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Abstract

The physical and mechanical properties of several thiol–ene based polymers and their mixtures with the liquid crystal, E7, were characterized to

probe their relationship with the liquid crystal film electro-optic performance properties. Kinetic data suggests that high conversion is achieved for

each thiol–ene combination. Pre-polymerization phase diagrams indicate that each thiol–ene/E7 mixture phase separates well below room

temperature, and thus prior to polymerization at room temperature all are in a single phase. Holographic polymer dispersed liquid crystals

(HPDLC) were fabricated for several thiol–ene and E7 mixtures, and electro-optical parameters characterized to probe the relationship between

the thiol–ene network properties and the electro-optic performance of the HPDLCs. The photocured matrices exhibited glass transitions and tan d

peak maxima that ranged from temperatures below 0 8C to well above room temperature. There is a clear correlation between the physical nature

of the matrix and the electro-optic switching parameters with H-PDLC films fabricated from trithiol-pentaerythritol triallylether, all of which

exhibit glass transition temperatures below 0 8C, having the fastest switching times and lowest switching voltages at room temperature. Also, in

each case higher liquid crystalline concentration resulted in lower switching voltages.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Holographic polymer dispersed liquid crystals (H-PDLCs)

are a relatively recent version of the extensively studied

polymer dispersed liquid crystals (PDLC) [1–45]. H-PDLCs,

unlike conventional PDLCs, contain alternating planes of

polymer matrix and liquid crystal (LC) droplets. Conventional

PDLCs are fabricated by the exposure of a photo-reactive

monomer/LC mixture sandwiched between two conductive

glass plates to a broad-band UV light source. The conversion of

monomer to polymer destabilizes the initially homogeneous

mixture and results in a phase separated random dispersion of

micron-sized liquid crystal droplets surrounded by solid

polymer. In the case of H-PDLCs, the reactive monomer/LC

mixtures are holographically illuminated using laser light. The
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phase separated morphology for H-PDLCs consist of alternat-

ing planes of sub-micron liquid crystal droplets and solid

polymer [1–45].

H-PDLCs diffract visible light due to the refractive index

modulation that results from the alternating planes of sub-

micron liquid crystal droplets and polymer planes. H-PDLCs

may be fabricated as transmission or reflection grating and are

switchable when subjected to an external electric field. These

features of H-PDLCs make them candidates for electro-optic

applications such as displays [39–41], diffractive optics [42],

fiber optics [43], remote sensing [44] and many others [45].

Due to the variety of applications, it is crucial to be able to

manipulate and improve the electro-optical performance of

H-PDLC films such as switching speeds and voltages, diffraction

efficiency, and contrast. Bunning et al. [27–38,41,42]

and Crawford et al. [1–12,40,44] published several papers

dealing with morphological development and the electro-optic

properties of H-PDLC films. They evaluated the effect of

exposure time and laser beam intensity [15,17,22,32,37],

concentration of LC and polymer matrix [1,31,37], and

temperature [11,17,37] on the H-PDLC electro-optic switching

properties. They concluded that electro-optic properties are

related to such parameters as the phase separated morphology.
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Bunning et al. [27] published a recent review article that

summarizes the relevant H-PDLC literature.

The majority of the H-PDLC literature is focused on photo-

curable acrylate systems [1–17,21,22,24,26,29,31–33,35,36].

Unfortunately, there are distinct disadvantages of acrylate

systems; high shrinkage, low conversion, early gel point,

oxygen inhibition, and formation of a non-uniform crosslinked

matrix due to early micro-gelation. These parameters can have

a distinct effect on the operational stability of the grating

spacing and the electro-optic properties of the films

[5,21,22,28,30,36,38].

Photopolymerizable thiol–ene based resins are alternatives

that overcome some of the problems associated with acrylate

based H-PDLCs and have received recent attention [28,30,48].

