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ABSTRACT: Inorder to further develop theunderstandingof photopolymermaterials, amore complete physical
model has becomenecessary. Inparticular, amore accurate descriptionof the photochemicalmechanismsoccurring
during the photopolymerization processes is needed.Generally, in photopolymers, the photosensitizer absorbs light
of an appropriate wavelength, becoming excited and causing the production of primary radicals, R•. In free radical
polymerization systems, the generationofR• is a key factor indetermininghowmuchmonomer is polymerized.This
in turn is closely related to the refractive indexmodulation formed during holographic recording. In this article, we
incorporate a detailed photoinitiation model into the nonlocal photopolymerization driven diffusion (NPDD)
model. This model describes the following: (1) Photon absorption behavior and primary radical generation during
initiation; (2) nonlocalmacro-radical chain growth through propagation; (3) oxygen diffusion and replenishment for
inhibition; (4) multiple terminationmechanisms. This extended model is experimentally validated for high intensity
holographic exposures to a polyvinylalcohol/acrylamide based photopolymer material.

1. Introduction

Photopolymer materials have received considerable attention in
the literature, with applications in areas such as holographic data
storage, hybrid optoelectronics, photo embossing, refractive and
diffractive optical elements, and the self-trapping of light.1-4 Such
materials can record low loss, environmentally stable, and high
contrast refractive index patterns, and they are relatively easy and
inexpensive to fabricate and use. To further develop the function-
ality of these photopolymers, theoretical models and detailed
material characterizationarenecessary inorder tooptimizematerial
compositions and performance.

Previously,5,6 extensive holographic exposure based studies have
been presented to model the photochemical kinetics which take
place during the photoinitiation processes. The aimwas to precisely
predict the number of photons that are absorbed by the photo-
sensitizer, which results in the generation of primary radicals, R•. In
this way, the initiation of photopolymer chains can be more
accurately quantified. In this work, for the first time a much more
detailed photoinitiation model is incorporated into the nonlocal
photopolymerization driven diffusion (NPDD) model.7-9 This
significantly improves the model by taking account of the spatial
and temporal effects associated with (1) photon absorption, regen-
eration or recovery of absorptive photosensitizer, and photosensi-
tizer bleaching; (2) a more exact description of primary radical
generation and removal; (3) nonlocal chain growth with nonsteady
state kinetics, which leads to an quantitative explanation of
polymerization rate,Rp; (4) simultaneous primary termination and
bimolecular termination; (5) a more accurate representation of the
generation of polymer chains; and (6) multiple inhibition effects.
Therefore, a more accurate prediction for the formation of
the recordedholographic gratings in a polyvinylalcohol/acrylamide
(PVA/AA)5-10 photopolymer material can be obtained.

Optimizing the photopolymerization processes requires that an
appropriate exposure energy be delivered to the photopolymer
material.This is because the inducedphotochemical kinetics depend

on how the exposure energy is delivered. A recent study9 has been
carried out to investigate primary radical generation and inhibition
effects in a PVA/AA photopolymer material, during and postholo-
graphic exposure, for relatively low intensity exposures, i.e.,
0.05 mW/cm2 e I0 e 0.2 mW/cm2. We now examine the intensity
response of the same photopolymer material, when higher holo-
graphic exposure intensities are applied, i.e., 10 mW/cm2 e I0 e
150 mW/cm2.

This article is organized as follows: In section 2, we thoroughly
review the photochemical reactions that take place during and
postholographic recording. The corresponding rate equationswhich
govern each associated chemical species concentration are then
derived, including both temporal and spatial effects. In section 3,
thepredictionsof themodel are examinedbyperforming simulations
for a variety of kinetic parameter values. In section 4, the volume
fraction analysis is presented, which summarizes the temporal
evolution of the grating refractive index modulation formed. The
resulting complete NPDD model is then applied to simultaneously
fit experimentally obtained transmission curves, growth and decay
curves of refractive index modulation for a range of high intensity
exposures. Kinetic parameter values are then determined using the
model which optimally fits the experimental data. Finally, conclu-
sions and discussions are presented in section 5.

