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Abstract

Holographic polymer dispersed liquid crystals (HPDLCs) are targeted for application in a wide range of devices as dynamically switchable

transmission or reflection diffraction gratings tunable through the visible spectra. The inclusion of N-vinyl pyrrolidinone (NVP) has been shown to

reduce liquid crystal (LC) droplet size in HPDLC gratings and subsequently improve HPDLC performance. In this work, the influence of NVP on

HPDLC polymer/LC morphology is examined and correlated to the influence of NVP on HPDLC photopolymerization kinetics and LC phase

separation. As in other photopolymer systems, NVP significantly increases the rate of polymerization in HPDLC photopolymerization. In all the

HPDLC formulations studied, NVP is completely incorporated into the polymer network while less than half of acrylate double bonds react.

Furthermore, as the highly cross-linked polymer network forms, the small mono-vinyl NVP appears to react preferentially with acrylate double

bonds, facilitating additional conversion of pendant double bonds otherwise trapped in the polymer network. NVP also induces a delay in the onset

of reaction diffusion termination and extends the range of conversions for which reaction diffusion is observed. Interestingly, NVP also impacts

polymer/LC morphology by delaying LC phase separation to higher double bond conversions. Together, the influence of NVP on the

polymerization kinetics and LC phase separation alters HPDLC morphology by limiting LC droplet size, consequently resulting in improved

HPDLC performance.

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

Holographic polymer dispersed liquid crystals (HPDLCs)

are a liquid crystal (LC) composite material targeted for

application in photonic, telecommunication and display

devices. In particular, HPDLCs offer the novel performance

capability of dynamically switchable transmissive and reflec-

tive diffraction gratings. HPDLC gratings have already been

demonstrated successfully in optically switchable Bragg

reflectors [1], distributed feedback elements [2], active

photonic bandgap materials [3] and display devices [4].

HPDLC prepolymer mixtures are typically based on a

highly functional acrylate monomer, a eutectic mixture of

either cyanobiphenyl or chloro-/fluoro-substituted LC
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molecules and inclusion of a solubilizer, typically N-vinyl-2-

pyrrolidinone (NVP) [5]. Formation of HPDLCs is based on

periodic photoinitiation of a prepolymer mixture that causes

mass transport of reactive and non-reactive species [6]. Mass

transport of monomer and liquid crystal (LC) results in classic

HPDLC morphology—alternating lamellae of highly polymer

and mostly LC regions. In acrylate-based HPDLCs, LC phase

separation occurs via polymer-induced phase separation (PIPS)

which is highly dependent on gelation, polymer vitrification

and polymerization kinetics [7]. Understanding the contri-

bution of components to polymerization kinetics, polymer

composition and LC phase separation is paramount for

optimization of HPDLC performance in devices, especially

as HPDLCs are tailored to more specific and increasingly

complex applications.

HPDLC research has primarily focused on improving

performance parameters such as diffraction efficiency, switch-

ing voltage, and on/off state transmission. To optimize

performance, numerous adjustments in the base formulation
Polymer 47 (2006) 2289–2298
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Fig. 1. Chemical structures of compounds included in the HPDLC formulations

examined. Shown are: (a) n-vinyl-2-pyrrolidinone (NVP), (b) n-ethyl-2-

pyrrolidinone (NEP), (c) octanoic acid, (d) hexyl acrylate and (e)

dipentaerythritol penta-/hexa-acrylate (DPPHA).
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have been made. Reports have detailed the contribution of

surfactant-like molecules, [8,9] NVP, [10,11] acrylate

functionality, [12,13] and fluorinated monomers [14,15].

Most recently, enhanced HPDLC reflection gratings have

been demonstrated in a thiol-ene system [16]. Changes in

HPDLC performance often occur when a particular component

influences polymer/LC morphology, most notably LC droplet

size.

In addition to their use in HPDLC formulations, NVP and

other N-vinyl amides are common additives in industrial

polymerizations due to their reduction of oxygen inhibition

[17,18]. Numerous reports detail the copolymerization of NVP

with (meth)acrylate monomers [19]. Surprisingly, the reactiv-

ity of NVP with highly functional acrylates (O2), such as those

used in HPDLCs, has not been well-characterized. NVP is a

necessary component for the homogeneity of the six

component HPDLC mixture and significantly changes LC

droplet size and diffraction efficiency [10,11]. Despite this

contribution, the precise reactivity and role of NVP in HPDLCs

is not well understood.