Thiol–ene free-radical polymerization processes have been

well-known for about fifty years. Progress in this area is well

documented by reports from Jacobine et al. [46], Bowman and

Cramer et al. [47] and Hoyle et al. [48]. The free-radical chain

reaction between a thiol and an ene proceeds by a step-growth

process, a free radical addition followed by a chain-transfer

reaction. H-PDLCs [18–20,28,30] and conventional PDLCs

fabricated from thiol–ene systems exhibit improvements in

uniformity of LC droplet size and shape, switching speeds,

contrast ratios and high transmission in the on state [28,30]. All

of the PDLC and H-PDLC reports in the literature dealing with

thiol–ene based resins have centered on a single system,

Norland 65, comprised of a tetrafunctional ene and a

trifunctional thiol. Norland 65, when combined with the E7

liquid crystal mixture, gives rise to PDLCs and H-PDLCs with

good switching and optical properties, due in great part to the

proper balance of the birefringent refractive index properties of

the E7 liquid crystal and the thiol–ene matrix. The

tetrafunctional ene in Norland 65 has two urethane groups

per molecule and thus it is effective in inducing phase

separation due to the mismatch in solubility parameters

between the urethane groups and the cyanobiphenyl LC

components. Moreover, it is well known that urethane groups

form hydrogen bonds, thus adding another dimension to

network buildup and phase separation between the thiol–ene

network and LC components. Urethane groups associate via

hydrogen bonding, with the extent of hydrogen bonding

depending upon the urethane concentration and the equilibrium

constant between the associated and unassociated urethane

groups. Introduction of a diluting component, i.e. the liquid

crystal, results in a system in which the extent of hydrogen

bonded versus free urethane groups changes as a complicated

function of the diluting component concentration. Hydrogen

bonding is present in both the pre-cured mixture and the final

network, although it is assuredly different in each. This can

certainly present a profound problem when trying to interpret

the basic pre-polymerization phase diagram and its relationship

to polymerization kinetics and film formation. Also, hydrogen

bonding will also have a distinct effect on the nature of the

cured matrix properties and the resulting electro-optic

responses. The amount of liquid crystals dissolved in the

continuous matrix will affect the hydrogen bonding thus
making it more difficult to correlate polymer physical

properties and electro-optic response.

As mentioned, all thiol–ene H-PDLCs to date have been

fabricated from Norland 65, which we have recently found to

have a fairly high glass transition temperature above room

temperature. In order to be in a better position to design new

matrices for H-PDLCs involving thiol–enes, we wanted to

answer a basic question: ‘what role does the physical state of

the matrix at the temperature which the electro-optic

measurements are made have on the critical switching

parameters of voltage and time’. To answer this question, it

is necessary to evaluate electro-optic properties at a single

temperature for several H-PDLC matrices in different physical

states (rubber, glass) at that temperature. It is important to do

this in the absence of the influence of hydrogen bonding, which

would complicate the interpretation of the results. Accordingly,

three thiol–ene systems in which a common trifunctional thiol

is photopolymerized with three distinct enes that do not contain

urethane groups were evaluated with respect to their

physical/mechanical properties in the presence of varying

concentrations of liquid crystal. The three cured thiol–ene

systems indeed have different physical states at room

temperature, and therefore, the electro-optic properties should

be reflective of the physical/mechanical configuration of the

network, thereby allowing the basic relationship between

physical state and switching parameters to be determined.

Thermal and dynamic mechanical analysis results of cured

networks with a wide variation in the liquid crystal

concentration were correlated with the H-PDLC electro-optic

performance. A single liquid crystal mixture, E7, was chosen

for use in each thiol–ene system. The diffraction properties,

which depend upon on the refractive index of the matrix and

the liquid crystal mixture among other factors, were therefore

not optimized since this would have required selecting a

different liquid crystal mixture for each matrix, thus

prohibiting a valid comparison of physical state and electro-

optic switching properties. By keeping the liquid crystal type

constant, a direct comparison between matrix physical state

and switching voltage and times was thus obtained.

