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Haze and opacity control in polymer dispersed liquid crystal

( PDLC ) ® lms with phase separation method

by S. PANE*, M. CAPORUSSO and H. HAKEMI

SniaResearch, Via Pomarico, 75010 Pisticci Scalo (MT), Italy

(Received 6 December 1996; in ® nal form 24 June 1997; accepted 28 July 1997 )

Polymer dispersed liquid crystals (PDLCs) are materials composed of liquid crystal microdro-
plets dispersed in a polymer matrix. Their electro-optic properties make them useful for
applications as large-area electrically switchable architectural windows (smart windows). For
these applications, the key parameters of performance are the haze ( both normal and oV-
axis) and the opacity. In the present work we show how it is possible to prepare a high
performance smart window by controlling the haze and opacity of PDLC ® lms using the
polymer induced phase separation (PIPS) method.

1. Introduction The advantage of the PS method with respect to that
of NCAP is that with the PS method it is possible toPDLC ® lms, which are composed of liquid crystal
control the microdroplet morphology [2, 5 ± 7] and con-microdroplets dispersed in a polymer matrix, have been
sequently the electro-optical performance of the ® lmsthe subject of much academic and industrial research in
during the fabrication process of the PDLC, by appro-the past decade [1]. These electro-optical systems can
priate optimization of material and processing para-be switched by applying an electric ® eld from a scattering
meters before and during curing and phase separation.® eld-oV state to a transparent ® eld-on state. This prop-
These criteria make the PS method very versatile [8].erty can be used to construct devices with electrically
Another advantage, which applies to the PS-PIPSmodulated light and visual transmission for applications
method studied here, is the rapid processing withoutin large-area architectural glazing [2]. A good product
any solvent. On the industrial scale, the UV-PIPSfor these applications should have high opacity in the
method is faster and easier than the NCAP method for® eld-oV state and high transparency over a wide viewing
roll-to-roll processing of PDLC ® lms, whereas, theangle ( low haze) in the ® eld-on state.
lengthy water evaporation and complete drying processThere are essentially two technologies used to prepare
of the unlaminated PDLC layer requires much morePDLC ® lms with liquid crystal microdroplet dispersions,
time. Furthermore, residual entrapped solvent couldnamely micro-emulsion and phase separation methods.
decrease the resistivity of the ® nal product [8].In the former method (NCAP) [3], an emulsion of

The disadvantage of the PS versus NCAP method ispolymer, solvent and liquid crystal is formed by mechan-
that, due to the nature of the in situ microdropletical stirring. The emulsion is then coated on a transpar-
formation, a signi® cant amount of liquid crystal alwaysent conductive ® lm substrateÐ usually, indium tin oxide
remains dissolved (plasticized ) in the matrix and does not(ITO)-coated PETÐ and, after drying, it is laminated
contribute to the electro-optical behaviour of the liquidwith another conductive ® lm substrate to give the ® nal
crystal microdroplets. This plasticizing eVect of the liquidPDLC ® lm product. In the phase separation method
crystal results in a number of unwanted phenomena, e.g.(PS) [4], a homogeneous solution of prepolymer or
index mismatching and reduction in the oV-state scat-polymer, and liquid crystal is coated in situ and lamin-
tering, as well as reduction in the mechanical propertiesated between two ITO-PET ® lm substrates. The separa-
of the PDLC ® lm. In the NCAP approach it is possibletion of the liquid crystal microdroplets occurs during
to select the polymer in order to avoid the absorptionthe geli® cation and curing of the prepolymer. The rate of
of LC in the matrix (e.g. polyvinyl alcohol ) [8].polymer hardening, as well as other physical parameters,

In the literature, there are many reports whiche.g. viscosity and solubility of the liquid crystal in the
address the theory of light scattering in PDLC ® lms,polymer, in¯ uence the morphology and electro-optics of
both in the ® eld-oV and ® eld-on states. These studiesthe PDLC material.
have established the qualitative dependence of the haze
and opacity on the index mismatching, LC birefringence
and morphology of the PDLC ® lms [2, 4± 9].*Author for correspondence.