Recently, the influence on polymerization behavior and

phase separation of another additive in HPDLCs, octanoic acid,

has been explored [20]. Adding octanoic acid to HPDLC

formulations delays LC phase separation by extending the

solubility of the LC in the polymer matrix thereby increasing

the overall polymerization rate. Together, the contributions of

octanoic acid to LC phase separation and polymerization

kinetics result in reduced LC droplet size. It is highly possible

that NVP may be acting similarly to octanoic acid in HPDLC

formulations serving to extend LC solubility in the polymer

matrix while increasing the polymerization rate. In addition to

these contributions, any incorporation of NVP into the polymer

matrix should shift the polymer gel point to higher conversions

and delay the onset of LC phase separation. Examining the

influence of NVP on the polymerization kinetics is, therefore,

critical in determining the mechanism by which NVP

influences HPDLC morphology and corresponding

performance.

The goal of this work is to determine the mechanism by

which NVP influences HPDLC performance through examin-

ation of the influence of NVP on the rate of polymerization and

correlating any kinetic influence to subsequent changes in LC

phase separation and polymer/LC morphology. Photo-DSC

will be utilized to determine overall polymerization kinetics

and the influence of reaction diffusion in these systems. RTIR

spectroscopy will also be used to monitor the double bond

conversions of both NVP and acrylate double bonds. The

polymerization behavior of HPDLC formulations with increas-

ing NVP concentration, without NVP, with the chemically

similar but non-reactive analogue N-ethyl pyrrolidinone and

with another common reactive diluent, hexyl acrylate will be

examined. In addition, the evolution of phase separated LC

during polymerization will be examined by monitoring the

development of the nematic LC phase as a function of double

bond conversion. Comparing the polymerization kinetics and

phase separation of these systems will facilitate understanding
of the role that NVP plays in the formation of HPDLC

materials.
2. Experimental section

2.1. Materials

The HPDLC formulation studied here is similar to that

examined previously [5,8]. The primary monomers employed

in this formulation are dipentaerythritol penta-/hexa-acrylate

(DPPHA, Aldrich) and N-vinyl-2-pyrrolidinone (NVP,

Aldrich). For comparison, the monomer hexyl acrylate (HA,

Aldrich) and solvent/plasticizer N-ethyl-2-pyrrolidinone (NEP,

Aldrich) were substituted for NVP in the HPDLC formulation.

All photopolymerizations were initiated with 0.2 wt% of the

ultra-violet (UV) photoinitiator mixture Darocur 4265 (DC-

4265, Ciba). DC-4265 is a 50:50 weight mixture of 2-hydroxy-

2-methyl-1-phenyl-propanone (HAP) and diphenyl (2,4,6-

trimethylbenzoyl) phosphine oxide (TPO). The remaining

components in the HPDLC formulation are the surfactant-

like molecule octanoic acid (Aldrich) and the liquid crystal E7

(EMD Chemical). The composition of E7 has been previously

reported [21]. All chemicals were used as received. Chemical

structures for NVP, NEP, hexyl acrylate, octanoic acid and

DPPHA are shown in Fig. 1.

The base HPDLC formulation studied is given in Table 1.

This formulation was adjusted to aide in the determination of

the influence of NVP. Table 1 compares the base HPDLC

formulation to two formulations in which the amount of NVP is

replaced with NEP (HPDLC-B) and additional DPPHA

(HPDLC-C). The viscosities of the HPDLC and HPDLC-B

mixtures are approximately equal and somewhat lower than the

viscosity of the HPDLC-C sample. Additionally, HPDLC

formulations were studied as a function of NVP concentration.

In these formulations, DC-4265, octanoic acid, and E7

concentrations were held constant while NVP and DPPHA

concentration changed. It is important to note that the base

formulation has a 5.8:1 molar ratio of acrylate to NVP double

bonds.



Table 1

Composition of three HPDLC formulations used throughout this study

(wt %’s) DC-4265 OA NVP NEP E7 DPPHA

HPDLC 0.2 5 10 0 35 49.8

HPDLC-B 0.2 5 0 10 35 49.8

HPDLC-C 0.2 5 0 0 35 59.8

Initiator, surfactant and LC concentration are constant in all formulations.

Fig. 2. RTIR series spectra in the region of 1315–1450 cmK1. The small peak at

1330 cmK1 is a vinyl absorption for NVP. The peak at 1407 cmK1 is due to

acrylate absorption for DPPHA.
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2.2. Characterization

The photopolymerization kinetics was examined with the

complementary techniques of photo-differential scanning

calorimetry (PDSC) and real-time infrared spectroscopy

(RTIR). The DSC used is a Perkin–Elmer diamond DSC.