2. Experimental

2.1. Materials

Trimethylolpropane tris(3-mercaptopropionate), pentaery-

thritol triallyl ether, triallyltriazine trione, and triallyloxytria-

zine were obtained from Aldrich Chemical Company. The

nematic liquid crystal mixture, E7, was obtained from EM

industries. The initiator 2,2-dimethoxy 2-phenyl acetophenone

(DMPA) was obtained from Ciba Specialty Chemicals. All

chemicals were used as received without further purification.

2.2. Methods

Pre-polymerization monomer/LC mixtures were examined

using temperature controlled optical microscopy to identify the

phase separation temperature, and thus establish thermal phase
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diagrams. The sample mixtures were sandwiched between a

microscope slide and a cover slip using 10 mm spacers. Phase

separation temperatures were determined by using a Linkham

Scientific LTS350 hot stage and controller with a heating/cool-

ing rate of 10 8C/min.

A thin-film calorimeter (TFC) was used to monitor

polymerization exotherms of mixtures of the trifunctional

thiol with pentaerythritol triallyl ether, triallyltriazine trione

and triallyloxy triazine. A TFC measures the heat flow and

converts it into an electrical signal with a thin-film heat flux

sensor. Advantages of TFC compared to conventional photo

differential scanning calorimetry (photo-DSC) include a simple

experimental setup for polymerization exotherm measurements

of thin films, the ability to easily control the sample thickness,

and the ability to measure exotherms for volatile monomers.

Applications of TFCs are well documented elsewhere [49–52].

Samples were prepared by mixing trithiol with each one of the

enes based on equal molar functional group concentration.

The amount of UV initiator, DMPA, was 1 wt% of the total

thiol–ene mixture. Samples of 5–10 mm thickness were placed

on the heat flux sensor with a glass cover slide. UV light

intensity at the sample position was measured by a calibrated

radiometer (International Light IL-1400).

The conversion as a function of irradiation time was

recorded on a modified Bruker 88 spectrometer with a 200 W

high pressure mercury–xenon lamp source. In the real-time

infrared measurements, polymerization of 5 mm films was

initiated with a light intensity of 1.4 mW/cm2 at 365 nm. The

thiol group conversion was monitored by measuring the peak

height of the 2570 cmK1 band, while the peak at a 1645 cmK1

was used for ene double bond conversion calculations in each

case.

The PDLC samples used for mechanical and thermal

analysis were cured with a UV Fusion line EPIQ 6000 (D

bulb, 3.15 W/cm2) at a line speed of 10 ft/min. Dynamic

mechanical analysis of the cured films was performed using a

TA Q800 by heating the samples from K50 to 100 8C at a rate

of 3 8C/min and at frequency of 1 Hz in air. DMA was

conducted using the shear sandwich mode for 10!10 mm2

size samples with thicknesses of 150–200 mm. A TA Q1000

differential scanning calorimetry (DSC) was used to monitor

thermal transitions by heating/cooling 5–10 mg samples from

K50 to 100 8C at a rate of 10 8C/min under a nitrogen purge.

In addition, H-PDLC transmission gratings were fabricated

with the same thiol–ene and E7 combinations for which

polymerization induced phase separation occurred. 1 00!1 00

Cells fabricated from ITO coated glass were capillary filled and

holographically illuminated with the interference pattern of the

split and recombined laser light from a Spectra-Physics

Beamlok argon ion laser with output at 364 nm. The optical

setup was arranged to fabricate transmission gratings with an

188 angle between the reference and object beams. H-PLDC

gratings were post-cured for 20 min using flood exposure from

a broad-band UV light source.

Voltage-dependent laser light transmission measurements

were used to probe the electro-optic properties, and thus the

spatial and compositional aspects of the phase-separated
morphology of the HPDLCs. The voltage dependent intensities

of the zero and first order diffractions of p-polarized light at lZ
633 nm were measured upon the application of an applied

voltage. Each sample was first subjected to a 1 kHz ramped

waveform of 500 ms in duration to determine the voltage

required to reach 90% transmission, V90. The sample was then

subjected to a 1 kHz sine wave pulse of 50 ms in duration with

constant amplitude equal to V90. The data was analyzed to

compute the voltage dependent intensities of the zero and first

order diffractions and ultimately the voltage dependent

diffraction efficiency and switching time.

