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ABSTRACT: Polymer dispersed liquid crystals (PDLCs) are a class of electrooptic materials most often formed
by polymer-induced phase separation, a one-step fabrication technique often based on photopolymerization of
the commercial thiotene mixture NOAG5. To allow further understanding regarding PDLC formation, this work
systematically examines processing variables that influence-tbi@-based PDLC morphology and subsequent
performance, namely polymerization kinetics, polymer gel point, and liquid crystal (LC) phase separation. PDLC
formulations containing a wide range of thiol and ene monomers were examined as a function of monomer (thiol
and ene) functionality, thietene stoichiometry, and ene monomer composition. Simultaneous examination of
polymer evolution and LC phase separation by real-time infrared (RTIR) spectroscopy shows that both
polymerization kinetics and the gel point of thiedne PDLC formulations are influential on the extent of LC
phase separation. Increasing monomer functionality (both thiol and ene) reduces LC droplet size in PDLC
morphology by reducing the gel point conversion of thiehe polymer. In addition to influencing gelation,
increasing the functionality or the electron density of ene monomer increases the rate of polymerization which
further reduces LC droplet size. The thi@ne PDLC formulations studied exhibit decreased LC droplet size
(from 1um to 300 nm) that correlates directly to polymerization rate and gel point. Electrooptic switching behavior
is also dependent on LC droplet size.

Introduction using thiok-ene polymer systems, PDLCs have been fabricated
using acrylate®-22 and epoxide3®2°> The polymer composition

of the PDLC is critical in influencing performance characteristics
such as switching voltage and transmittance. For example,
incorporating fluorinated acrylates into PDLCs reduces LC

Polymer dispersed liquid crystals (PDLCs) are a polymer/
liquid crystal (LC) composite material proposed for applications
in switchable windows and imaging technoldg¥due to their
unique electrooptic performance characteristics. Since the . oo

o . X anchoring energy and subsequently lowers switching voRége.
original report of these materiatsesearchers have extensively . Lo .
examined PDLC formation seeking optimized performance. _DesPite significant use of thislene polymers as hosts for
Much of this work has focused on correlating PDLC morphol- LC composites, until recently, the fundamentals of thiehe

ogy to performance parameters such as on-state transmissionpolyr_nerizations have not b_een_ widely studied. R_ecent interest
off-state scattering, and switching volteyé. in thiol—ene photopolymerization has been motivated by the

. resilience of thiot-ene polymerization to oxygen inhibition and

sepg’gﬁjﬁ‘?{? ; ﬂ:nne_f;reme;j at:?i::c;tji%rr]\ ?g%nr:iet?d:;cwhigﬂaze a wide array of thermomechanical properiéshus making

P TR P . . que, thiol—ene polymers attractive for standard UV-curing applica-
polymerization initially oceurs in an |sotrqp|c rr.nxture. of LC tions such as coatings. The kinetics of thiehe polymerization
and monomer. 'I_'he_formatlon .Of PDITCS IS typl_cally induced have long been known to be dependent on the electron density
by photopolymerization (UV-curing}: With polymerization, the of the ene monomer and the chemical composition of the thiol
LC loses solubility in the polymer and separates into a distinct monomer (i.e., aliphatic or mercaptopropionate thi8Ixhe
Bh?;e Lh;;)g%g 2:23;#(];";"_%2(1&% I(I)?wlg%;?vsl) (rile(;?')ﬂgl% iag: UMerous commercially available thiol and ene monomers of
drF())pIeFt) (“Swissp cheesé”) or interconnected (polyn?er bgll) “various functionality can change polymerization kinetics and
PDLCs form droplet or interconnected morphology based on allow the gel point of these polymers to be varied from

. o X -~ conversions as low as 33% to as late as 71% in stoichiomet-
LC concentration, polymerization mechanism, polymerization ; o )
e " rically balanced cross-linked systed¥s$? Research regarding
kinetics, and polymer compositicn.

. o » thiol—ene photopolymerization has been thoroughly reviewed
A number of studies examining PDLCs have utilized the 1,y Hoylet and also Jacobini.

commercial thiol-ene mixture NOA65 (Norland Productg);18
reportedly a mixture of trifunctional thiol (trithiol) and a
tetrafunctional urethane allyl eth&In addition to formation

Thiol—ene polymerization occurs via a free radical step-
growth mechanism. As shown in Scheme 1, the first step in
thiol—ene polymerization is formation of initiating radical
species through the absorption of light. In thigine polymer-
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Scheme 1. Thiot-Ene Polymerization Mechanism HS HS,
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propagate is through addition across a carbeerbon double 0 o o
bond (“ene” monomer). As shown in step 2 of Scheme 1, the e.
addition of the thiyl radical across the ene monomer results in N L/ ° \ /

generation of a carbon-based radical species. In traditional
thiol—ene polymerizations, ene monomers are chosen that do
not readily homopolymerize. However, as shown in step 3 of

