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Abstract

The morphology and corresponding performance of holographic polymer dispersed liquid crystals (HPDLCs) based on thioleene polymer
are dependent on a number of factors including the gel point conversion of the polymer, polymerization kinetics, and extent of liquid crystal (LC)
phase separation. Previous research of HPDLC reflection gratings made from thioleallyl ether polymer indicates that increasing polymerization
rate in systems with moderate gel point conversion can improve diffraction efficiency (DE). This work examines HPDLC reflection gratings that
contain the ene monomer triallyl isocyanurate (TATATO). In HPDLCs, thioleTATATO polymerization is two times faster than the thioleene
polymerization of triallyl ether. By substituting TATATO for triallyl ether, the LC droplet size within HPDLC reflection gratings decreases
from 100 nm to 25 nm. The dramatic reduction in LC droplet size for thioleTATATO HPDLCs increases baseline transmission from 55% in
thioletriallyl ether HPDLCs to 90% at 450 nm. Unfortunately, the DE of thioleTATATO HPDLCs is only approximately 10% due to poorly
defined lamellae in the grating morphology. As determined with real-time IR (RTIR) spectroscopy, thioleTATATO HPDLCs have significantly
faster LC demixing kinetics in comparison to thioleallyl ether HPDLCs. During holographic photopolymerization, the increased rate of LC
demixing causes formation of LC droplets throughout the grating. The low DE of thioleTATATO HPDLCs can be improved by mixing TATATO
and allyl ether monomer. The morphology of ternary thioleene HPDLC formulations containing TATATO and allyl ether has a well-defined
grating structure due to increased LC solubility in the system, an average LC droplet size of 50 nm, and baseline transmission of nearly
85% at 450 nm.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Holographic polymer dispersed liquid crystals (HPDLCs)
are promising materials with switchable diffractive capabilities
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useful in optical systems [1e4]. HPDLCs are formed through
holographic illumination of a photoreactive mixture contain-
ing photoinitiator, monomer, and liquid crystal (LC). Upon
illumination, the photoinitiator absorbs light, forms radicals,
and initiates polymerization (photopolymerization) [5]. Since
the rate of photopolymerization is a direct function of light
intensity [6], monomer consumption is much faster in the re-
gions of high light intensity, subsequently causing the forma-
tion of concentration gradients that disturb the equilibrium of
the developing system. In an attempt to maintain equilibrium
as monomer is consumed, monomer diffuses from the dark
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regions into the light regions and nonreactive LC diffuses
from the light regions to the dark regions. The result is a mor-
phology consisting of alternating lamellae of polymer-rich
and LC droplet-rich regions.

The use of acrylate-based HPDLCs in a wide range of ap-
plications has been limited by degradation and less than desir-
able optical performance [7,8]. On the other hand, HPDLCs
formed in thioleene polymer have recently shown stable de-
vice performance for up to three years [9]. The optical perfor-
mance of thioleene based HPDLCs also shows additional
improvement over acrylate-based precursors in the fabrication
of reflection gratings with uniform notch shape, improved per-
formance consistency, increased diffraction efficiency (DE),
and in some cases, reduced switching voltage (SV)
[7,10,11]. Initial reports of thioleene based HPDLCs have uti-
lized the commercial mixture NOA65 (Norland Products)
[12], a common host matrix for polymer/LC composites
[13]. Efficient reflection gratings have been formed across
the visible spectra using the 365 nm line of a high power Ar-
gon-ion (Arþ) laser and a prism. Unfortunately, the fabrication
of high DE reflection gratings in the IR with UV-initiated ho-
lographic photopolymerization is not possible using prism ho-
lography. These optical constraints have been overcome with
the development of visible photoinitiation systems that effi-
ciently initiate thioleene photopolymerization using laser
wavelengths of up to 647 nm [10,14]. Recently, Natarajan
et al. used visible photoinitiation to fabricate HPDLC diffrac-
tion gratings in thioleene polymer with reflection notches at
wavelengths as high as 1500 nm [10].