Scanning electron microscopy (SEM) was used to probe the

spatial aspect of the phase-separated morphology. SEM images

were obtained using a Quanta 200 SEM in the high voltage

mode. The H-PDLC samples were freeze fractured, soaked in

hexane for 48 h, and placed under vacuum for 24 h to remove

the liquid crystals from the exposed surface [53]. The freeze-

fractured samples were mounted on the SEM sample holders

and sputter coated with gold using a Polaron E5100 sputter

coater before imaging.
3. Results and discussion

In this report, we present results of a systematic

investigation of the material properties of several different

thiol–ene based polymer matrices with liquid crystal mixture,

E7, present. The question of how structural features of the

monomer components affect the properties of the phase

separated networks is addressed. Specifically, we carried out

a study of basic crosslinked networks formed by reacting a

single trifunctional thiol with three trifunctional ene monomers

with very different structural features; pentaerythritol triallyl

ether, triallyltriazine trione, and triallyloxytriazine (see

Diagram 1 for structures). To set the stage for electro-optical

measurements, we evaluated both the inherent properties of the

pre-polymerization mixtures and the resultant matrices

produced when exposed to incoherent UV light in the presence

of the liquid crystal E7. Different weight percentages of E7

(components, structures and concentrations are given in

Diagram 2) were added to the monomer mixture with the

aim of monitoring the phase changes of the pre-polymerization

mixtures by optical microscopy. Then, samples for physical

and mechanical property evaluation were prepared by flood

exposure with a medium pressure mercury lamp. Glass

transitions were determined by differential scanning calori-

metry (DSC) and dynamic mechanical analysis (DMA) to

provide a basic analysis of the physical and mechanical

properties of the base films. Although, these films evaluated by

DSC and DMA are not identical to the final H-PDLC films

prepared by exposure to the laser, they do provide a basic

framework for characterizing the mechanical and physical

properties of thiol–ene films that result from the trithiol with

each of the three enes. Finally, the phase-separated mor-

phology of the H-PDLC gratings were probed using scanning

electron microscopy (SEM), and electro-optic properties were

measured.
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Diagram 1. Chemical structures of (a) trimethylolpropane tris(3-mercaptopropionate), (b) pentaerythritol triallyl ether, (c) triallyltriazine trione, and (d) triallyloxy

triazine.
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3.1. Phase diagrams of pre-polymerization mixtures

Phase diagrams of pre-polymerization mixtures of LC with

reactive monomers show thermally induced phase separation

depending on the LC content and temperature [54]. Such pre-

polymerization phase diagrams can provide critical infor-

mation about the thermodynamic stability of the starting LC/

monomer mixture as a function of temperature and compo-

sition. Having a complete description of the initial phase

behavior is important in understanding the phase separation of

LC during polymerization and the final morphology of the

H-PDLC film [54]. Consequently, in the present investigation,

phase diagrams of LC/monomer mixture were established by

varying the LC concentration from 0 to 80 wt% and the

temperature from K30 to 60 8C as shown in Fig. 1. All samples

with less than 30 wt% LC were miscible at all temperatures

over the range measured, and hence only data for mixtures with

30–80 wt% LC are shown in Fig. 1. It is clear from the results

in Fig. 1 that the solubility behavior of each of the three

monomer/LC mixtures is characterized by a phase diagram

such that for each composition there is a temperature above

which the mixture is a single phase. According to Fig. 1,

samples at room temperature with LC concentrations ranging

from 30 to 50 wt% are single phase, well above temperatures

where two phases exist. Thus, samples in this range will be

single phase prior to initiating polymerization, provided that

the polymerization is conducted at room temperature

(w24 8C).
(a)

(b)