Photopolymerizations were initiated by a medium pressure

Hg–Xe UV arc lamp (Ace Glass) using a 365 nm bandpass

filter (Omega Optical). The light intensity for all PDSC

experiments was 3.0 mW/cm2. Samples were purged with

ultrapure nitrogen for 6 min before polymerization to limit

oxygen inhibition. A refrigerated chiller was used to maintain

isothermal conditions at 30 8C. The rate of polymerization was

calculated at each data point by Eq. (1):

Rp Z
Q

DHDPPHA CDHNVP

; DH Z
xmfDHrxn

M
(1)

where Q is the heat flow (J/s) measured by the calorimeter and

DH is calculated for each monomer from the weight fraction

(x), mass (m), functionality (f), reference values for DHrxn

(DPPHA—86,190.4 J/mol [22], NVP—53,900 J/mol [23]) and

molecular weight (M). Double bond conversion can be

calculated from the integration of the rate versus time curve.

Determination of kinetic rate parameters for termination (kt)

and propagation (kp) was accomplished through DSC after-

effect experiments where the light was shuttered at different

conversions, allowing values for kt and kp to be decoupled as

described in detail elsewhere [24,25].

A Fourier transform infrared (FTIR) was adapted to allow

real-time monitoring of photopolymerizations (RTIR). The

FTIR employed is a Thermo Electron Nexus 670 with liquid

nitrogen cooled MCT detector, purged with nitrogen to reduce

noise from water vapor and carbon dioxide. A horizontal

transmission accessory was fitted to the FTIR to allow

examination of photopolymerization inside a sealed box purged

with nitrogen, once again, to limit oxygen inhibition. Samples

were sandwiched between two NaCl slides (International

Crystal Labs) with approximately 10 mm spacing. In RTIR

analysis, photopolymerization was initiated by a high-pressure

Hg arc lamp (Exfo Acticure 4000) using 365 nm light with an

intensity of 1.3 mW/cm2.Data reported is the result of a series of

single scans with 8 cmK1 resolution and 0.2 s data spacing. The

percent double bond conversion was calculated by Eq. (2):

Percent ConversionZ
AtKA0

A0

!100% (2)

where at a specified wavenumberAt is the IR peak height at time

t andA0 is the peak height before polymerization. An example of
a series of IR spectra collected by RTIR is shown in Fig. 2 where

the change in peak height for the acrylate peak at 1407 cmK1

and NVP double bond peak 1332 cmK1 can be monitored

independently enabling the determination of distinct conversion

profiles for bothmonomers. Additionally, the cyano absorbance

at 2225 cmK1 was monitored to study LC ordering with RTIR.

Upon phase separation, the initially isotropic LC molecules

begin to exhibit the nematic mesophase. The absorption of the

cyano moiety decreases as LC transitions from isotropic to

nematic inducing a decrease in peak height at 2225 cmK1

[26,27]. The ultimate drop in the cyano absorbance from the

value at time zero is indicative of the amount of nematic LC

present in the system.

A scanning electron microscope (SEM, Hitachi S-9000,

2.5 keV) was used to directly examine the influence of

formulation changes on polymer/LC morphology. Floodlit

HPDLC formulations were polymerized, subjected to methanol

extraction, vacuum dried overnight and freeze fractured with

liquid nitrogen. Upon fracturing, samples were mounted on

aluminum stubs via colloidal silver paint to enable analysis of

the bulk morphology. After samples were mounted, a 2–5 nm

coat of tungsten was applied by a K550 Emiteon Sputter

Coater.
3. Results and discussion

The inclusion of N-vinyl-2-pyrrolidinone (NVP) in HPDLC

formulations results in morphology with smaller liquid crystal

(LC) droplets but less LC phase separation [10,11]. This

influence of NVP on HPDLC morphology indicates a possible

role in HPDLC polymer formation either as a plasticizer/

solubilizer or as a reactive diluent. Quantifying the
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contribution of NVP to the photopolymerization kinetics in

HPDLC formulations should serve to determine the role NVP

plays in influencing polymer formation in HPDLCs. The

incorporation of NVP into the crosslinked polymer matrix or

any contribution to the polymerization kinetics could delay

liquid crystal phase separation and ultimately be the source of

altered HPDLC morphology. Understanding the influence of

NVP on kinetics, phase separation and polymer/LC mor-

phology will facilitate development of a complete picture

regarding the role of NVP in HPDLC formation.

In order to determine the relative impact of NVP on HPDLC

development, the polymerization of the base HPDLC

formulation containing NVP (Table 1) was studied alongside

other analogous formulations by photo-DSC (PDSC). Plotted

in Fig. 3 are the polymerization rate profiles of the base

HPDLC formulation with NVP, the HPDLC-B (Table 1)

formulation with NEP, the HPDLC-C (Table 1) formulation

without NVP and the neat polymerization of NVP and DPPHA.

The homopolymerization of DPPHA is typical for a

crosslinked acrylate, exhibiting a rapid rise to a maximum

rate of polymerization that occurs prior to 5% double bond

conversion. Ultimately, the highly crosslinked nature of the

polymerization limits DPPHA double bond conversion to

slightly over 20%. The homopolymerization of NVP, much

different than DPPHA, exhibits a slow but steady rate of

polymerization up to about 30% double bond conversion. At

this point autoacceleration occurs, causing a dramatic rise in

the rate of polymerization to a maximum at 60% conversion.