Scheme 1, these carbon-based radical species will readily D N S T N

abstract a hydrogen atom from thiol monomer to regenerate aFigure 1. Chemical structures of thiol and ene monomers used in this

thiyl radical species. Thietene polymerization continues  sydy: (a) trithiol, (b) tetrathiol, (c) diene, (d) triene, (e) tetraene, and
through alternation of steps 2 and 3 of Scheme 1 until the radical (f) divinyl ether.

species terminate, as shown in step 4.

The benefits of thiokene polymer in LC systems have been Table 1. Calculated Gel Points for PDLC Formulations

demonstrated recently in holographic polymer dispersed liquid molar ratio stoichiometric  calcd gel
crystals (HPDLCs$3 Switching from the standard acrylate-based hame (thiol to ene)  ratio (thiol to ene)  point (%)
HPDLC formulation to a thiotene formulation based in trithiol/diene 115 11 71
NOAG5 has resulted in dramatic performance enhancement. 029 g:ﬁﬂ:g:ﬁ:ggg s 0.6 s
HPDLCs que from thietene polymer showl|mprpved dif- tetrathiol/tetraene 11 11 33
fraction efficiency and greater LC droplet uniformity and do trthiol/triene 11 11 50
not suffer from the long-term degradation reported in acrylate- trithiol/tetraene 1.33:1 11 41
based materials. The performance enhancement of HPDLCs trithiol/divinyl ether 115 11 71

based on the commercial thiekne mixture NOAG5 has _ _
motivated additional study into new thieene formulations as ~ Propanone (Darocur 1173) and dipheny! (2,4,6-trimethylbenzoyl)-
an approach to further optimize HPDLC performadte. phosphine oxide) (Darocur TPO). Most PDLC formulations in this

While a great deal of research has studied thale-based report contain the trifunctional thiol monomer trimethylolpropane

S : -~ tris(3-mercaptopropionate) (trithiol, Aldrich) and the difunctional
PDLCs, these examinations have been nearly exclusively limited oo 1 onomer trimethylolpropane diallyl ether (diene, Aldrich). The

to NOAGS. Correlating the influence of compositional changes ixfiyence of thiol and ene monomer functionality was investigated
in thiol—ene PDLC formulations to polymerization kinetics, LC  py comparing the trithiol/diene formulation to other mixtures

phase separation and polymer/LC morphology may lead to moreincluding the tetrafunctional thiol monomer pentaerythritol tetrakis-
comprehensive understanding of PDLC formation and elec- (3-mercaptopropionate) (tetrathiol, Aldrich), the trifunctional ene
trooptic properties, useful not only for optimizing PDLC monomer pentaerythritol allyl ether (triene, Aldrich), or the

performance but also laying a foundation for understanding the tetrafunctional ene monomer glyoxal bis(diallyl acetal) (tetraene,
critical factors governing the fabrication of thieéne-based Aldrich). PDLCs made from these allyl ether monomers were also

HPDLCs. In this paper, the formation of PDLCs is studied as compare_d_ to the difunctiqnal ene.monomertriethylene glycol divinyl
a function of thioPaﬁd ene monomer functionality, thigine ether (divinyl ether, Aldrich). Thietene-based PDLCs were also

i . .~ . compared to an acrylate-based PDLC formulation previously
stoichiometry, an_d ene monomer elec_:tron density. Th_e k'net'cs reported®® The acrylate-based formulation contains the highly
of PDLC polymerization are studied simultaneously with direct nctional monomer dipentaerythritol pentaacrylate (DPPA, Aldrich)
examination of LC phase separation by real-time infrared mixed with 10 wt %N-vinyl pyrrolidone (NVP, Aldrich), 5 wt %
spectroscopy (RTIR). The understanding gained through RTIR octanoic acid (Aldrich), and 30 wt % BLO037. All materials were
examination of polymerization kinetics and LC phase separation used as received. Chemical structures for trithiol, tetrathiol, diene,
is complemented by scanning electron microscopy (SEM) triene, tetraene, and divinyl ether are shown in Figure 1.
imaging of PDLC morphology. Ultimately, the influence of Thiol—Ene PDLC Formulati_on's.UnIe.ss otherwise note_d, thiol
monomer functionality on electrooptic switching behavior of and ene monomer were stoichiometrically balanced; i.e., equal

fabricated PDLCs is determined and compared to NOA65-basednumbers of both thiol and ene functional groups were used to allow
PDLCs optimal conversion of monomer in the PDLC mixtures. The

compositions of the PDLC formulations studied here are listed in

Table 1. The gel point for the thielene polymers range from 33

to 86%, as calculated with the well-known gel point equatfon.
Materials. All PDLC formulations examined contain 1 wt %  The stoichiometrically balanced (1:1) trithiol/diene PDLC formula-