0267± 8292/00 $12´00 Ñ 1997 Taylor & Francis Ltd.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



862 S. Pane et al.

In the present work, by taking these correlations into while in both methods the dependence of haze and
opacity on index mismatching (no Õ nm ) and Dn of theaccount, we demonstrate how it is possible to ® nd a

quantitative rule regarding the material and process liquid crystal are qualitatively the same, they are quantit-
atively diVerent due to the eVect of plasticization in theparameters in order to produce a high quality PDLC

® lm, i.e. high opacity and low haze, utilizing the phase PS method and to diVerences in the morphologies of
the PDLC ® lms obtained with the two technologies.separation technology.

In the published literature, there is already an
approach to producing a haze-free PDLC ® lm by the 1.1. Field-on state light scattering (haze)

The phenomenon of haze in the ® eld-on state of aphase separation method, where an aligned side group
liquid crystal polymer is utilized as matrix [10, 11]. In PDLC arises from the residual refractive index diVerence

between the polymer matrix and the aligned liquidthis case, when the liquid crystal droplets were aligned
in the presence of an electric ® eld, the PDLC ® lm crystal in the droplets. It is necessary to distinguish

between a ǹormal haze’, when the sample is looked atappeared transparent at all viewing angles in on-state.
Nevertheless, due to incomplete phase separation and in a direction perpendicular to the ® lm plane, and an

òV-axis haze’ at other viewing angles. These valuesthe impracticality of aligning the polymer matrix during
the curing and phase separation processes, the technolo- depend on various PDLC material and processing

parameters.gical development of haze-free PDLC windows by this
PS approach has remained far from an industrial According to the anomalous diVraction approach

(ADA) [9], the residual light scattering for normal lightapplication. In the literature, there is also reported the
preparation of PDLC ® lms by the NCAP method; the incidence (normal haze) is related to the diVerence

between the ordinary refractive index of the LC, no , and® lms have low-haze in the ® eld-on state and a large
scattering (opacity) in the ® eld-oV state [12]. The present the matrix refractive index nm . For light incidence diVer-

ent from the normal, the scattering depends on both thestudy has demonstrated that, in order to obtain a high
quality PDLC ® lm for architectural applications, there ordinary (no ) and extraordinary (ne ) refractive indices

of the LC, and consequently a strong in¯ uence on theare speci® c rules concerning the liquid crystal birefrin-
gence and the refractive indices of the starting materials, residual light scattering (oV-axis haze) of the LC

birefringence, Dn, is expected.which could lead to improved performance of the PDLC
® lm. In particular, the index matching condition between The equations of light scattering in the ADA approach

indicate that the light scattering of PDLC ® lms is alsothe matrix and the ordinary refractive index of the LC
should occur at an angle between 15 ß and 30 ß , the index related to the geometry of the liquid crystal droplets. As

will be seen later, we ® xed the morphology of all PDLCmismatching value must not exceed 0 0́1 and the LC
birefringence must lie between 0 0́8 and 0 1́2. ® lms studied by proper selection of the process para-

meters, so that the dependence of haze on the morpho-In this work, we present a method for preparation of
a low-haze and high-opacity PDLC ® lm using the logy becomes negligible. Consequently, the normal haze

in the PDLC ® lms made by the phase separation methodUV-curing phase separation technique (PIPS) [13]. In
particular, we report on the quantitative relation and studied here is essentially related to the diVerence

between the ordinary refractive index of the LC (no ) andbetween the haze and opacity of PDLC ® lms and on
the parameters which in¯ uence them, i.e. the index the polymer matrix refractive index (nm ). In PDLC ® lm

samples, where no # nm , the oV-axis haze largely dependsmismatching and Dn. In addition, we also present a
correlation between the oV-axis haze and opacity in the on the optical birefringence (Dn) of the LC utilized in

the formulation.PDLC ® lms studied, both of which are in¯ uenced by
Dn of the liquid crystal microdroplets. We will see that
it is not easy to prepare a PDLC ® lm which satis® es the 1.2. Field-oV state light scattering (opacity)