These results provide a foundation for understanding the

polymerization of the three HPDLC formulations studied in

Fig. 3. The lowest rate for the LC containing systems is that of

the HPDLC-C formulation without NVP. The maximum rate of

polymerization for the HPDLC-C formulation is 10% greater

than that of the homopolymerization of DPPHA. This sample

then can be compared to the HPDLC-B formulation once again

without NVP, but with the chemically similar (but non-

reactive) analogue N-ethyl-2-pyrrolidinone (NEP). The rate of
Fig. 3. Rate of polymerization as a function of double bond conversion as

determined by PDSC for HPDLC formulations containing 10 wt% NVP (C),

10 wt% NEP (HPDLC-B) ( ) and without NVP (HPDLC-C) ( ). Also shown

are polymerization rates of neat DPPHA ( ) and NVP (6).
polymerization for this HPDLC-B formulation containing NEP

is more than 50% higher than that of the homopolymerization

of DPPHA and also faster than the HPDLC-C formulation

without NVP. The base HPDLC formulation, containing

10 wt% NVP, exhibits the highest maximum rate of

polymerization with an overall double bond conversion of

about 40%.

Comparing the rate profiles for the homopolymerization of

DPPHA and NVP to the three HPDLC formulations leads to a

number of conclusions. First, when examining the polymer-

ization of HPDLC formulations without NVP it is quite evident

in the case of the HPDLC-C and HPDLC-B formulations that

plasticization by the non-reactive components including LC,

surfactant and when added, NEP is quite influential on the

polymerization rate. These HPDLC formulations are based on

the homopolymerization of DPPHA that is initially fast but

severely hindered by its highly functional character. Adding

components such as LC, surfactant and NEP increase the non-

reactive free volume in the polymer matrix, especially before

LC phase separation. Notably, when NVP is included in the

HPDLC formulation, the rate of polymerization is 15% faster

than the rate for the HPDLC-B formulation with NEP

substituted for NVP. The comparison of the NVP (HPDLC-

A) and NEP (HPDLC-B) containing samples indicates that the

difference in the two formulations, the double bond and

consequent reactivity of NVP, is the source of the increase in

the rate of polymerization upon addition of NVP. Thus, the rise

in the rate of polymerization with the inclusion of NVP

indirectly indicates the reactivity of NVP in the formation of

the HPDLC polymer matrix.

The indirect evidence of NVP incorporation from PDSC

study can be confirmed by real-time IR (RTIR) spectroscopy.

RTIR spectroscopy [28] directly measures conversion and has

been a useful tool to independently monitor the conversion of

distinct functional groups both in free radical copolymeriza-

tions of acrylates with other vinyl compounds [29] along with

systems such as thiol-enes [30]. Fig. 4(a) is a plot of the double

bond conversion of NVP and DPPHA versus time for the base

HPDLC formulation containing 10% NVP. In the polymer-

ization of the base HPDLC formulation, the conversion of NVP

occurs very rapidly with complete consumption of the vinyl

moiety in approximately 100 s. Acrylate conversion is

approximately 50% in this photopolymerization, much less

than that of NVP. Very little additional reaction of DPPHA

occurs after NVP is completely converted, indicating that the

conversion of DPPHA may be coupled to that of NVP.

The coupled reactivity of NVP and DPPHA is isolated in

Fig. 4(b), where the conversion profiles of NVP and DPPHA in

the base HPDLC formulation are normalized by their final

conversion value. The normalized conversion data enable a

clear comparison of the relative rates of conversion for NVP

and DPPHA in the base HPDLC formulation. The overlap of

the normalized conversion of NVP and DPPHA in the HPDLC

formulation is striking and indicates that DPPHA conversion

has a dramatic dependence on NVP. The slope of the

normalized conversion of NVP and DPPHA is identical up to

nearly 90% NVP conversion. The equivalent slopes of the



Fig. 4. (a) RTIR examination of double bond conversion for NVP (C) and

DPPHA (7) and (b) normalized conversion for NVP (C) and DPPHA (7) in

the standard HPDLC formulation containing 10 wt% NVP.

Fig. 5. Rate of polymerization versus double bond conversion for (a) HPDLC

formulations with 0 ( ), 5 ( ), 10 ( ) and 15 (C) wt% NVP and (b)

DPPHA:NVP formulations with 0 ( ), 5 ( ), 10 ( ) and 15 (C) wt% NVP.
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normalized conversion of DPPHA and NVP in the base

HPDLC formulation suggest that the double bonds of each

monomer appear to be consumed at rates proportional to each

other, implying that the reaction of acrylate and NVP double

bonds are integrally related. This behavior certainly shows that

NVP is not only becoming incorporated in the acrylate polymer

network, but is, in fact, also facilitating the acrylate

polymerization.