Despite the enhancements associated with the use of thiole
ene chemistry in HPDLCs, further improvement in electro-
optical performance is desirable. Some of the critical factors
necessary for generation of high performance thioleene
HPDLCs have recently been documented [11,15]. These
reports examine the impact of light intensity, ene monomer
functionality, thiol monomer functionality, and thioleene stoi-
chiometry on the development of thioleene based HPDLCs
through characterization of polymerization kinetics, LC phase
separation, polymer/LC morphology, and electro-optic perfor-
mance. Both increasing polymerization rate and decreasing gel
point conversion by increasing monomer functionality reduce
LC droplet size and the extent of LC phase separation. How-
ever, HPDLC reflection gratings formed in thioleene systems
with gel point conversion less than 40% have poorly defined
polymer and LC lamellae that impart undesirable scattering
and, subsequently, lower baseline transmission. HPDLC re-
flection gratings formed in thioleene systems with gel point
conversion greater than 60% have large LC droplets that
also scatter light and reduce baseline transmission. Therefore,
thioleene HPDLC reflection gratings with fast polymerization
rate and moderate polymer gel point conversion (40e60%
conversion) yield the optimal combination of well-defined
grating morphology and small LC droplets necessary for
high baseline transmission and overall DE.

Thioleene polymerization kinetics are dependent on the
structure of the thiol and ene monomers. Thioleene polymeri-
zation with mercaptopropionate thiol monomers is faster than
with mercaptoacetate or aliphatic thiol monomers as thiyl
radicals are stabilized by the ability of mercaptopropionate
monomer to form a six-membered ring through hydrogen
bonding [16,17]. The thioleene polymerization of vinyl
(ene) monomer is dependent on electron density of the double
bond [17,18]. Ene monomers with high electron density such
as vinyl ethers, and triallyl isocyanurate (TATATO) exhibit
rapid rates of thioleene polymerization. Based on these faster
polymerization rates, PDLCs containing vinyl ether or
TATATO monomer have smaller LC droplets in comparison
to slower polymerizing thioleallyl ether systems such as
NOA65 [15,19,20].

This work examines the impact of polymerization behavior
on LC phase separation, morphology, and performance of
HPDLCs made from thioleene polymerizations with a particu-
lar focus on fast-reacting systems containing TATATO.
HPDLC diffraction gratings were created to reflect green light
(540e555 nm) by holographic interference of the 365 nm line
of an Arþ laser. The influence of TATATO on the polymeriza-
tion kinetics and LC phase separation was examined with real-
time IR spectroscopy. The electro-optical performance of
HPDLC reflection gratings was characterized with transmis-
sion spectroscopy. The performance of HPDLC reflection
gratings was correlated to polymer/LC morphology as charac-
terized by transmission electron microscopy (TEM).

2. Materials and methods

HPDLCs were formulated with 2 wt% of the UV photoini-
tiator Darocur 4265 (DC-4265, Ciba), 27 wt% of the liquid
crystal BL037 (EMD Chemical), and 71 wt% of stoichiomet-
ric mixtures of thiol and ene monomer. BL037 is an eutectic
mixture of cyano-n-phenyl compounds with a nematic to iso-
tropic transition at 109 �C, positive dielectric anisotropy, an
ordinary refractive index of 1.5260, and optical anisotropy
(Dn) of 0.2820 [21]. All thioleene polymerizations in this
report incorporate the trifunctional thiol monomer trimethylol-
propane tris(3-mercaptopropionate) (trithiol, Aldrich). Difunc-
tional ene monomers examined are trimethylolpropane diallyl
ether (diallyl ether, Aldrich) and tri(ethylene glycol) divinyl
ether (divinyl ether, Aldrich). The theoretical gel point conver-
sion for the stoichiometric trithiolediene mixtures is 71%.
Trifunctional ene monomers were also examined, namely,
pentaerythritol allyl ether (triallyl ether, Aldrich) and triallyl
isocyanurate (TATATO, Aldrich). The theoretical gel point
conversion of stoichiometric trithioletriene mixtures is 50%.
HPDLCs containing NOA65 (Norland Products) were also
examined. Chemical structures for the monomers used in this
study are shown in Fig. 1.

