeakhe 60/40 PDLC composition after curing.

ance of the LC phase, as a consequence of its molecular

dissolution within the matrix.

After the photo-polymerisation process carried outlikely due to the presence of a large number of particles
at 70C, the system’s morphology is considerably af-whose size is lower by one order of magnitude or more.
fected. In particular, as shown in Fig. 9, the number These morphological features have been investi-
of large particles having diameters ranging from 10 togated in deeper detail by scanning electron microscopy
40 um strongly decreases with respect to what is ob{SEM), after an etching treatment with methanol, which
served in the uncured specimen. At the same time, aelectively removes from the specimen’s surface the LC
diffuse birefringence is found across the whole areaphase. In Fig. 10 is shown the low magnification SEM
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Figure 11 Distribution of particle sizes evaluated by computerised im- Figure 13 Distribution of particle sizes evaluated by computerised im-
age analysis from several micrographs as Fig. 10. age analysis from several micrographs as Fig. 12.
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Figure 12 High magnification SEM micrograph of the etched surface Figure 14 Dynamic-mechanical spectra in terms of @&in the tem-

of the 60/40 PDLC composition after curing. perature range-50 to 300C. a) Plain UP resin; b) 80/20 composition;
¢) 70/30 composition; 60/40 composition.

micrograph of the etched surface of the sample contain-

ing 40% of LC. Image analysis performed on a series ofhermo- and electro-optical response of a PDLC sys-

these micrographs, allows to obtain the distribution oftem. In particular it has been reported that optimum

partide sizes, which is shows, in the form of histogram,reSUItS have been obtained with submicron particle di-

in Fig. 11. The distribution appears very broad, rang-mensions; therefore, in this respect the morphology of

ing from 3 to 50um; however more than 50% of the the system under investigation is at least partially satis-

particles detected at this magnification have averag®/ing. Inthe next sections it will be shown that very in-

diameters comprised between 3 and.df. The areas teresting results are indeed obtained in terms of thermo-

between the larger domains, which appear featureless @itical behaviour.

Fig. 10, when examined at higher magnification, show

an interconnected texture characteristic of a two phase

system, in which irregularly shaped holes left behind3.3. Dynamic-mechanical behaviour

by removal of the LC phase are evident (see Fig. 12)The tans versus temperature curves relative to the plain

This type of texture is completely absent in the neatUP resin and three different compositions of the PDLC

UP resin cured in the same conditions and etched acystem, are reported in Fig. 14.

cordingly. Image analysis has been performed also on The UP resin shows a main relaxation peak, associ-

this type of micrographs, and the results are reported iated with the glass transition temperattiig,at 166C,

the histogram of Fig. 13. In this case the particle sizeand an unresolved shoulder centred arourfC79 his

distribution is considerably narrower, with most of the secondary transition has been attributed to the styrene

domains ranging between 0.1 and @.61; The peak units bridging the polyester chains [19] and/or to the

of the distribution (exceeding 30%) is located betweerrelaxation of short chain segments in the proximity of

0.2 and 0.3um. residual fumaric unsaturations (network defects) [20].
As reported in the literature, the size of the LC A decrease of the temperature at which the main relax-

droplets plays a fundamental role in determining theation occurs is found in the investigated PDLC’s. The
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Figure 15 Glass transitionTy, as a function of the LC content in the Tompbrature{C)

PDLC system. ) o .
Figure 16 Transmittivity versus temperature curves in the range 20—

80°C for a) plain UP resin; b) 90/10 composition; c) 80/20 composition;
d) 70/30 composition.

Ty values as a function of composition are plotted in
Fig. 15. A considerable dropis observed at 10% COMPO3 4 Thermo-ontical analvsis
sition with respect to the plain resin (3D); afterwards .h.en an intensepli ht beamy ropagates in a PDLC svs-
the Tq vs composition curve seems to reach a platea it und 9 N propag d h d'ffy

region. TheTy reduction is to be ascribed to a plasti- em, It undergoes a scattering process due to the differ-
cization effect of a fraction of the LC which remains €MC€ between the refractive indices of the two phases.

dispersed at the molecular level into the polymeric ma—The Self-transparency phenomenan, 1€ the suppression
f scattering, may occur when the difference between

trix, in SO far the spectroscopic analysis has shown that e refractive indices of the two components reduces to
no significant reduction of the average cross-link den- P

sity is brought about in the presence of the LC phase?ero (An=0). This mechanism operates when the tem-