To further understand the dependence of HPDLC polymer-

ization kinetics on NVP, the influence of NVP concentration on

the rate of polymerization has also been examined using PDSC.

Fig. 5(a) shows a plot of the rate of polymerization versus

double bond conversion for HPDLC formulations containing

increasing concentrations of NVP. For each increase of 5 wt%

NVP in the HPDLC formulation, the rate of polymerization

subsequently increases by 15–20%. This rate increase is

significant for such small changes in concentration [31] and

indicates that NVP has a substantial impact on the kinetics of

polymer formation of HPDLCs.

For comparison, the polymerization of DPPHA with

increasing NVP concentration was studied and is plotted in

Fig. 5(b). This simple DPPHA/NVP system, containing only

reactive species, could help elucidate whether the HPDLC rate

enhancement is a function of the polymerization reaction or
based on some other phenomena present in the HPDLC

formulation. Fig. 5(b) plots the rate of polymerization against

double bond conversion for polymerization of neat DPPHA

and DPPHA with increasing NVP concentration. Similar to the

study of NVP concentration in the HPDLC formulation, a

general trend of increasing rate with increasing NVP

concentration is evident. Interestingly, adding only 5 wt%

NVP to DPPHA decreases the rate of polymerization in

comparison to the homopolymerization of DPPHA. However,

the rate of polymerization for HPDLC formulations containing

10 and 15 wt% NVP is greater than the neat polymerization of

DPPHA. Also notable is that the sample containing 15 wt%

NVP shows a markedly pronounced increase in the rate of

polymerization in comparison to the other polymerizations.

These results clearly show that the increased rate with NVP

concentration in the HPDLC formulation is due to synergistic

effects in the NVP and DPPHA copolymerization.

HPDLC formulations have long included NVP as it is an

effective solubilizer and exhibits a desirable refractive index.

However, to determine whether the influence of NVP on the

rate of polymerization seen in Fig. 5(a) and (b) is simply an

effect of only NVP or rather an influence of adding a

monovinyl monomer, HPDLC formulations containing hexyl

acrylate were examined by PDSC. Just like NVP, adding hexyl
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acrylate reduces viscosity, lowers average functionality and

can act as a solubilizer. Additionally, the double bond in hexyl

acrylate should be the same reactivity as the acrylate double

bonds in DPPHA. Plotted in Fig. 6 are the HPDLC

formulations as in Fig. 5(a) but with hexyl acrylate substituted

for NVP. Similar to Fig. 5(a), hexyl acrylate increases the

rate of polymerization with increasing concentration. Notably,

when comparing Fig. 6 to Fig. 5(a), the rate increases

due to increased hexyl acrylate concentration are not as

significant as that of NVP. Such behavior has been previously

documented [18].

The comparison of HPDLC formulations with hexyl

acrylate and NVP highlights the unique behavior of NVP. In

particular, comparing polymerization rates in formulations

containing these two common reactive diluents show that the

influence of NVP is not rooted in viscosity reduction or an

influence on crosslink density, but rather some inherent

difference between the two monomers. The polymerization

rate increases associated with NVP suggest synergy in the

copolymerization of NVP and DPPHA. Interestingly, moderate

rate enhancement with NVP concentration is even evident in

the linear copolymerization of hexyl acrylate and NVP at

similar molar concentrations [32] indicating that cross-

propagation between radical species and the two different

double bonds is kinetically favorable and the source of at least

some of the increase in polymerization rate.

While the rate enhancement associated with NVP is in part

due to kinetically favorable cross-propagation, greater under-

standing regarding the synergy in the copolymerization of NVP

and DPPHA in HPDLC formulations could be achieved by

closer examination of the influence of NVP on acrylate

conversion. To study the influence of NVP on acrylate

reactivity, a series of HPDLC formulations containing

increasing concentration of NVP were examined by RTIR.

Fig. 7 plots the conversion of acrylate monomer, measured at

1407 cmK1, versus time. As NVP concentration is increased,

the overall acrylate conversion is markedly increased. The

polymerization of the HPDLC formulation containing 15 wt%

NVP achieves 40% acrylate conversion in just a few seconds in
Fig. 6. Rate of polymerization versus double bond conversion for HPDLC

formulations (no NVP) with 0 ( ), 5 ( ), 10 ( ) and 15 (C) wt% hexyl acrylate.
comparison to the HPDLC formulation without NVP which

reaches 40% conversion in approximately 3 min. This analysis

reveals that NVP increases the rate of polymerization in

HPDLCs through a significant increase in the rate of acrylate

conversion. Further, NVP concentration dramatically increases

DPPHA conversion from 45% to greater than 60% conversion.