(c)

(d)

CN

CN

CN

CNO

Diagram 2. Chemical structures of the LC mixture of E7, (a) K15 (51 wt%), (b)

K21 (25 wt%), (c) M24 (16 wt%), and (d) T15 (8 wt%).
3.2. Polymerization kinetics of thiol–enes

Polymerization exotherms of each of the thiol–ene mixtures

in the absence of added LC were next obtained using both a

thin-film calorimeter (TFC) and a real time infrared spec-

troscopy (RTIR) to provide kinetic analysis. The polymer-

ization exotherms in Fig. 2 and RTIR based percent conversion

versus time plots in Fig. 3 show that all three of the pure (i.e.

without adding LC) thiol–ene mixtures polymerize efficiently

within several seconds to high conversions. We have recently

shown that the TFC can be used to accurately record the

exotherms of thin films, while the traditional photo-DSC
cannot be used to measure the polymerization exotherms of

thin films or to measure exotherms of samples with

competitively absorbing materials (pigments, inert fillers,

etc.) [49–52]. Accordingly, we extended the TFC measure-

ments in Fig. 2 for the pure thiol–ene systems to record the

exotherms of the same thiol–enes with increasing concen-

trations of added E7 at a thickness of 10 mm; this is essentially

identical to the configuration that will be used to produce the

H-PDLCs to be discussed in subsequent sections, except that in

this case a medium pressure lamp is used to induce the

polymerization process. In Fig. 4, TFC exotherm results for the

trithiol/triallyltriazine trione mixture with 0–50 wt% E7 clearly

show that addition of E7 systematically reduces the polymer-

ization rate. The relative area under the curve decreases in the

ratio of 1.0:0.96: 0.62:0.65: 0.47:0.44 as the thiol–ene

functional group concentration decreases with the correspond-

ing ratio of 1.0:0.91:0.80:0.70:0.60:0.50. The decrease in the

total heat evolved during polymerization tracks the decrease in

concentration of the thiol–ene monomer system, suggesting

that the presence of the LC component does not reduce the

functional group reactivity significantly. The decrease in rate

that does occur is consistent with both a decrease in the

concentration of the thiol and ene monomers as well as a

contribution from the decrease in light absorbed by the

photoinitiator. This confirms that the thiol–ene mixtures in

this investigation can be readily cured to give high conversions

of crosslinked networks.
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microscopy.
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3.3. Mechanical/physical properties of photocured

thiol–ene networks

DSC temperature scans (10 8C/min scan rate) of thoroughly

photocured films (medium pressure mercury lamp) reveal that

the pure photocured trithiol-pentaerythritol triallyl ether

polymer matrix has a glass transition (Tg) of K12 8C. The Tg

decreases from K12 to K23 8C as the LC (E7) weight

percentage increases from 0 to 30% (Fig. 5). Unreactive LC

small molecules suppress the Tg of the polymer matrix due to a

plasticizing effect. The Tg of the LC/polymer matrix reaches a

lower limit at 30 wt% LC concentration. A further increase in

the LC concentration in the polymer matrix does not change the

Tg, i.e. at higher LC concentrations phase separation occurs and

a separate LC rich phase forms. DMA analysis of the cured

trithiol-pentaerythritol triallyl ether/LC mixture is in agree-

ment with the DSC analysis as shown in Fig. 6. The peak
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Fig. 2. Polymerization exotherms of (a) trithiol-triallyloxytriazine, (b) trithiol-

triallyltriazine trione, and (c) trithiol-pentaerythritol triallyl ether obtained with