2. Photochemical Kinetics

2.1. Initiation.During holographic exposure of a PVA/AA
photopolymer material, when the photosensitizer is illuminated
with light of a suitable wavelength, the ground state dye mole-
cules,Dye, absorbphotonsof light andarepromoted toa singlet
excited state,5,6 1Dye*, which can then be promoted through
intersystem crossing into a more stable and longer lived triplet
state, 3Dye*. Both the excited singlet dye, and triplet dye mole-
cules can return to their ground state, bymultiple reactions, such
as radiationless energy transfer, molecular collisions, fluores-
cence, inhibition effects etc.,5,6 at the overall recovery rates
r1 (s-1), r2 (s-1) respectively. Primary radicals, R• (or ED•),
andhydrodye radicals,HDye•, are generatedwhen 3Dye* reacts
with the co-initiator ED, i.e., electron donor [triethanolamine

*Corresponding author. E-mail: john.sheridan@ucd.ie. Telephone:
þ353-1-716-1927. Fax: þ353-1-283-0921.



Article Macromolecules, Vol. 43, No. 22, 2010 9463

(TEA), C6H15NO3].
5,6 R• further reacts withHDye• causing the

formation of an intermediate state of electron donor, EDint, and
themajorbleacheddye state, dihydrodye,H2Dye.5,6 LeucoDye
is also formedwhen 3Dye* reacts with the inhibitor, i.e., initially
dissolved molecular oxygen.5,6 These reactions can be summa-
rized as follows,

Dyeþ hν sf
ka 1Dye� ð1.1Þ

1Dye� sf
r1

Dye ð1.2Þ

1Dye� sf
kst 3Dye� ð1.3Þ

3Dye�þED sf
kd

R• ðor ED•ÞþHDye• sf
kb

EDint þH2Dye

ð1.4Þ

3Dye�þZ sf
kz

Leuco Dye ð1.5Þ

3Dye� sf
r2

Dye ð1.6Þ
where ka (s

-1) is the rate of production of excited state photo-
sensitizer, kst (s

-1) is the intersystem crossing rate from 1Dye* to
3Dye*,6 kd (cm

3/mol s) is the rate constant of electron donation
withwhichEDbecomesa free radical,R• (orED•),kz (cm

3/mol s)
is the inhibition rate constant associated with the reaction of
oxygen with excited triplet dye molecules, i.e., formation of
Leuco Dye, and kb (cm3/mol s) is the rate constant of the
photobleaching process, i.e., formation of dihydro dye, H2Dye.

When a photopolymer layer is exposed with a sinusoidal
spatial irradiance distribution, a grating is formed by the
repeated bright (illuminated) and dark (unilluminated) periodic
fringe pattern, thus the spatial variations need to be taken into
account when modeling the dye kinetics. Using the chemical
reactions described, in eqs 1.1-1.6, a set of first order coupled
differential rate equations, which govern the evolution of the
photosensitizer concentrations, [Dye, 1Dye* 3Dye*, andHDye•]
in space, x, and time, t, can be given as follows:

d½Dyeðx, tÞ�
dt

¼ - ka½Dyeðx, tÞ� þ r1½1Dye�ðx, tÞ�

þ r2½3Dye�ðx, tÞ� ð2Þ

d½1Dye�ðx, tÞ�
dt

¼ ka½Dyeðx, tÞ�- r1½1Dye�ðx, tÞ�

- kst½1Dye�ðx, tÞ� ð3Þ

d½3Dye�ðx, tÞ�
dt

¼ kst½1Dye�ðx, tÞ�- r2½3Dye�ðx, tÞ�
- kz½3Dye�ðx, tÞ�½Zðx, tÞ�- kd ½3Dye�ðx, tÞ�½EDðx, tÞ� ð4Þ

d½HDye•ðx, tÞ�
dt

¼ kd ½3Dye�ðx, tÞ�½EDðx, tÞ�
- kb½HDye•ðx, tÞ�½ED•ðx, tÞ� ð5Þ

A flowchart presented in ref 6 also succinctly summarizes
the dye kinetics described above.