. i perature is increased to a threshold value correspond-
By use of the Gordon and Taylor expression [21] ing to the nematic/isotropic phase transition of the LC

phase.
1l W W In Fig. 16 are reported the transmittivity versus tem-
Ty T T2 perature curves for PDLC samples containing, respec-

tively, 10, 20 and 30 wt % of LC. For comparison, in
the same figure is reported the behaviour of the plain
P resin.
Two effects are apparent:

where the subscripts 1 and 2 refer, respectively, to th
unsaturated polyester matrix (component 1) and E
(component 2), andlV represents the weight fraction.
By using aTy; value of 166C and arl g, value of—65°C )
(from DSC measurements), we found that a drop of ® At room temperature a considerable decrease
30°C is accounted for by 6.5 wt % of LC. Thus, for in- in transmittivity is obser\(ed with enhancing the
stance, in the 90/10 composition, 3.5% of LC remains ~ amountof LC in the specimen.
phase separated after the curing process, while 6.5% ® UP to 20 wt % of LC the transmittivity is nearly
acts as plasticiser. This conclusion is further confirmed ~ constant with temperature. At 30% the transmit-
by the morphological observations described in the pre-  tivity increases gradually in a broad temperature
vious paragraph. The 90/10 composition does notshow ~ 'a@nge encompassing more thanGand eventu-
birefringence effects when examined under polarised  ally reaches a plateau value of 0.6.
light before and after the curing process. ltis likely that
6.5 wt %, represents the maximum amount of LC which  The curve relative to the 40% composition is reported
can be dissolved in the polyester matrix. Afterwards than Fig. 17. In this case the behaviour is strikingly dif-
resin becomes saturated and the remaining amount éérent: the transmittivity remains constant at very low
LC separates out in the form of discrete domains. Thigevels up to a critical temperature at which abruptly in-
is the underlying reason why tlg decrease at com- creases by more than one order of magnitude. Such a
positions higher than 10% is very limited, and fhg  transition occurs in a very narrow temperature range
vs composition curve has a plateau type of behaviour.(about 5C compared to the 3& of the 30% composi-
The dynamic-mechanical results also demonstrate, ition): this is the typical behaviour of a thermo-optical
agreement with the spectroscopic data, that materialswitch. The above results indicate that only the 40%
with excellent properties in terms of rigiditffy, and  composition is able to perform as an optical switch.
therefore service temperatures, can be obtained everhe transition temperature of the 60/40 PDLC is located
when a very large amount of the low molecular weightat 53 C and is clearly related to the nematic/isotropic
component is present in the formulation. transition of the LC phase.
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4 tion Induced Phase Separation (PIPS) method. Curing
0.24 - of the thermosetting matrix was carried out by a fast
photopolymerization process.
.§’ 02 1 A study of the molecular structure, morphology and
E 0.16 1 thermo-optical properties of the PDLC samples realised
g 0.12 has been reported. The main results can be summarised
& as follows:
= 0.08
0.04 1 1. Suitable processing conditions have been devel-
0 : 1 ‘ : s oped to obtain PDLC'’s in which the polymeric matrix
20 30 40 50 60 70 retains its intrinsic properties in terms of rigidity and

dimensional stability, even for compositions very rich
in the LC component (40%).

2. Before curing all the investigated compositions
are immiscible, and remain phase separated aC,70
which was the curing temperature. Upon curing the
morphology of the system changed towards a reduction

Temperature (°C)

Figure 17 Transmittivity versus temperature curves in the range
20°C-80°C for the 60/40 composition.

A of the average size of the LC domains and an improved
o 8 homogenisation. Such a morphology was suitable to
E achieve very interesting thermo-optical properties.
T 6 3. Thermo-optical analysis showed that the compo-
2 / sition containing 40 wt % of LC behaves as an efficient
g 47 / thermo-optical switch. The same sample exhibited a
= thermally induced, optical bistability effect. These re-
= 24 sults suggest the possibility of employing this PDLC
5 system as temperature sensor and/or optically bistable

0 T T g T —»  devices which can be integrated in guiding systems for
0 40 80 120 160 200 logic operation.
Input power (mW)

Figure 18 Output power as a function of the input power near the tran-
sition temperature for the vertical component of the light polarisation.
Measurement taken on the 60/40 composition.
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