Darocur 4265 (DC-4265, Ciba) and 30 wt % BL037 (EMD tion was compared to samples with excess ene (1:1.33 thiol to ene)

Chemical), a mixture of cyanobiphenyl liquid crystals. DC-4265 and excess thiol (1:0.66 thiol to ene). Influencing the reaction

is a 50:50 weight mixture of 2-hydroxy-2-methyl-1-phenyl-1- stoichiometry in polymerization of two or more monomers is known

Experimental Section
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to shift the theoretical gel point to higher monomer convergfon.

Methods. A Fourier transform infrared (FTIR) spectrometer
(Thermo Electron Nexus 670) with a liquid nitrogen cooled MCT
detector was adapted to enable real-time study of photopolymeri-
zation (RTIR). The RTIR was purged with nitrogen to reduce noise
from water vapor and carbon dioxide. A horizontal transmission
accessor¥ fitted to the FTIR allows examination of photopolym-
erization in a nitrogen-rich environment free of oxygen. Samples
containing 15um glass spacers were sandwiched between two NaCl
slides (International Crystal Labs). Photopolymerization was initi-
ated by a high-pressure Hg arc lamp (Exfo Acticure 4000) using
365 nm light with a standard intensity of 2.3 mWZR&runless
otherwise noted). Spectra were collected every 0.2 s at 8 cm
resolution during the course of polymerization. The percent double
bond conversion was calculated from peak height changes associ-
ated with polymerization, as reported elsewh&rehiol monomer
conversion was monitored at the-8 stretching peak at 2569 crh
while ene monomer conversion was monitored at thé—H
stretching peak around 3078 cin Polymerization rates () for
both thiol and ene were determined from the time derivative of
RTIR conversion profiles.

In addition to examining polymer evolution, RTIR is useful in

Scatter at 7000 cm-1

200

100

Normalized Peak Height at 2225 cm'1

Time (seconds)

Figure 2. RTIR examination of LC phase separation in polymerization
of trithiol/diene at 1 mW/crh Both normalized cyano peak height at
2225 cn1t (O) and scatter at 7000 crh(d) are measured as a function
of time.

understanding which factors during polymerization are critical

examining LC phase separation and order in polymer/LC sys- to dictating LC phase separation and, ultimately, polymer/LC
tems!21335The extent of the decrease in cyano absorbance from morphc_)logy. I_n the egrly effort's by Kloosterboer et aI._, a
the value before polymerization is indicative of the amount of LC Photodifferential scanning calorimeter (DSC) was combined
in the nematic phase in the formed PDLC. The thermotropic nature With a turbidity accessory to access information regarding the
of BLO37 was utilized to determine the absolute absorbance changerole that variables such as light intensity (polymerization rate),
of this LC in its isotropic state vs its nematic state. On a unit scale, cross-link density, and the chemical makeup of LC play on the
the absorbance of bulk BLO37 at 2225 chin the isotropic phase polymer-induced phase separation prodessMore recently,

is 1.0 and 0.78 in the nematic phase. Before polymerization of rea|-time infrared (RTIR) has been used to simultaneously
PDLCs, BLO37 is isotropic as the formulation is homogenously examine LC phase separation and nematic order in PDLCs made
mixed. Upon phase separation of BL0O37, the LC undergoes an from NOA65 and the cyanobiphenyl liquid crystal #2722

isotropic-to-nemgtic transition. The yatio of the absorbance change During the polymerization of PDLCs, the initially clear mixture

at 2225 cm! during the polymerization of PDLCs to the absolute ’

LC. With LC phase separation, the LC molecules transition from
isotropic to nematic. Both these phenomena impart changes to
the IR spectra that when monitored in real time serve as a means
to study LC phase separation as a function of the polymerization.