The PDLC ® lms studied in this work, for both therequirements of both low oV-axis haze and high opacity,
because preparation of a PDLC with low oV-axis haze PS and NCAP methods, have microdroplets with a

bipolar con® guration [14]. In this case, the ® eld-oVis achieved by using a low Dn liquid crystal, while the
lower the Dn of the liquid crystal, the lower is the opacity light scattering strongly depends on the morphology, i.e.

the size, number density and shape of the liquid crystalof the PDLC ® lm. We will give the values of the material
and process parameters which represent a good com- microdroplets. Although the maximum ® eld-oV light

scattering in the ADA equations depends not only onpromise for the preparation of high performance smart
windows. the sizes of the LC microdoplets, but also on the LC

birefringence, we have found that in our system dropletFinally, we will present a brief comparison of the rules
for preparation of a high quality PDLC ® lm using the diameters in the 2± 3 mm range assure a good ® eld-oV

light scattering over the range of Dn studied here. ForNCAP and phase separation methods. We will see that,
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863Haze and opacity control in PDL C

this reason, we processed the PDLC ® lms under condi- selected cover a range of Dn=0 1́35 Õ 0 2́67 and are
reported in the table.tions (i.e. UV intensity and curing temperature) that

provide liquid crystal microdroplet diameters within the The PDLC ® lm samples with dimensions of about
20 cm2 were prepared between the ITO-coated PETabove mentioned range [7]. Consequently, for diVerent

PDLC samples with the same microdroplet morphology, ® lms with an in situ coating and laminating technique,
using a specially designed laboratory ® lm coater.the opacity can be directly correlated with the optical

birefringence (Dn) of the liquid crystal, whereby a higher Uniformity of the PDLC layer was achieved by using
mylar microsphere spacers of 15 mm. All PDLC samplesDn will result in a larger value of opacity of the PDLC

® lm. were prepared by curing under a high pressure mercury
UV lamp at a curing temperature of 30 ß C; UV intensityIn the application of PDLC for architectural windows,

the opacity is evaluated by measuring the percentage of of 20 mW cm Õ
2 and UV energy of 2000 mJ cm Õ

2 .
the oV-state transmittance using a white light source

2.2. Haze and opacity measurementsand a photopic detector (which simulates the behaviour
The haze of the PDLC ® lms was measured with aof human eyes). According to the known eVect of r̀ed-

Macam LSO-4514 haze-meter ( ® gure 1). This instrumentbleedthrough’ [12], it is presumably the case that sys-
is composed of a white light source S (20 W, tungstentems with lower LC birefringence can be aVected by this
halogen lamp; M35 type), a collimator C, a PDLCphenomenon when small microdroplet sizes are consid-
sample holder H, an integrating sphere and a photopicered. In this phenomenon, the reduction of light scat-
detector SI (Macam SD101L). The PDLC samples weretering at long wavelength depends on the product of the
addressed by a wavefunction generator through an amp-LC birefringence and the droplet size, i.e. <R>Dn. For
li® er. The haze for all samples was measured using alarge values of <R>Dn, the scattering is independent
square wave electric signal (n=50 Hz, V =100 V). Theof the wavelength. While the present study does not
instrument allows measurement of both normal hazeaddress the dependence of opacity on the wavelength,
[® gure 1 (a)] and oV-axis haze [® gure 1 (b)]. In bothinvestigations are in progress in our laboratories and
cases, the haze was calculated measuring the transmittedwill be the subject of a future report.
light scattered more than 2 5́ ß from the direction of
incidence with respect to the total transmitted light2. Experimental
(ASTM D=1003). We chose 30 ß as the standard angle2.1. Sample preparation
for measurement of the oV-axis. The values of haze wereThe PDLC samples reported in this work, were pre-
calculated according to the relation:pared with UV-curable (UV-PIPS) processing from

homogeneous mixtures of urethane-based prepolymers
% Haze=100 Ö

Is

Is+Ir
(1 )and nematic liquid crystal mixtures. The liquid crystal

mixtures were commercial nematic mixtures, i.e. BL036
where Is is the intensity of the light transmitted at moreand E43 from Merck; TN0403, TN0623, TN10396 and
than 2 5́ ß and Ir is the intensity of light transmitted atTN8009 from Rolic. The prepolymers used were com-
less than 2 5́ ß from the direction of incidence.mercial UV-curable mixtures: NOA65 (Norland) and