TFC. Light intensity 1.85 mW/cm2 at 365 nm (medium pressure mercury light

source).
maximum of the tan delta plot decreases with increasing LC

concentration in the polymer matrix and reaches a lower limit

at 30 wt% LC concentration. Higher concentrations of E7 do

not change the mechanical properties of the polymer matrix,

which is saturated with LC molecules for samples with greater

than 30 wt% E7. Summary plots of thermal transition

temperatures for all cured trithiol/triene/E7 mixtures obtained

by DSC and DMA (Figs. 7 and 8, respectively) indicate the

same tendency, i.e. a decrease in Tg with LC content up to a

certain critical LC concentration. We note that the tan delta

peak temperatures obtained with DMA for a given sample are

always higher than the glass transition temperatures measured

with the DSC, consistent with other studies [55]. This results

from the faster scanning frequency for DMA versus DSC. The

LC/polymer films obviously exhibit a variation in Tg due to the

different molecular structure of the ene monomers. Trithiol-

triallyltriazine trione polymer matrices have the highest Tgs
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Fig. 4. Polymerization exotherms of trithiol-triallyltriazine trione films (10 mm

thickness) with (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 40 wt%, (f)

50 wt% LCs obtained with thin-film calorimetry (6.13 mW/cm2, medium

pressure mercury lamp).
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Fig. 5. Thermal transitions of trithiol-pentaerythritol triallyl ether films cured

under UV Fusion EPIQ 6000 (D bulb 3.15 W/cm2 at a line speed of 10 ft/min)

with (a) 0 wt% E7, (b) 10 wt% E7, (c) 20 wt% E7, (d) 30 wt% E7, (e) 40 wt E7,

and (f) 50 wt% E7 obtained with DSC, scanning rate of 10 8C/min.
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due to the rigidity of the ring in the ene monomer (Figs. 7(a)

and 8(a)). The rigid ring structure significantly restricts the

motion of the polymer matrix, which in turn increases the Tg.

Propylene oxide side groups attached to the aromatic ring in

triallyloxytriazine provide flexibility to the trithiol-triallylox-

ytriazine polymer matrix and decrease the Tg by w20 8C

compared to the corresponding trithiol-triallyltriazine trione

based films (Figs. 7(b) and 8(b)). The polymer films made with

trithiol-pentaerythritol triallyl ether/LC have the lowest glass

transition temperatures due to the flexible allyl ether linkages

in the polymer backbone (Figs. 7(c) and 8(c)). Finally, we

summarize by concluding that the DMA results from this

section, which are closer to the frequencies associated with

electro-optic switching, suggest that films formed from trithiol-

pentaerythritol triallyl ether/LC mixtures are rubbery at room

temperature while those fabricated from trithiol-triallyltriazine
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Fig. 6. The tan d peak maxima of trithiol-pentaerythritol triallyl ether films

cured under UV Fusion line EPIQ 6000 (D bulb 3.15 W/cm2 at a line speed of

10 ft/min) with (a) 0 wt% E7, (b) 10 wt% E7, (c) 20 wt% E7, (d) 30 wt% E7,

(e) 40 wt% E7, and (f) 50 wt% E7 obtained with DMA, at a scan rate 3 8C/min.
trione and trithiol-triallyloxytriazine are glassy for electro-

optic switching purposes. This information will be used to

interpret the switching results in Section 3.5 and provide a

rationale for correlating the physical nature of the thiol–ene

matrix with electro-optic switching parameters.
3.4. H-PDLC morphological characterization

Transmission hologram gratings were recorded in the

Bragg regime (spacing less than 1.5 mm) by illuminating

thiol–ene/LC mixtures with the interference pattern created

by the splitting and recombination of the output beam from

an argon ion laser (lZ364 nm). The interference pattern of

the split laser beam forms dark and bright regions in the

initial monomer/LC mixture. Since the polymerization rate is

proportional to the light intensity, the difference in the

reaction rate in different regions ensures the periodic phase

separation of LC molecules from the emerging polymer
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Fig. 8. The summary of the tan d peak maximums of (a) trithiol-triallyltriazine

trione, (b) trithiol-triallyloxytriazine, and (c) trithiol-pentaerythritol triallyl

ether obtained with DMA, at frequency 1 Hz.