The changes in IR peak height at 2225¢nand scatter at
7000 cnt?! are shown in Figure 2 for the polymerization of a
the 10 s before polymerization aidis the absorbance (unit scale)  trithiol/diene-based PDLC at 1 mW/éniThe polymerization,
at timet during polymerization. In a given PDLC, if all the BL0O37 initiated after 10 s of data collection, exhibits a short lag before
phase separates into droplets exhibiting the nematic phase, thehe peak height at 2225 crhdecreases and the scatter at 7000
relative absorbance at 2225 thnshould decrease by 22%. To cm! increases. The decrease in peak height at 2225 ¢en
further examine the influence of formulation changes on phase associated with the increasing appearance of the nematic phase
separation kinetics in PDLCs, the rate of nematic appearance wasgs | C phase separates. The decreased transmission at 7000 cm
ggitgrr]rtn:jn;g from the time derivative of normalized cyano peak occurshas the p0|ym|e.r/rll'c mor:phology Iformshw(i;]n?)m?/lverﬁ large

- ' o enough to scatter light at this wavelengt . ile
A scanning electron microscope (SEM, Hitachi S-9000, 5 keV) Bhargavd213 has shown minor differences in the onset of

was used to directly examine polymer/LC morphology. PDLC - X . . .
formulations with 175:m glass spacers were polymerized between Neématic ordering and scattering, it appears that they are quite
similar under the conditions of this stud.Unfortunately,

glass microscope slides via the RTIR light source at 2.3 m\&//cm
subjected to methanol extraction, air-dried, and freeze-fractured with scatter during the formation of PDLCs is droplet size dependent
liquid nitrogen. Samples were mounted on aluminum stubs via black and therefore not relevant in comparing LC phase separation
carbon tape to enable analysis of the bulk morphology. After with PDLC formulations of dramatically different polymer/LC
samples were mounted, a8 nm coat of tungsten was applied by  morphology. For example, PDLCs made from trithiol/divinyl
a sputter coater (Emiteon K550). ether exhibit LC droplets as small as 300 nm and impart no

of LC in the nematic phase (nematic fraction) as given in eq 1:

0.22

nematic fraction=

1)

whereA, is the average absorbance (unit scale) at 2225 dor

Electrooptic behavior of fabricated PDLCs was examined using
an optical setup previously report€dPDLCs were polymerized
between indiumtin oxide (ITO) glass slides with 1am glass
spacers. The transmission of light through the PDLC was examined

scatter at 7000 cmi. Therefore, this work will exclusively
utilize the examination of the isotropic to nematic transition at
2225 cn! as a measure of LC phase separation.

with a spectrometer (Ocean Optics) as voltage was increased Most reports of PDLCs have utilized either acrylate or thiol
stepwise (square wave, 1 kHz V rms) until the PDLC became  ene polymer as host. The significant differences in the polym-
transparent. erization mechanism, polymerization kinetics, and polymer gel
point of acrylate and thietene systems distinguish the polymer-
induced phase separation process in these systems. To contrast
Simultaneously examining both polymer evolution and liquid polymer-induced phase separation in PDLCs based on acrylate
crystal (LC) phase separation during the formation of polymer and thiok-ene polymerization, Figure 3a shows RTIR examina-
dispersed liquid crystals (PDLCs) has been instrumental in tion of LC phase separation (as monitored by the appearance

Results and Discussion
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From Figure 3a it is evident that thieene PDLCs exhibit a
much higher percentage of nematic LC and thus higher degree
of LC phase separation than the acrylate-based PDLC. Further-
more, from Figure 3b, the conversion at which the maximum
rate of nematic appearance occurs shifts from less than 3% in
o k., acrylate-based PDLCs to upward of 75% in the thiehe
0,000 C====—m====" . . w PDLC. Interestingly, the maximum rate of nematic appearance
' 20 40 60 30 100 occurs nearly exactly at the gel point for both PDLC systems.
. The differences in nematic fraction and rate of nematic
Conversion . .
Figure 3. (a) Nematic fraction (%) vs monomer conversion for appearance as W-e” as thelr dependgnce; on conve.rS|on are
acrylate-based PDLCY) and trithiol/diene PDLC Y). (b) Rate of directly related to dlfferen(_:es n polymerlzatlop mechanlsm and
nematic appearance vs monomer conversion for acrylate-based PDLCOW they affect the gel point. Since the gel point of this acrylate
(—) and trithiol/diene PDLC (- - -). Polymerization initiated with 1 mW/  system is reached almost immediately after polymerization, LC
cr. phase separation primarily occurs via ligtigel demixing; i.e.,
the LC is phase separating from a gelled polymer. For the
of nematic order) as a function of double bond conversion for trithiol/diene PDLC, the theoretical gel point is calculated to
pentaacrylate- based PDLCs. The evolution of the nematic occur at 71% conversion. Therefore, up to 71% conversion,
fraction (i.e., the fraction of LC molecules in the nematic demixing in this thiol-ene mixture occurs mostly through
mesophase) in the PDLCs is plotted against monomer conver-liquid—liquid demixing; i.e., the LC is phase separating from a
sion in Figure 3a. In the pentaacrylate-based PDLC, the liquid solution. After the gel point at 71% conversion, phase
appearance of the nematic phase is immediate and steadilyseparation continues via liquigjel demixing albeit at a reduced
increases over the range of double bond conversion until therate. Of the two demixing processes (liqtiitjuid and liquic—
ultimate conversion of 55% is reached. The evolution of the gel) it seems that liquidlliquid occurs at a faster rate and results
nematic phase is much different for the trithiol/diene PDLC in greater LC phase separation in PDLCs. The unique behavior
formulation. Minor increases in nematic fraction are observed of LC demixing occurring between 50 and 71% conversion in
until 50% thiol conversion, followed by a rapid increase that thiol—ene systems may indicate that the solubility of the LC is
allows~60% of the nematic phase to appear. About two-thirds reduced as the molecular weight of the liquid matrix increases,
of LC phase separation in this trithiol/diene PDLC occurs causing greater liquidliquid demixing.