The opacity of PDLC samples was measured with theCN934D60 (Sartomer). All materials were used without
same photometer as in ® gure 1, by measuring the ® eld-further puri® cation. The refractive indices of the cured
oV transmittance at collection angles less than 1 ß frompolymers are 1 5́24 (NOA65) and 1 5́05 (CN934D60).
the axis of incident light, according to the relation:During the processing of PDLC ® lms, we introduced

small percentages (<5 % w/w) of acrylic acid (n=1 4́55)
% Transmittance=100 Ö

Is

Ii
(2 )to improve the index-matching of the polymer matrix

and the liquid crystal. By changing the relative quantities
of prepolymers and acrylic acid it was possible to modify where Ii is the intensity of the incident light. The lower

the transmittance, the higher the opacity of the PDLCthe refractive index of the matrix within the 1 5́00± 1 5́24
range. The optical properties of the liquid crystals samples.

Table. Ordinary refractive indices and birefringence values of the liquid crystals used.

TN8009 TN10396 TN0623 E43 TN0403 BL036
Parameter (RLC) (RLC) (RLC) (Merck) (RLC) (Merck)

no 1 4́97 1 5́07 1 5́07 1 5́20 1 5́24 1 5́27
Dn 0 1́35 0 1́63 0 1́98 0 2́50 0 2́58 0 2́67
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864 S. Pane et al.

Figure 1. Schematic diagram of
the set-up for haze and trans-
mittance measurement: (a)
normal incidence (haze and
transmittance at 0 ß ); (b) oV-axis
incidence (haze at 30 ß ).

3. Results and discussion calculated from the relation:
3.1. Normal haze

nm=x<n>+ (1 Õ x)np (4 )
We studied the dependence of normal haze on the

index mismatching and established a useful rule for where x is the fraction of the liquid crystal dissolved
in the polymer matrix, <n> is the average refractiveselection of the starting materials for PDLC formulation.

Consequently, we measured the normal haze of PDLC index of the liquid crystal and np is the pure polymer
refractive index.® lm samples with diVerent materials and with the same

morphology, in order to establish the eVect of index Equation (3) can be used to estimate the refractive
index mismatching of diVerent polymers by assumingmismatching on haze. As explained in the introduction,

in the phase separation method it is possible to control that a fraction of liquid crystal is always dissolved in
the polymer matrix. For PDLC ® lms prepared by thethe morphology of the liquid crystal droplets by chan-

ging some process parameters; in our system, these UV-curing process, usually the fraction of liquid crystal
dissolved in the matrix lies between 20 % and 30 % byparameters are UV intensity and curing temperature

[7]. We have selected for each sample those process weight. In ® gure 2 we present an example of the mis-
matching function for the liquid crystal mixture TN0623parameters that assure that the eVect of morphology

does not contribute to the experimental results. as a function of the polymer refractive index, where
20 % and 30 % by weight of liquid crystal is dissolvedIn the evaluation of index mismatching, it must be

taken into account that, in the phase separation method in the polymer matrix. The plot of ® gure 2 shows that,
in order to have a complete index matching (nm Õ no=a signi® cant amount of LC is always dissolved in the