HPDLC reflection gratings were fabricated to diffract green
light (540e555 nm) by holographic exposure with the 365 nm
line of an Argon-ion (Arþ) laser (Coherent, model 308c). The
interference of the object and reference beams was induced
using a single expanded beam and an isosceles 90� glass prism
[7,10]. Glass spheres (10 mm) were added to the formulations
to control grating thickness. Both conventional glass and
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indium-tin-oxide coated glass slides were used. Samples were
holographically exposed for 1 min to form the HPDLC.

The diffraction efficiency (DE) and switching voltage (SV)
of the fabricated HPDLC reflection gratings were character-
ized to gauge electro-optic performance. Both DE and SV
were determined using an optical apparatus consisting of
a white light source, a fiber optic spectrometer (Ocean Optics),
an oscilloscope, and an amplifier. In this report, the DE is
experimentally determined from the transmission spectra of
a fabricated HPDLC reflection grating. The DE is calculated
as the difference in transmission at the center of the reflection
notch from the baseline to the peak of the reflection notch. The
baseline is determined by fitting the spectra with a four param-
eter differential equation which is then directly compared to
the actual transmission spectra. The switching characteristics
of HPDLC reflection gratings are studied by examining the
optical behavior of the grating with increasing voltage. Volt-
age was increased stepwise with an amplifier (square wave,
1 kHz, 5 V RMS) until DE approached 0%.

Polymer/LC morphology was imaged with transmission
electron microscopy (TEM). HPDLC films were embedded
in flat molds with a low viscosity TEM resin (Epo-fix) and po-
lymerized overnight at 60 �C. After epoxidation, samples were
ultramicrotomed (RMC PowerTome XL) with a 35� diamond
knife (Diatome) at a thickness of 60 nm. These sections were
vapor stained with RuO4 to improve contrast and stability un-
der the electron beam. HPDLC sections were imaged with
a transmission electron microscope (FEI CM200) at 200 kV.

Polymerization rate and LC phase separation were exam-
ined with real-time IR (RTIR) spectroscopy. An FTIR spec-
trometer (Thermo Electron, Nexus 670) with liquid nitrogen
cooled MCT detector was adapted to allow real-time examina-
tion of photopolymerization, as reported elsewhere [15,22].
Polymerization behavior of thiol and ene functional groups
was examined at the SeH stretching peak at 2569 cm�1 and
the ]CeH stretching peak at 3078 cm�1. Monomer
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Fig. 1. Chemical structures of monomers used in this study. (a) Trithiol, (b)

triallyl ether, (c) TATATO, (d) diallyl ether, and (e) divinyl ether.
conversion was determined during polymerization by monitor-
ing the decrease in peak height absorbance. The polymeriza-
tion rate was calculated by taking the time derivative of the
functional group conversion. RTIR was also used to examine
LC phase separation, by monitoring the appearance of the ne-
matic phase of BL037. The amount of LC in the nematic phase
(nematic fraction) was calculated from the peak height change
of the cyano moiety at 2225 cm�1 [23]. The demixing kinetics
(rate of nematic appearance) are examined by taking the time
derivative of the normalized cyano absorbance. The use of
RTIR to monitor LC phase separation has been described else-
where in greater detail [15,22,24,25].