between 50 and 70% thiol conversion. The polymerization kinetics of thielene and acrylate systems
Itis clear from Figure 3a that the polymerization mechanism are very different and may be the source for some of the
is very influential on the evolution and extent of LC phase reduction of LC phase separation in acrylate PDLCs. To
separation. The phase separation kinetics are more clearly showrxamine more clearly the influence of polymerization kinetics
in Figure 3b, where the rate of nematic appearance is plottedon PDLC formation, the trithiol/diene PDLC was studied over
against conversion for the acrylate- and thiehe-based PDLCs.  a range of light intensities. Previous work has shown that
The rate of nematic appearance is the time derivative of the increasing the polymerization rate by increasing light intensity
normalized cyano peak height data and indicates the rate atresults in reduced LC droplet size in PDLES®? RTIR
which the LC is transitioning from isotropic to nematic. The examination of nematic fraction and double bond conversion
rate of nematic appearance for the acrylate-based PDLC risesfor the trithiol/diene based thislene PDLC over a range of
to a maximum at less than 3% double bond conversion and light intensities is shown in Figure 4 and echoes these previous
thereafter tapers off to zero over the range of acrylate double results. Increasing light intensity from 2.3 to 46 mwWFkm
bond conversion. In contrast, the rate of nematic appearanceincreases polymerization rate, significantly reducing the ultimate
for the trithiol/diene PDLC rises steadily untit50% thiol nematic fraction from 50% to 20%. In examining the evolution
conversion and then sharply increases to a maximum at aroundof the nematic fraction, the liquigliquid demixing process up
75% thiol conversion. The overall maximum rate of nematic to 50% thiol conversion is very similar despite the change in
appearance is nearly 10 times greater for the théole PDLC light intensity. After 50% thiol conversion, the evolution of LC
than the acrylate-based PDLC. phase separation (as indicated by the appearance of the nematic
These results regarding the appearance of the nematic phasehase) for the three light intensities significantly diverges. The
give significant information regarding phase separation as well. theoretical gel point for trithiol/diene PDLC is 71% thiol
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conversion, which is independent of light intensity. As previ- 0.25
ously discussed in Figure 3, LC phase separation from 0 to 71%
conversion in trithiol/diene PDLCs occurs via ligquitiquid
demixing. The unique behavior between 50 and 71% conversion
evident in both Figure 3 and 4 is likely due to reduced monomer
concentration and increased molecular weight in the reaction
medium. These changes reduce the solubility of the LC, which
in turn increases the rate of liquidiquid demixing. As a
thermodynamic phenomenon, LC phase separation is a time-
dependent process. Increasing the light intensity increases the
polymerization rate, which will reduce the amount of time
between 50 and 71% conversion. Reducing the amount of time 0.00
for LC phase separation to occur by liguiliquid demixing
between 50 and 71% conversion thereby limits the extent of
LC phase separation.

Figures 3 and 4 show that LC phase separation in PDLCs
strongly depends on the gel point and polymerization kinetics.
As previous research of bulk thieene polymerization has
shown, thiol and ene monomers of various functionality and
electron density are available that polymerize at dramatically
different rates and form cross-linked polymers with gel point
conversions that range from 33 to 86%. A first step toward
tailoring thiol-ene PDLC formulations is determining the
influence, if any, that thiotene stoichiometry plays in the
formation of PDLCs. To this end, the polymerization kinetics
and nematic fraction of thietene PDLC formulations of 1:1
(stoichiometric), 1:1.33 (excess ene), and 1:0.66 (excess thiol)
trithiol to diene PDLC formulations are shown in Figure-5a .
As shown in Table 1, varying the stoichiometric ratios of trithiol Ene Conversion
and diene shifts the gel point from 71% in a stoichiometric
mixture of trithiol/diene to 81% (1:1.33 trithiol to diene) and >0
86% (1:0.66 trithiol to diene) in nonstoichiometric formula- ¢
tions 36 40 1