PDLC polymer matrix [8, 15]. The amount of dissolved 0) when 30 % of liquid crystal is dissolved in the PDLC
matrix, the selected polymer should have a refractiveor plasticized LC depends on the material and process

used. In the system reported here, this amount is around index np of 1 4́78.
According to the equations of the ADA approach, the25 % based on the combined weight of polymer and

dissolved liquid crystal. In this respect, the matrix refract- mismatching function f (np , <n> , x) is related to the
normal haze of the PDLC ® lms. In ® gure 3, we reportive index nm , which cannot be measured directly, is not

the same as that of the starting pure polymer np . experimental results for the normal haze versus the
calculated refractive index mismatching (nm Õ no ) of theConsidering the refractive indices of polymer and

liquid crystal, and the solubility of the liquid crystal in PDLC ® lms with the same polymer and with four
diVerent liquid crystals (TN0403, E43, TN0623 andthe polymer, we can use an ìndex mismatching function’,

f (np , <n> , x), which can be written as follows: TN8009). In the calculation of index mismatching, the
percentage of liquid crystal dissolved in the polymer

f (np , <n> , x)=nm Õ no . (3 )
matrix is assumed to be 25 % in these PDLC ® lms. As
can be seen from ® gure 3, the experimentally measuredThe matrix refractive index nm of the PDLC can be
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865Haze and opacity control in PDL C

ively in agreement with those found with the NCAP
technology [12]. In the NCAP method it has been
demonstrated that higher index mismatching value leads
to a higher normal haze. In particular, the authors
indicate that the normal haze reaches an unacceptable
value when the diVerence between nm and no is greater
than about 0 0́1. The diVerence between the acceptable
mismatching limits with the PS (0 0́17) and the NCAP
(0 0́1) methods arises, presumably, from the diVerences
in their morphologies and plasticization level, as well as
from diVerences in the background haze of the PET-
ITO and polymer matrix substrates. The morphologies
of PDLC ® lms obtained by the PS and NCAP methods
will be shown in the section on opacity.

3.2. OV -axis haze
Figure 2. Variation of mismatching function of the liquid To study the behaviour of oV-axis haze, we prepared

crystal TN0623 (no=1 5́07 Õ Dn=0 1́98) with the refract- PDLC ® lm samples with an index mismatching value ofive index of the polymer (np ) at 20 wt % and 30 wt % of
about 0 0́14, through an appropriate selection of thedissolved liquid crystals.
starting materials, in order to achieve the same normal
haze value of approximately 4 %. Also in this case, the
morphology of the liquid crystal droplets was ® xed in
all samples in order to eliminate this contribution to
haze.

In ® gure 4, we present the experimental values of oV-
axis haze (at 30 ß ) versus Dn for a series of PDLC samples
involving diVerent liquid crystal mixtures. As predicted
by ADA theory, the plot of ® gure 4 indicates that Dn of
the liquid crystal is directly correlated with the oV-axis
haze. In particular, if Dn is lower than 0 1́8 the oV-axis
haze is below 10 %, a range acceptable for architectural
application of PDLC ® lms. In the NCAP method [12],
the acceptable oV-axis haze value can be obtained by
keeping Dn <0 1́2 and by selecting materials to pro-
vide the index matching condition at non-zero angle,

Figure 3. Normal haze of PDLC versus refractive index
mismatching (nm Õ no ).

values of normal haze are correlated with their calculated
index mismatching values. As expected from theory, the
smaller the refractive index mismatching, the smaller the
normal haze of PDLC samples. In particular, an index
mismatching value smaller than 0 0́17 gives a normal
haze smaller than 6 %. This value of normal haze is
usually considered as the maximum tolerable target
value for PDLC in architectural window applications.
It must be noted that the lowest value of normal haze
which can be theoretically achieved in this system could
not be smaller than 2± 3 %, because the background
haze of the ITO-PET substrates and the plasticized
matrix is usually within this range. Figure 4. OV-axis haze of PDLC samples versus birefringence

(Dn) of the liquid crystals.The results for normal haze obtained here are qualitat-
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866 S. Pane et al.

preferably between 15 ß and 30 ß . Our strategy to obtain the liquid crystal not only in¯ uences the oV-axis haze,
but also contributes to the opacity of the PDLC ® lms.low haze PDLC ® lms is diVerent from that utilized for