Increasing the acrylate conversion in the actual formation of

HPDLCs could reduce the routes for degradation of these

materials over time [33].

Previous study of neat and solvent polymerizations of

DPPHA [32] have shown that polymerizations based on this

pentafunctional monomer exhibit what has been termed

reaction diffusion termination [34–36]. Generally, reaction

diffusion termination is prevalent in polymerizations when

segmental and diffusional termination processes are impossible

such that the only route for bimolecular termination is through

propagation via local, unreacted double bonds. It is highly

possible that the polymerization of HPDLCs, based on this

monomer, could also exhibit reaction diffusion termination.

Intuitively, NVP could delay the onset of the diffusion

limitations that bring about the reaction diffusion mechanism

since it reduces viscosity and crosslink density.

The study of the reaction diffusion mechanism can be

examined through two quantities: kt/(kp[M]) and R2
p=½M�, where

once again, kt and kp are the kinetic rate parameters for

termination and propagation, [M] is the double bond

concentration and Rp is the rate of polymerization. When the

value of kt/(kp[M]) is constant over a range of double bond

conversion this coupling of the propagation and termination

kinetic parameters indicates reaction diffusion. Further, the

quantity R2
p=½M� indicates reaction diffusion termination when

the change in this parameter is proportional to kp [34,35].

To determine if reaction diffusion is prevalent in HPDLC

systems, both kt/(kp[M]) and R2
p=½M� were determined for the

base HPDLC formulation and are plotted in Fig. 8(a). For this

polymerization, the quantity kt/(kp[M]) initially starts out at a

relatively high value then decreases to a constant value of

around 40 L/mol between 5 and 30% double bond conversion.

Additionally, the change in R2
p=½M� is proportional to the
Fig. 7. RTIR determination of acrylate conversion at 1407 cmK1 for samples

containing 0 ($), 5 (,), 10 (7) and 15 (B) wt% NVP.
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change in kp between 5 and 30% double bond conversion. As

expected, both kt/(kp[M]) and R2
p=½M� indicate the reaction

diffusion termination mechanism is prevalent in HPDLC

formation from 5 to 30% double bond conversion. It should

be noted that the kp and kt values are average values

representative of the copolymerization of NVP and DPPHA

in this base HPDLC formulation.

The synergistic influence of NVP on the rate of polymer-

ization in HPDLCs along with the codependence between NVP

and DPPHA copolymerization may both be tied to an influence

on reaction diffusion. Formulations with increasing concen-

tration of NVP were studied in a similar manner to Fig. 8(a).

Fig. 8(b) is a plot of R2
p=½M� versus double bond conversion for

HPDLC formulations with increasing amounts of NVP. It is

evident from Fig. 8(b) that the onset of reaction diffusion,

indicated by the maximum of the R2
p=½M�, is delayed with

increasing NVP content. Therefore, as expected, NVP

incorporation as a function of concentration delays the

diffusional limitations that trigger the reaction diffusion

termination mechanism. This delay in diffusion limitations

may be partially responsible for the dramatic increase in

polymerization rate with NVP concentration. NVP not only

delays the onset of reaction diffusion but is also significant at

later stages of the reaction. The proportionality of R2
p=½M� to kp

(kp for base HPDLC formulation is plotted in Fig. 8(a)) is

extended with increasing NVP concentration as the predomi-

nance of the reaction diffusion termination mechanism is
Fig. 8. (a) R2
p=½M� (—), kp (C) and kt/(kp[M]) (B) versus double bond

conversion for the base HPDLC formulation containing 10 wt% NVP. (b) R2
p=

½M� versus double bond conversion for HPDLC formulations containing 0 ( ),

5 ( ), 10 ( ) and 15 (C) wt% NVP.
shifted from 25% double bond conversion (0% NVP) to greater

than 40% double bond conversion with 15% NVP. Such

behavior indicates that NVP is facilitating greater reactivity for

the unreacted DPPHA double bonds mostly contained in the

polymer matrix.

The codependence of NVP and DPPHA conversion as

shown in Fig. 4 and the reaction diffusion results appear to

be related. The reactivity ratios, r1 and r2, for NVP

(monomer 1) and acrylate (monomer 2) are reported to be

0.02 and 0.8, respectively [19]. These values indicate that a

growing NVP polymer radical should react more readily

with an acrylate over an NVP double bond, while an

acrylate polymer radical should react similarly to both

acrylate and NVP double bonds. Therefore, as the polymer

network formed from the pentaacrylate becomes vitrified

and essentially immobile, both the polymer radical and

numerous pendant double bonds become trapped within the

network, making further reaction very difficult. The more

mobile monovinyl NVP can diffuse to the trapped radicals

and propagate, thereby extending the length of the radical

chain. This extension then allows the radical to react with

other trapped acrylate pendant double bonds. The NVP

essentially acts to enhance reaction diffusion by allowing

the trapped radicals to grow through propagation. Such

behavior also helps explain the results in Fig. 4 that show

equal rates of consumption for both NVP and acrylate

double bonds. Once reaction diffusion becomes predomi-

nant, the acrylate radicals cannot further react because of

their low mobility. As the majority of acrylate monomer has

at least one double bond incorporated into the network,

other pendant acrylate double bonds are trapped and,

therefore, not available for polymerization. When NVP

diffuses to the active site, the radical readily propagates

across the NVP double bond.