3. Results and discussion

The kinetics of thioleene polymerization are a direct func-
tion of the electron density of the double bond of the ene
monomer. Double bonds with greater electron density react
more quickly with thiyl radicals through chain transfer
[17,18]. To illustrate the substantial influence of ene monomer
on the polymerization kinetics of HPDLC formulations, Fig. 2
plots the polymerization rate for mixtures of trimethylolpro-
pane tris(3-mercaptopropionate) (trithiol) with triethylene gly-
col divinyl ether (divinyl ether), TATATO, trimethylolpropane
diallyl ether (diallyl ether), and pentaerythritol allyl ether
(triallyl ether). The rate of polymerization was calculated
from the time derivative of the fractional conversion of the
ene monomer as determined by real-time IR (RTIR). As
shown in Fig. 2, the thioleene polymerization of HPDLC for-
mulations containing divinyl ether and TATATO is nearly two
times faster than the rate of polymerization of the allyl ether
monomers with equivalent functionality. Each of the thiole
ene polymerizations, regardless of the composition or func-
tionality of the ene monomer, approaches 100% conversion.
The fastest polymerization rate for these systems is evident
in thioleTATATO polymerization which is approximately
40% faster than thioledivinyl ether polymerization.
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Previous HPDLC research has shown that baseline trans-
mission and overall DE strongly depend on polymerization
rate [11]. The impact of faster-reacting ene monomer on per-
formance is shown through comparison of HPDLC reflection
gratings based on the polymerization of trithiol with diallyl
ether, triallyl ether, divinyl ether, and TATATO. As evident
in Fig. 3, the transmission spectra of HPDLC systems based
on TATATO and divinyl ether have much higher baseline
transmission than reflection gratings formed from allyl ether
monomers of equivalent functionality. Baseline transmission,
which can be illustrated by comparing the transmission at
450 nm for the gratings, is less than 40% in the diallyl ether
system and slightly greater than 50% in the triallyl ether
system. Replacing allyl ether monomer with divinyl ether or
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Fig. 3. Transmission spectra of HPDLC reflection gratings formed from poly-

merization of trithiol with TATATO (A), divinyl ether (,), triallyl ether

(;), and diallyl ether (B). Laser intensity e 60 mW/cm2.
TATATO significantly increases transmission at 450 nm to
approximately 80% and 90%, respectively. Baseline transmis-
sion is reduced by scattering losses as light travels through
large LC droplets or poorly defined polymer and LC lamellae.
Unfortunately, despite the enhancement in baseline transmis-
sion, HPDLCs based on TATATO have a DE of only 10%.
HPDLCs formed by thioleene polymerization of divinyl ether
have a DE of nearly 70%. These results indicate that fast-
reacting ene monomers serve to increase baseline transmission
but do not directly translate to the formation of high DE
HPDLC reflection gratings.

The interesting optical properties of thioleTATATO
HPDLCs are likely dictated by the polymer/LC morphology
which has been characterized with transmission electron
microscopy (TEM). Fig. 4 contrasts the morphology of
HPDLC reflection gratings formed from thioletriallyl ether
(a) and thioleTATATO (b). Comparing the micrographs in
Fig. 4a and b, it is evident that the ene monomer can impart
significant changes to LC droplet size and grating morphology.
The increased polymerization rate when triallyl ether is
replaced with TATATO decreases LC droplet size from
100 nm to approximately 25 nm. The 25 nm LC droplets
minimize light scattering and correspondingly increase the
baseline transmission of HPDLC reflection gratings based on
TATATO. Despite the small LC droplets, the DE of thiole
ene HPDLCs based on TATATO is poor. The polymer and
LC lamellae in HPDLC reflection gratings based on TATATO
are poorly defined. While LC droplets are more concentrated
in the LC lamellae, a significant number of LC droplets are
also present in the polymer lamellae. Therefore, the poorly de-
fined lamellae in the morphology of thioleTATATO HPDLC
reflection gratings reduce DE by minimizing the refractive
index mismatch between the polymer and LC regions.
Fig. 4. TEM examination of polymer/LC morphology in HPDLC reflection gratings from polymerization of trithiol with (a) triallyl ether and (b) TATATO. Scale