Fig. 9. SEM images of trithiol-triallyloxytriazine with 40 wt% E7 H-PDLC

which illustrates the uniformity of the polymer and liquid crystal droplet

planes. The scale bar 5 mm.
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matrix. According to previous descriptions [28–30] of the

behavior of LC molecules in thiol–ene systems, phase

separation occurs prior to the gel point, while both LC and

monomer/oligomers are in the liquid phases, due to the slow

molecular weight built up before gelation. As an example of

the type of morphology that can be achieved with the

trithiol–ene systems, Fig. 9 shows an SEM image of a

H-PDLC formed from trithiol-triallyloxytriazine with 40 wt%

E7 that illustrates the uniformity of the alternating liquid

crystal droplet and polymer planes. The grating spacing of

the sample in Fig. 9 is approximately 1.1 mm with droplet

sizes between 0.1 and 0.3 mm in diameter. The SEM image of

the other trithiol–ene systems investigated were similar in

general structure to the SEM images in Fig. 9: an example of

the effect of variation in the LC concentration on the droplet

sizes and the number of droplets per unit volume for each

thiol–ene combination is illustrated by SEM images for two

trithiol-pentaerythritol triallyl ether samples, one with

35 wt% and the other with 50 wt% E7. The droplet planes

were more uniform and well-defined for the sample with the

lower E7 percentage in that the droplet planes are one droplet

wide. At the higher LC concentration, the LC droplet planes
Fig. 10. SEM images of trithiol-pentaerythritol triallylether H-PDLC films w
are less well defined and the droplets larger (Fig. 10). A

similar general trend is observed for the other trithiol–ene/LC

systems with increasing LC concentration.
3.5. H-PDLC electro-optic characterization

Analysis of the electro-optic parameters of the H-PDLCs

yields insight into the effect of the physical structure of the

thiol–ene matrix and LC concentration on the switching

voltages and times. Consider first the results for the H-PDLCs

obtained from the trithiol-pentaerythritol triallyl ether/E7

mixtures. The voltage required to achieve 90% response, V90,

ranges from 6.2 to 5.4 V/mm as the LC percentage in the

initial mixture increases from 30 to 50 wt% (Table 1): these

switching voltages are relatively low. The decrease in the

switching voltage with LC concentration reflects the larger

size of the droplets (see Fig. 10 for reference). V90 ranges

from 11.4 to 6.9 V/mm for the H-PDLCs obtained from the

trithiol-triallyltriazine trione/E7 mixtures over the same LC

compositional range (Table 2). Similar V90 values were

obtained for the trithiol-triallyloxytriazine/E7 H-PDLCs

(Table 3). Interestingly, SEM analysis of the grating

structures and LC droplet sizes revealed a similarity in the

morphologies for each of the three base polymeric systems.

Therefore, the differences in V90 values for the trithiol-

pentaerythritol triallyl ether/E7 mixtures compared to both

the trithiol-triallyltriazine trione and trithiol-triallyloxytria-

zine mixtures with E7 are most likely due to the physical

structure of the thiol–ene matrix as opposed to spatial aspects

(droplet size, shape, and etc.) of the phase separated

morphology. In particular, we point out that the glass

transitions (maxima in the tan d plots) that are given in

Fig. 8 for the trithiol-pentaerythritol triallyl ether samples

with 30–50 wt% LC are well below room temperature where

the switching measurements were made. Note that the actual

glass transition temperatures that are operative at the rapid

switching rates (greater than 1 Hz) will be larger than those

inferred from the tan d plots determined at 1 Hz. The electro-

optic results for all of the trithiol-pentaerythritol triallyl ether

based H-PDLCs were obtained for samples that are in the
ith (a) 35 wt% and (b) 50 wt% E7. The scale bar in each image is 2 mm.



Table 1

Summary table of electro-optic responses of trithiol-pentaerythritol triallyl

ether H-PDLC films with 30–50 wt% E7

%LC tswitch (ms) V90 (V/mm)

30 1.70 6.2

40 1.40 6.79

50 1.20 5.39
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Fig. 11. Applied voltage dependent diffraction efficiency for an H-PDLC film

prepared from trithiol-pentaerythritol triallyl ether with 30 wt% E7.
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rubbery region as indicated in the summary to Section 3.3.