From the polymerization kinetic results, it is evident that

NVP has a distinct influence on HPDLC polymer formation by

increasing the rate of polymerization and increasing acrylate

conversion. Similar influences on the polymerization of related

polymer/LC composite materials have been shown to be

significant in altering the LC phase separation process which is

highly dependent on gelation, vitrification and polymerization

kinetics [37]. Recently, real-time infrared spectroscopy (RTIR)

has been used to examine polymer/LC systems by simul-

taneously collecting data that indicates the onset of phase

separation along with determination of functional group

conversion [26,27]. RTIR has the additional capability to

record the isotropic to nematic transition of cyano-containing

LC as it shifts from solvated, isotropic LC into phase separated

nematic droplets bound by polymer. The use of RTIR to

determine the influence of NVP on phase separation, LC

ordering and polymerization kinetics will give further insight

into the impact of NVP on the formation of HPDLC materials.

These previous reports clearly show that increased light

intensity and adding monofunctional monomer can delay the

onset of LC phase separation (in respect to double bond

conversion) by increasing the photopolymerization rate

[37–39]. Study of phase separation in the formation of
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PDLCs based on moderately crosslinked polymerizations has

often taken advantage of the significant change in transmission

upon LC phase separation. Such transmission changes can be

detected in a number of ways and monitored as a function of

double bond conversion (PDSC, RTIR) or time (light

scattering). Unfortunately the nanosized LC droplets in this

highly crosslinked system impart insignificant turbidity

changes to be detected by our RTIR instrumentation. However,

phase separation can be indirectly studied by the examination

of the appearance of the nematic mesophase in the

polymerization of HPDLC formulations.

RTIR examination of the isotropic to nematic mesophase

transition is based on the order-dependent absorbency of the

cyano moiety at 2225 cmK1. The absorbance of the cyano-

containing LC is greatest when these molecules are in an

isotropic state. Upon phase separation and transition to the

nematic phase, the cyano absorbance decreases. RTIR

examinations of polymerizations of HPDLC formulations

show a clear, sudden decrease in the cyano absorbance at

2225 cmK1 that can be monitored in time or as a function of

double bond conversion. Such determination of isotropic to

nematic transition is plotted in Fig. 9, where the normalized

absorbance at 2225 cmK1 is plotted against total double bond

conversion for systems with various concentrations of NVP

and NEP. The normalized absorbance is the absorbance at

2225 cmK1 at a time during polymerization divided by

the absorbance at 2225 cmK1 before polymerization. Acrylate

double bond conversion was chosen as the independent

variable because it highlights the dominance of NVP on the

appearance of the nematic phase.

From Fig. 9, the mixture containing no NVP exhibits the

most dramatic increase in nematic phase (reflected as a

decrease in the normalized peak height at 2225 cmK1) as a

function of acrylate double bond conversion. The HPDLC

formulation with 5 wt% NVP exhibits the second greatest rate

of nematic phase appearance. The other HPDLC formulations

containing NVP (10 and 15%) exhibit a slower, nearly identical

increase in nematic phase as a function of acrylate double bond
Fig. 9. Normalized peak height of the cyano moiety at 2225 cmK1 versus total

double bond conversion for HPDLC formulations containing 0 ( ), 5 ( ), 10 ( )

and 15 (C) wt% NVP and 10 wt% NEP ( ).
conversion. Comparatively, an HPDLC formulation containing

10 wt% NEP exhibits a similar rate of nematic phase

appearance to the 10 and 15 wt% NVP HPDLC formulations.

The respective change from the initial normalized cyano

absorbance value of 1.0 indicates the relative amount of LC in

the nematic phase in each of the formed PDLCs. The NEP-

containing formulation, which exhibits a slow appearance of

nematic phase, also possesses the least degree of order.

Interestingly, the samples containing increasing NVP concen-

tration exhibit similar amounts of nematic LC in flood-lit

HPDLC samples with normalized values all nearly 0.96. The

sample without NVP (or NEP) exhibits the greatest degree of

LC in the nematic phase.