bar is 200 nm.
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To determine if the fast polymerization kinetics of thiole
TATATO systems are also the source of the poorly defined
grating morphology, trithioleTATATO HPDLC reflection
gratings were fabricated over a range of laser intensity from
0.5 mW/cm2 to 85 mW/cm2. Reducing laser intensity de-
creases the rate of photopolymerization [5] and therefore, is
a route to determine the impact of thioleTATATO polymeriza-
tion kinetics on DE in HPDLC systems. Fig. 5 plots DE and
transmission at 450 nm against laser intensity. The DE of tri-
thioleTATATO HPDLC reflection gratings is only 5% when
the laser intensity is 85 mW/cm2. Decreasing the laser inten-
sity slightly increases DE to a maximum value of 12% at
10 mW/cm2. Baseline transmission is a direct function of laser
intensity. HPDLCs polymerized with 85 mW/cm2 have a base-
line transmission of greater than 90% at 450 nm. As laser in-
tensity is decreased, baseline transmission substantially
decreases. The decreased transmission in HPDLCs polymer-
ized with lower laser intensity is attributed to increasing LC
droplet size. Clearly, the reflection notch of trithioleTATATO
HPDLCs is poor regardless of laser intensity.

Previous work has shown that performance of HPDLC can
also be impacted by the kinetics of the LC phase separation
process [26]. A number of variables are known to influence
the evolution and extent of LC phase separation in
thioleene based PDLC materials including light intensity (po-
lymerization rate), gel point conversion, presence of excess
monomer, and LC solubility [15]. In addition to quantifying
the polymerization behavior of thioleene HPDLC formula-
tions, RTIR is also an indirect means to monitor the evolution
and extent of LC phase separation [15,22,24,25]. Since the IR
absorbance of cyano-containing LCs such as BL037 is meso-
phase dependent, the amount of LC in the nematic phase (i.e.
the nematic fraction) can be monitored during polymerization
[27]. To quantify the impact of TATATO on LC phase separa-
tion, the nematic fraction of mixtures containing TATATO
with diallyl ether is examined in Fig. 6a. The sample with
the highest nematic fraction, and therefore, the greatest LC
phase separation is that containing 100% TATATO monomer.
As TATATO concentration is reduced, the nematic fraction
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Fig. 5. Maximum DE (%) (-) and transmission at 450 nm (%) (6) for an

HPDLC reflection grating based on TATATO polymerized at 0.5e85 mW/

cm2 of laser intensity.
decreases from 35% in thioleTATATO HPDLC systems to
18% in thiolediallyl ether HPDLCs. The evolution of LC
phase separation as a function of monomer conversion is
also dependent on the concentration of TATATO. As TATATO
concentration decreases, the conversion at which the nematic
LC begins to appear is increased. The initial slope of the
nematic fraction versus conversion also decreases with de-
creasing TATATO concentration, indicating changes in LC
demixing kinetics.

Fig. 6b more clearly illustrates the LC demixing kinetics of
TATATO/diallyl ether systems, by plotting the rate of nematic
appearance versus thiol conversion. The rate of nematic ap-
pearance is useful in correlating events in polymer evolution,
such as gel point, to LC phase separation. The onset of LC
phase separation is the point at which the rate of nematic
appearance becomes greater than zero. The rate of nematic
appearance for thioleTATATO HPDLCs deviates from zero
at very low conversion, indicating a nearly instantaneous onset
of LC phase separation. As TATATO concentration is de-
creased in mixtures with diallyl ether, the onset of LC phase

Thiol Conversion
0

0

20 40 60 80 100

N
em

at
ic

 F
ra

ct
io

n 
( 

   
)

0

10

20

30

40

Thiol Conversion
20 40 60 80 100

R
at

e 
of

 N
em

at
ic

 A
pp

ea
ra

nc
e

0.00

0.01

0.02

0.03

0.04

0.05

(a)

(b)

Fig. 6. Liquid crystal phase separation in thioleene HPDLC formulations
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separation is delayed to higher thiol conversion. In terms of
the LC demixing kinetics, thioleTATATO systems have the
fastest rate of nematic appearance. Decreasing TATATO con-
centration decreases both the initial rate of nematic appearance
and also the maximum rate of nematic appearance. Interest-
ingly, the maximum in the rate of nematic appearance of these
formulations occurs at the gel point conversion of the thiole
ene system.