To determine whether thislene stoichiometry is influential
on polymerization kinetics in PDLCs, RTIR determination of
the ene polymerization rate for 1:1, 1:1.33, and 1:0.66 trithiol
to diene PDLC formulations is shown in Figure 5a. Figure 5a
is a plot of the rate of ene conversion vs the conversion of ene
monomer. As the concentration of thiol functional groups
increases, the polymerization rate increases. The PDLC contain-
ing excess thiol monomer has a polymerization rate 60% greater
than the stoichiometric mixture of trithiol and diene. The
presence of excess ene in the 1:1.33 trithiol to diene mixture
reduces polymerization rate dramatically. Ene Conversion

In addition to influencing polymerization rate, thieéne Figure 5. (a) Rate of thiol conversion vs thiol conversion, (b) rate of

i ; ; ene conversion vs ene conversion, and (c) nematic fraction (%) vs ene
stoichiometry also impacts the overall conversion of the system. conversion for trithiol/diene PDLCs of various stoichiometry: 1:0.66

Figure 5b plots thiol conversion vs ene conversion for 1:1, yithiol to diene (excess thiol)), 1:1 trithiol to diene (stoichiometric)
1:1.33, and 1:0.66 trithiol to diene PDLC formulations. Because (0), and 1:1.33 trithiol to diene (excess end)).( Polymerization
of the step-growth polymerization mechanism, the plot of thiol initiated with 17 mW/cra.
conversion vs ene conversion is linear. In the stoichiometric | c phase separation. To determine whether thésle stoichi-
mixture, both thiol and ene monomer achieve 100% conversion. ometry has any influence on phase separation, Figure 5c
In the sample containing excess thiol monomer, ene monomercompares the nematic fraction vs ene conversion for trithiol/
goes to 100% conversion while thiol monomer achievé8% diene PDLCs with different stoichiometric ratios. The maximum
conversion. In the sample containing excess ene monomer, thiolpercentage of nematic fraction increases dramatically with thiol
monomer goes to 100% conversion while ene monomer achievessoncentration from 25% (1:1.33) to 45% (1:0.66). Interestingly,
~65% conversion. Therefore, the influence of thiehe stoi-  the sample containing excess thiol (1:0.66) has greater LC phase
Chiometry iS not ||m|ted to kinetiCS, but the impaCt Of Unreacted Separation than the PDLC formulation Containing a Stoichio_
functional groups on polymer network structure must also metric mixture of trithiol and diene. One possible explanation
considered. for the increase in nematic fraction in the PDLC containing
Changing the stoichiometric ratio of trithiol and diene shifts 1:0.66 trithiol to diene may be associated with decreased LC
the polymer gel point (Table 1), polymerization rate (Figure solubility due to reduced ene concentration. In addition to the
5a), and overall conversion of thiol and ene monomer (Figure reduced solubility of LC in polymerizations containing excess
5b). The influence of thietene stoichiometry on structure thiol, the influence of thiotene stoichiometry on gel point may
development of thietene PDLC systems may also influence also be a factor. From Figure 5c, the evolution of the nematic
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] v & - -
= ov name nematic fraction (%)
< 0.015 oy trithiol/diene 55
2 trithiol/triene 29
g 0,010 | ov trithiol/tetraene 20
3 v tetrathiol/tetraene 16
Z v
h . .
o 0.005 1 zation rate of thiot-ene PDLCs.
= m@;ﬁnﬂfm Increasing ene monomer functionality shifts the gel point to
& 0,000 ¢ : . lower conversion while also increasing polymerization rate. Such
20 40 changes in polymerization kinetics and gelation should have

Thiol Conversion significant influence in LC phase separation. For examination
Figure 6. (a) Rate of ene conversion vs ene conversion and (b) rate Of Phase separation as a function of monomer functionality, the
of nematic appearance vs thiol conversion for thiehe PDLCs with rate of nematic appearance is plotted against thiol conversion
trithiol/tetraene ©), trithiol/triene (7), and trithiol/diene Q). in Figure 6b for the three PDLC mixtures based on diene, triene,