This is not true for the electro-optic results for the trithiol-

triallyltriazine trione and trithiol-triallyloxytriazine based

H-PDLCs which, at the very rapid switching rates recorded,

are most assuredly in the glassy state. Next, we note that the

switching times for the H-PDLCs based upon trithiol-

pentaerythritol triallyl ether/E7 mixtures were all less than

2.0 ms, whereas the switching time for trithiol-triallyloxy-

triazine/E7 and mixtures trithiol-triallyltriazine trione/E7

mixtures were substantially greater. Remembering that the

electro-optic switching measurements were performed at

room temperature, we propose that the much lower glass

transition temperatures for the trithiol-pentaerythritol triallyl

ether/E7 based H-PDLCs have a distinct effect on causing the

lower switching times, as well as the V90 values previously

discussed. Finally, we mention that longer switching times

could also potentially result from modification of the LC

composition due to preferential phase separation: however,

microscopy results of nematic-to-isotropic transition tempera-

tures indicate that this is not the case.

Although, as stated in the introduction, it was not the

objective of the present investigation to fabricate H-PDLCs

with optimum diffraction efficiencies, which would require

selection of LC components based upon their refractive index

properties with respect to the thiol–ene matrix, we none-

theless measured diffraction efficiencies for each system.

Accordingly, it is no surprise that the diffraction efficiencies

measured were all low (from 2 to 9): see Fig. 11 for an

example of a typical diffraction versus time plot where the

diffraction efficiency was computed by finding the ratio of

the 1st order diffraction intensity to the sum of the 1st order

and zero order intensities. The small scale variation of the
Table 3

Summary table of electro-optic responses of trithiol-triallyloxytriazine

H-PDLC films with 30–50 wt% E7

%LC tswitch (ms) V90 (V/mm)

30 3.10 12.2

40 1.70 11.3

50 1.80 9.85

Table 2

Summary table of electro-optic responses of trithiol-triallyltriazine trione

H-PDLC films with 30–50 wt% E7

%LC tswitch (ms) V90 (V/mm)

30 4.60 11.4

40 4.60 10.3

50 6.70 6.94
diffraction efficiency in the 0–50 ms time span (i.e. during

the application of external applied waveform of 50 ms

duration with 1 kHz modulation) is due to collective

molecular oscillation about the equilibrium orientation as a

result of the applied waveform. We note that in addition to

the refractive index matching considerations between the LC

droplets and the matrix already mentioned, the diffraction

efficiencies were measured at off Bragg angles, which

contributes to the low values. For the purposes of this

paper, we simply mention that there was no obvious

repeatable variation in the diffraction efficiencies measured

based upon the thiol–ene structure. Optimization of diffrac-

tion efficiencies would require careful choice of the LC

mixture and the thiol–ene matrix based upon an extension of

the type of investigation conducted herein.
4. Conclusions

A systematic investigation of the effect of thiol–ene

structure on the physical, mechanical, and electro-optic

properties of H-PDLC photocurable systems has been

conducted. The results indicate that the chemical structures

of the components comprising the thiol–ene/liquid crystal

formulation dictate the physical properties of the resultant films

and play a role in the electro-optic performance of fabricated

H-PDLCs. In each case, as the liquid crystal content increased

for a given matrix type, the switching time decreased due to the

presence of larger droplets. In addition, shorter switching times

and lower switching voltages were recorded for samples with

glass transitions below room temperature. This paper clearly

shows that it is important to consider the chemical structures of

the thiol and ene components upon which the H-PDLCs are

based. There is a direct correlation between the physical state

of the polymer matrix (glassy, rubbery) and the electro-optic

switching properties of the liquid crystals, with samples that

are clearly in the rubbery state and well above their glass

transition exhibiting lower switching voltages and faster

switching times.
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