NCAP, because we preferred to match the refractive To present the behaviour of the opacity with respect to
the liquid crystal birefringence, we report in ® gure 5 theindices at about 0 ß to obtain a very low normal haze,

reducing the Dn of LC to decrease the oV-axis haze. ® eld-oV state light transmission (T -oV ) versus the Dn of
the liquid crystals for the same samples presented inConsequently, the quantitative diVerence in the Dn limit

between the PS (0 1́8) and NCAP (0 1́2) methods can ® gure 4. The plot of ® gure 5 indicates that, if Dn is lower
be attributed to diVerent index matching conditions, as than 0 1́6 the oV-state transmittance is higher than 2 %
well as to diVerent LC droplet morphologies. We will and the ® lm is not suYciently opaque for window
see in the next section that in PDLC ® lms made by the applications.
PS method the droplet shape gives a lower oV-state light A comparison of these results with those related to
scattering than that in NCAP; thus a PDLC ® lm made oV-axis haze ( ® gure 4), indicates that, in the phase
by the PS method is more transparent if the LC Dn is separation technique studied here, the optimum birefrin-
equal to 0 1́2. gence range of the liquid crystal should be within

Dn=0 1́6 Õ 0 1́8, in order to obtain a ® lm with a high
3.3. Opacity ® eld-on state transparency at a wide angle of view, and

In order to achieve high performance PDLC ® lms, it an acceptable ® eld-oV state opacity. This optimum
must be taken into account that the birefringence Dn of birefringence range is diVerent from that in PDLC

® lms produced by the NCAP method, which requires
a Dn=0 0́8 Õ 0 1́2, in order to obtain an acceptable
low oV-axis haze and a high oV-state light scattering.
Consequently, in the phase separation method, the liquid
crystal birefringence has to be higher than that in the
NCAP method, in order to have comparable haze and
opacity values. The reason for this diVerence arises
mainly from the diVerences in the microdroplet morpho-
logies of the PDLC ® lms prepared with the two
techniques.

In ® gure 6, we present examples of the micro-
droplet morphologies of PDLC ® lms obtained with the
phase separation and NCAP methods as obtained by
scanning electron microscopy (SEM) analysis. In the
phase separation technique [® gure 6 (a)], the size of the
droplets is usually uniform and their shapes are spherical,
with a three-dimensional random orientation of theFigure 5. OV-state transmittance (opacity) of PDLC versus

birefringence (Dn) of the liquid crystals. symmetry axis; in the NCAP method [® gure 6 (b)], the

Figure 6. SEM micrographs of
PDLC obtained by (a) phase
separation method (PIPS) and
(b) micro-emulsion method
(NCAP).

15 mm

a b
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867Haze and opacity control in PDL C

liquid crystal droplets are non-uniform in size, having city in the ® eld-oV state, the liquid crystal
birefringence should be between 0 1́6 and 0 1́8.elongated shapes with the symmetry axis aligned in the

direction of the ® lm plane. The nature of the morphology The rules found here for obtaining high quality PDLC
in the phase separation PDLC leads to a reduction in ® lms involve the same material parameters (index mis-
the ® eld-oV state scattering and, hence, a reduction in matching and Dn) and are qualitatively the same as
opacity of the PDLC ® lms. In fact, samples of PDLC those indicated in the preparation of ® lms by the NCAP
prepared by the PS method having about the same method. The quantitative diVerences found in the sug-
droplet size and ® lm thickness as that in NCAP samples gested parameter values between the PS and NCAP
and, using the same LC birefringence, are quite trans- methods arise mainly from the diVerences in the morpho-
parent. This behaviour has been previously observed by logy of the PDLC samples and from the amount of LC
Vaz and Montgomery [16]. They found that the ® eld- dissolved in the polymer matrix.
oV scattering is larger when the nematic director lies
parallel to the ® lm plane rather than when it has a three- The authors wish to acknowledge the technical assist-
dimensional random orientation. Consequently, in order ance of Mr A. D’Angella.
to achieve the same degree of opacity with the phase
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