and tetraene. The rate of nematic appearance, the time derivative

phase for the polymerization of the stoichiometric, excess thiol, of the normalized cyano peak height data, clearly illustrates the
and excess ene PDLCs is virtually identical unti65% ene influence of polymer gel point on phase separation kinetics. With
conversion. Notably, 65% ene conversion is the gel point respect to thiol conversion, all three PDLC mixtures exhibit
conversion (equivalent to 86% thiol conversion) of the 1:1.33 similar initial rates of nematic appearance, indicating similar
trithiol to diene formulation. At~70% ene conversion, the  liquid—liquid demixing up to~15% thiol conversion. At this
nematic fraction of the stoichiometric PDLC also diverges from point in the polymerization, both the PDLC made with the triene
the 1:0.66 trithiol/diene PDLC. The stoichiometric PDLC has and the tetraene exhibit a rapid increase in the rate of nematic
a gel point of 71% conversion. The consistency in ligdiquid appearance. The PDLC mixture with the diene continues a
demixing in the three trithiol/diene formulations until gelation steady increase in rate up to 50% thiol conversion until it also
seems to indicate that the gel point is a critical factor in enabling exhibits a similar rapid rate increase. In all three PDLC
greater LC phase separation, perhaps even more important thafiormulations, the maximum in the rate of nematic appearance
polymerization kinetics. is near the gel point of the respective system (Table 1).

The polymer gel point in thietene polymerization can also Similar results are seen in examining thiol monomer func-
be shifted by changing monomer functionality. The influence tionality. The rate of nematic appearance is plotted against thiol
of ene monomer functionality on the polymerization kinetics conversion in Figure 7 for trithiol/tetraene and tetrathiol/tetraene
and LC phase separation is examined in Figure 6a,b. Figure 6aPDLC formulations. Increasing thiol monomer functionality in
plots ene conversion rate vs ene conversion for théole PDLC PDLCs shifts the maximum in the rate of nematic appearance
formulations containing trithiol polymerized with allyl ether from 45% thiol conversion in trithiol/tetraene to around 20%
monomers of functionality two to four. All formulations were  thiol conversion in tetrathiol/tetraene. Increasing thiol function-
stoichiometrically matched, resulting in nearly complete conver- ality from three to four shifts the theoretical polymer gel point
sion of thiol and ene. Increasing ene monomer functionality from 41% to 33% conversion. As expected, this change in
significantly increases the polymerization rate. The polymeri- polymer gel point again influences the evolution of LC phase
zation rate of trithiol/tetraene PDLC is almost double the trithiol/ separation. Thiol monomer functionality has little, if any,
diene PDLC. The rate of polymerization of thiedllyl ether influence on polymerization rate in PDLCs. Unlike ene mono-
systems, as shown elsewhere, is first order with regard to thiol mer functionality, increasing thiol monomer functionality
group concentration and zero order with regard to double bond maintains the monomer molecular weight to functionality ratio.
concentratiorf®4! As the functionality of the ene monomer Since the thiol functional group concentration is the same in
increases, the monomer molecular weight per functional group PDLCs based on trithiol and tetrathiol, the polymerization rate
decreases. Therefore, the concentration of thiol functional groupsof these two systems is equivalent.
in stoichiometric mixtures containing 1 mol of diene, triene, In addition to influencing the polymer gel point and the LC
and tetraene increases from 0.67, 1.0, and 1.33 as ene monomeatemixing process, monomer functionality also limits the LC
functionality increases. The increase in thiol concentration with nematic fraction. Shown in Table 2 is the nematic fraction for
increasing ene monomer functionality increases the polymeri- the thiok-ene PDLC mixtures examined in Figures 6 and 7. As
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_ 04 more influential than thiol monomer functionality in dictating
- a the extent of LC phase separation in thiehe PDLCs.
% 03 - As documented by Morgan in 1977 thiol—ene polymeri-
E 6.0000 zation rates are highly dependent on the structure of the ene
z 00,00 © %4 monomer. While thiot-allyl ether polymerization is relatively
@ 02+ 0© % fast, thiol-vinyl ether polymerization is known to polymerize
s o° o at an even faster rate. Thieéne-based PDLCs containing
8 WVVVWVVVVVWWW o electron-rich ene monomers including divinyl ethers have been
S 01192 previously examine@ The polymerization kinetics of PDLC
E g N made from trithiol/divinyl ether are compared to the trithiol/
0.0 i : . , diene PDLC formulation in Figure 8a. As expected, the rate of
20 40 60 80 100 the trithiol/divinyl ether PDLC formulation is double that

observed in the diene. The only difference between the-thiol
ene polymerization of divinyl ether and diene are the kinetics,
as these polymerizations should have identical gel points.

The influence of trithiol/divinyl ether PDLC on nematic
fraction is examined in Figure 8b, once again in comparison to
trithiol/diene. As expected, the increased polymerization rate
in trithiol/divinyl ether based PDLC reduces ultimate nematic
fraction relative to trithiol/diene. The trithiol/divinyl ether and
trithiol/diene PDLC have similar evolution of the nematic phase
up to~50% thiol conversion when the increased polymerization
rate in trithiol/divinyl ether limits liquid-liquid demixing,
similar to the influence of increased light intensity described
previously.