Previous examination of LC phase separation in thioleallyl
ether HPDLCs has shown that the nematic fraction and rate of
nematic appearance decrease with increased polymerization
rate and/or decreased gel point conversion [15]. As shown in
Fig. 6a and b, while increasing TATATO concentration in-
creases the polymerization rate, it also increases the nematic
fraction and rate of nematic appearance. Another factor that
could influence the faster phase separation is the solubility
of the LC in the ene monomer. The results of Fig. 6a and b in-
dicate that BL037 liquid crystal is less soluble in TATATO
than diallyl ether. In other words, the thioleTATATO HPDLC
formulation containing 27 wt% BL037 is just above the bi-
modal phase transition in the phase diagram for this system.
Even with low monomer conversion, the equilibrium of the
system is disturbed causing the system to shift into the two-
phase region of the phase diagram. In the formation of
HPDLCs, the immediate onset of LC phase separation leads
to the dispersion of LC droplets throughout the polymer and
LC lamellae. The poor definition of the polymer and LC la-
mallae reduces the refractive index mismatch, causing thiol-
TATATO HPDLC reflection gratings to have DE of only 10%.

The interplay between LC solubility, polymerization rate,
and HPDLC performance can be further understand by com-
paring mixtures of trithiol with TATATO and diallyl ether.
Fig. 7a plots the transmission spectra of HPDLC reflection
gratings containing diallyl ether, a 50:50 mixture of diallyl
ether and TATATO, and TATATO. Reflection gratings based
on diallyl ether monomer have poor baseline transmission
but allow only 25% transmission at 540 nm. Reflection grat-
ings based on TATATO have excellent baseline transmission,
but poor reflection notch depth. Reflection gratings containing
50% TATATO and 50% diallyl ether maintain a great degree of
the contribution of the baseline transmission of TATATO sys-
tems and a large degree of the reflection notch depth inherent
in diallyl ether systems. This effect is further illustrated in
Fig. 7b by examining DE and baseline transmission over
a wide range of TATATO concentration. Clearly, increasing
concentration of TATATO increases the baseline transmission
of HPDLCs. Increasing TATATO concentration up to 50% in-
creases DE in thioleene HPDLCs. The depth of the reflection
notch begins to decrease at TATATO concentration greater
than 50%, decreasing overall DE. HPDLC formulations con-
taining a 50:50 mixture of TATATO and diallyl ether appear
to optimize the DE of these systems by combining the desir-
able aspects of both ene monomers.

Further understanding regarding the improvement of opti-
cal properties and DE of HPDLCs through combination of
both TATATO and diallyl ether is obtained upon examination
of the polymer/LC morphology. Fig. 8 compares the
morphology of an HPDLC reflection grating made from the
50:50 mixture of TATATO and diallyl ether (Fig. 8a) to that
of an HPDLC reflection grating based completely on TATATO
(Fig. 8b). Decreasing the TATATO concentration increases LC
droplet size from 25 nm to 60 nm. HPDLC reflection gratings
based on the polymerization of a thiol with a 50:50 mixture of
TATATO and diallyl ether have very few LC droplets in the
polymer regions. Once again, the morphology of thioleTA-
TATO HPDLCs exhibits very poor lamellae definition. There-
fore, mixing diallyl ether into thioleTATATO HPDLCs
increases grating definition and enhances DE.

Another critical parameter governing the application of
HPDLC materials is switching voltage (SV). The impact of
TATATO on SV in HPDLC reflection gratings is shown in
Fig. 9, a plot of DE against applied voltage for thioleene mix-
tures of TATATO and diallyl ether. As TATATO concentration
increases, the voltage necessary to switch the grating off in-
creases from 9 V/mm in thiolediallyl ether HPDLCs to nearly
of 27 V/mm in thioleTATATO HPDLCs. The SVof PDLC sys-
tems is dependent on LC droplet size and aspect ratio. As can
be seen in the morphology shown in Fig. 8, these HPDLCs
yield spherical droplets and have similar aspect ratios.
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Fig. 8. TEM examination of polymer/LC morphology in HPDLC reflection gratings based on polymerization of trithiol with (a) 50:50 TATATO/diallyl ether, and

(b) TATATO. Scale bar is 500 nm.
Therefore, the reduction of LC droplet size in HPDLCs with
increasing TATATO concentration causes the switching volt-
age to also be directly dependent on TATATO concentration.
The optimal concentration of TATATO for optical perfor-
mance, 50%, has a switching voltage of 11 V/mm.