From these results it is apparent that adding NVP and

NEP delays the appearance of the nematic phase in the

polymerization of HPDLC formulations. Such delays may

arise from the homogenizing impact of NVP (or NEP),

which likely also delays LC phase separation. Any delay in

phase separation should also manifest itself in a delay in the

appearance of the nematic phase. If NVP has little influence

on LC phase separation, it would be expected that the

appearance of the nematic phase for all HPDLC formu-

lations in respect to acrylate double bond conversion would

be nearly identical.

Previously, SEM examination of HPDLC morphology as a

function of NVP concentration has shown reduced LC phase

separation with increased NVP concentration [10,11]. Fig. 5(a)

clearly shows the significant increase in polymerization rate

with NVP. This increased rate of polymerization coupled with

the homogenizing influence of NVP may be the source of the

reduction in the amount of LC phase separation. Intuitively, if

NVP concentration delays phase separation but also increases

the photopolymerization kinetics there is a greater likelihood

that isotropic LC will be trapped in the polymer matrix,

reducing the amount of LC phase separation. This decrease in

the amount of phase separation would also result in less

nematic LC when NVP is included.

The influence of NVP on the polymerization kinetics and

phase separation can markedly impact polymer/LC mor-

phology and subsequently alter HPDLC performance. The

examination of the influence of NVP on HPDLC formu-

lations can be understood further by examining the

morphology of the base HPDLC formulation in comparison

to an HPDLC formulation with NEP substituted for NVP

(HPDLC-B, Table 1). The comparison of the polymer/LC

morphology resulting from these two formulations with

drastically different polymerization kinetics should highlight

how the kinetic influence and incorporation of NVP dictates

morphology. Fig. 10 presents the representative SEM

micrographs of a flood-lit HPDLC formulation with NVP

(top) and NEP (bottom). Since the LC was extracted prior

to imaging, the LC droplets are indicated by the dark voids

present in the polymer morphology. Comparing the two

images clearly shows that the sample with NVP has smaller

LC domains than the HPDLC formulation with NEP. It is

also evident from Fig. 10 that the polymer domains in the

NVP containing sample are smaller in size. The great



Fig. 10. SEM micrographs of flood-lit HPDLC formulations containing (top)

10 wt% NVP and (bottom) 10 wt% NEP.
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discrepancy in the kinetics in the polymerization of these

two formulations is likely the source of the different

morphologies. In the case of the NEP-containing HPDLC

formulation, the slower rate of polymerization and the

corresponding increase in time between LC phase separation

and morphology vitrification allows greater LC droplet

nucleation and coalescence, resulting in larger droplets.

Samples containing NVP have a greater rate of polymer-

ization that limits the time gap between LC phase

separation and vitrification, subsequently limiting droplet

size. In all, through influencing the rate of polymerization,

NVP dictates polymer/LC morphology with smaller LC

droplets that in the end result in HPDLC gratings with

higher diffraction efficiency.
4. Conclusion

NVP is known to be a critical component in improving

acrylate-based HPDLC grating diffraction efficiency by

reducing LC droplet size. As is the case in many acrylate

systems, NVP causes an increase in the rate of polymerization

with increasing concentration in HPDLC formulations. This

increase in the rate of polymerization occurs through the

incorporation of NVP into the HPDLC polymer matrix.

HPDLC formulations containing up to 15 wt% NVP demon-

strate complete NVP conversion. Examination of double bond

conversion evolution in HPDLC formulations reveal that NVP

and DPPHA conversion are codependent at relatively low

double bond conversions. This dependence results from the

reaction of NVP double bonds with trapped acrylate radical

species. The NVP radicals can then react with other trapped

pendant acrylate double bonds. Therefore, significant rate

increases and increased acrylate conversion result with NVP

addition. The preferential reactivity of NVP with acrylate also

serves to delay the onset of the reaction diffusion termination

mechanism while also extending its predominance into higher

double bond conversion.

NVP is also a major influence on LC phase separation in the

formation of HPDLCs and ultimate polymer morphology.

Study of the appearance of the nematic phase, an indirect

examination of phase separation, shows that samples contain-

ing NVP or the chemically similar but non-reactive molecule

NEP, exhibit a slower appearance of the nematic phase when

compared to an HPDLC formulation without NVP (or NEP). In

general, increasing NVP concentration extends the homogen-

eity of the polymer/LC mixture into higher double bond

conversions—slowing the LC phase separation process and the

appearance of the nematic phase. Further, the kinetic influence

of NVP coupled with its solubilizing capability reduces the

amount of LC phase separation, which subsequently reduces

the overall amount of nematic LC. These effects are also

evident in the polymer/LC morphology. With NVP incorpor-

ation droplet size is much smaller than that observed when

incorporating the non-reactive analogue NEP. The rate of

polymerization for the HPDLC formulation containing NVP is

much greater than that containing NEP. This behavior, in turn,

is the cause of the significant reduction in LC droplet size and

improved HPDLC performance with NVP inclusion.
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