. . Changing the extent of LC phase separation and/or polym-
Thiol Conversion erization rate of thiokene PDLCs is known to dramatically
Figure 8. () Rate of ene conversion vs ene conversion and (b) nematic influence LC droplet size, a critical factor in determining PDLC
gggtnt?i?h\i/;/;t}g)rllg%r;yersuon for PDLCs with trithiol/divinyl ethe0] performance. To this end, the morphology of the thiehe
PDLCs studied here was examined with scanning electron
ene monomer functionality increases from two to four in microscopy (SEM). As shown in Figure 94 the PDLCs all
polymerization with trithiol, the maximum nematic fraction exhibit droplet morphology regardless of polymer composition.
markedly decreases from 55% (trithiol/diene) to 20% (trithiol/ In comparing the morphology of trithiol/diene in Figure 9a to
tetraene). Similarly, as thiol monomer functionality is increased tetrathiol/diene in Figure 9d, reducing thiol monomer function-
from three to four in polymerization with the tetraene, the extent ality decreases LC droplet size from aroundith to nearly
of nematic fraction decreases from 20% to 16%. For both thiol 800 nm. Similarly, the comparisons of trithiol/diene (Figure 9a)
and ene monomer functionality, gel points at higher conversion to trithiol/triene (Figure 9b) and trithiol/tetraene (Figure 9c) show
leads to increased LC phase separation. Ene monomer functhat increasing ene monomer functionality also decreases LC
tionality, with its significant influence on polymerization rate, droplet size, to as low as 400 nm (trithiol/tetraene). Since thiol
serves to further limit the amount of nematic LC and is therefore monomer functionality is not influential on the polymerization

Ene Conversion

Nematic Fraction (%)

20 40 60 80 100

Figure 9. Morphology of PDLCs as a function of monomer functionality and ene monomer electron density: (a) trithiol/diene, (b) trithiol/triene,
(c) trithiol/tetraene, (d) tetrathiol/diene, and (e) trithiol/divinyl ether.
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Table 3. Electrooptic Switching Behavior of Thiol-Ene-Based
PDLCs

demixing. Allowing LC phase separation to proceed via liguid
liquid demixing into high monomer conversion enables greater

switching LC phase separation. Thiekne stoichiometry in PDLC for-
PDLC formulation average LC droplet size  field (V/um) mulations is also influential on polymerization and phase
trithiol/diene 1um 5.1 separation as PDLCs containing excess thiol monomer have
trithiol/tetraene 400 nm 7.7 faster polymerization rate and greater LC phase separation.
NOAG5 400 nm 7.6

Comparison of allyl ether thietene PDLCs to fast-reacting

. . ) systems containing divinyl ether further illustrates the influence
rate in the PDLC formulations examined, the reduced LC droplet ¢ polymerization kinetics on LC phase separation and LC
size is related to the changed in gel point. As shown in Figure qropet size. PDLCs based on divinyl ether have reduced LC
7, increasing thiol monomer functionality shifts the onset of phase separation and reduced LC droplet size, and thereby
liquid—gel demixing, limiting LC phase separation. Subse- yprovement in electrooptic properties, in comparison to

quently, the LC droplets have less time to grow and coalesce,

reducing LC droplet size. Similarly, the LC droplet size

reduction with increasing ene monomer functionality is cor-
related to the polymer gel point. Additionally, ene monomer
functionality also shows a marked effect on polymerization rate,
further reducing LC droplet size in PDLCs made with higher
functionality ene monomer.

PDLCs containing trithiol/divinyl ether (Figure 9e) show
reduced LC droplet size in comparison to trithiol/diene (Figure
9a) with an identical gel points. Increasing the polymerization
kinetics by incorporating divinyl ether reduces LC droplet size
from around 1um in the trithiol/diene PDLC (Figure 9a) to
nearly 300 nm. The reduction in LC droplet size associated with
the kinetic influence of divinyl ether corroborate previous results
demonstrating the influence of light intensity on NOA65-based
PDLC droplet sizé*3°

To illustrate the role of changes to polymer/LC morphology
on electrooptic switching behavior, the switching voltage of the
trithiol/tetraene and trithiol/diene PDLCs was determined and

compared to a PDLC based on NOAG65, as shown in Table 3.

Switching voltage is known to be a function of the size and
aspect ratio of the LC droplefsMorphology examination,
shown in Figure 8, indicates that the aspect ratio of the LC
droplets in the various PDLCs are nearly identical, meaning
that the determining factor in switching will be the LC droplet
size. The switching fields for the PDLCs examined in Table 3

difunctional allyl ether systems.
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