The DE of HPDLC reflection gratings based on thiole
TATATOediallyl ether is comparable to the DE of HPDLC
reflection gratings based on NOA65. NOA65 is a proprietary
mixture of trithiol and a tetrafunctional urethane allyl ether
that has commonly been used in PDLC systems [28]. In light
of the results of this work, the performance of NOA65 based
HPDLCs could be further enhanced with the addition of TA-
TATO. Fig. 10 compares the transmission spectra of HPDLC
reflection gratings based on the polymerization of NOA65
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reflection gratings based on polymerization of trithiol with 50:50 TATATO/

diallyl ether (7), 75:25 TATATO/diallyl ether (-), diallyl ether (C), and

TATATO (>).
and NOA65 with 2 wt% TATATO. Adding only 2 wt% TA-
TATO to HPDLC reflection gratings based on NOA65 further
increases both baseline transmission and DE. In comparison to
the NOA65 HPDLC, the NOA65eTATATO HPDLC increases
baseline transmission at 450 nm by nearly 10% and increases
overall DE by 7%, to nearly of 80%.

The performance enhancement with the addition of TA-
TATO to NOA65 HPDLCs is once again based on changes
in morphology. Fig. 11 compares micrographs of NOA65
based HPDLCs as characterized by TEM. NOA65 HPDLCs
(Fig. 11a) have LC droplet size around 60 nm and well-defined
grating structure. As shown in Fig. 11b, adding 2 wt%
TATATO monomer decreases LC droplet size to 40 nm. The
significant reduction in LC droplet size is the source of the
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Fig. 10. Transmission spectra of HPDLC reflection gratings based on polymeri-

zation of NOA65 (d) and NOA65þ 2 wt% TATATO (/) at 60 mW/cm2.
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Fig. 11. TEM examination of polymer/LC morphology in HPDLC reflection gratings based on (a) NOA65 and (b) NOA65 and 2 wt% TATATO. Scale bar is

200 nm.
10% increase in baseline transmission and 7% increase in
overall DE.

4. Conclusion

Incorporating fast-reacting ene monomers such as tri(ethy-
lene glycol) divinyl ether (divinyl ether) and triallyl isocyanu-
rate (TATATO) increase the baseline transmission of thioleene
based HPDLC reflection gratings as polymerization of these
monomers is two times faster than allyl ether monomer of
equivalent functionality. The influence of TATATO on poly-
merization rate reduces LC droplet size to approximately
25 nm enabling 90% transmission at 450 nm. Despite the sig-
nificant impact on baseline transmission, the DE of HPDLCs
based solely on TATATO is only 10%, due to poorly defined
HPDLC morphology. This poor morphology is caused by
limited LC solubility in TATATO monomer that significantly
increases liquideliquid demixing. The increase in liquid
crystal phase separation leads to the formation of a large num-
ber of LC droplets in the polymer lamellae and limited DE.
Mixing TATATO into other HPDLC formulations, such as
those based on trimethylolpropane diallyl ether (diallyl ether),
reduces the rate of liquideliquid demixing to enable the gen-
eration of well-defined grating structure. HPDLC reflection
gratings containing a 50:50 mixture of TATATO and diallyl
ether have a DE of nearly 70%, which approaches that of pre-
viously examined NOA65 HPDLCs. Introducing 2 wt% TA-
TATO to HPDLC formulations containing NOA65 improves
the optical performance of NOA65-based HPDLCs by reduc-
ing LC droplet size from 60 nm to 40 nm. In comparison to
HPDLCs base on NOA65, the performance of HPDLC reflec-
tion gratings containing NOA65 and TATATO has a 10% in-
crease in transmission at 450 nm and a 7% increase in DE.
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