The spatially distributed irradiance is assumed to be purely
cosinusoidal, thus the incident intensity can be expressed as,

I(x,t) = I0
0 [1 þ V cos(Kx)], where V is the fringe visibility and

K = 2π/Λ, with Λ representing the grating period. However,
the incident intensity I0 (mW/cm2) must first be converted into
the appropriate units (Einstein/cm2s) using the formula,

I0
0 ¼ I0T sf B

d

λ

Nahc

� �

where λ (nm) is the wavelength of the incident light,Na (mol-1)
is Avogadro’s constant, c (m/s) is the speed of light, h (J s) is
Plank’s constant, and Tsf is a correction factor to account for
scattering losses, Ts, and Fresnel losses Tf.

10 B = 1 - exp(-ε-
[A0]d), is an absorptive fraction which determines a material
layer’s initial absorptive capacity and is a function of the initial
photosensitizer concentration, [A0] (mol/cm3), the molar ab-
sorptivity, ε (cm2/mol), and thematerial layer thickness, d (cm).
In this case, the rate of production of the excited state photo-
sensitizer, appearing in eqs 2 and 3, can be represented by
ka = φεdI00 (s

-1),9 where φ (mol/Einstein) is the quantum
yield10 of the reaction.

The central mechanism in the initiation stage is the
production of primary radicals, R•, (or ED•), which can
undergo three main processes:

(1) Reacting with the monomer, M (in the local bright
fringes and which subsequently diffuses in from the
dark regions). This produces a chain initiating spe-
cies, a monomer-radical, M1

•, i.e., the start of a
photopolymer chain which has a chain length of
one unit.7-9,11 This reaction takes place involving
the primary radical uses its own unpaired electron
and a π electron from the CdC bond of the mono-
mermolecule. This leaves one of the carbons with an
unpaired electron. In this way, it becomes a mono-
mer radical with an active tip.

(2) Scavenging. This takes place when the generated
primary radicals react with inhibitor molecules to
produce inactive or deadmolecules,5-10 i.e., EDdead.

(3) Terminating the active growing polymer chains.
This is referred to as primary termination,7-9,12

which is discussed in more detail in subsection 2.4.

The rate equations governing the concentrations of ED
and R• are,

d½EDðx, tÞ�
dt

¼ - kd ½3Dye�ðx, tÞ�½EDðx, tÞ� ð6Þ

d½R•ðx, tÞ�
dt

¼ kd ½3Dye�ðx, tÞ�½EDðx, tÞ�- ki½R•ðx, tÞ�½Mðx, tÞ�

- kz½Zðx, tÞ�½R•ðx, tÞ�- ktp½R•ðx, tÞ�½M•ðx, tÞ� ð7Þ

where [M(x,t)], [M•(x,t)] and [Z(x,t)] represent the concen-
trations of monomer, macro-radical (i.e., active growing
polymer chain of chain length greater than and equal to
one), and inhibitor, respectively. kz (cm

3/mol s) is also the
scavenging rate constant, where in this case we assume any
reactions, i.e., with 3Dye*, R•, M•, caused by the inhibitor
molecules have the same reactivity; ki (cm

3/mol s) and ktp
(cm3/mol s) are the rate constants of initiation and primary
termination, respectively.

2.2. Propagation. The monomer-radical, M1
•, will attach

itself to a monomer, M, by addition to the CdC bond
yielding another monomer radical with an active tip. This
reaction takes place in the same way as the primary radical
attaches to the monomer while generating M1

•. Then the
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polymer chain grows by repeating this same step, which is
referred to as chain propagation,

where Mn
• represents a macro-radical made up of n mono-

meric units (ng 1); and kp (cm
3/mol s) is the rate constant of

propagation. In this model, no distinction is made between the
different stepsmade as eachmonomeric unit is attached.7-9,12-14

Simultaneously, the macro-radicals are also undergoing the
following reactions:

(1) The growingmacro-radical can involve chain transfer14

to another monomer molecule at the rate constant ktr,
producing a terminated polymer chain, Mn, and free-
ing the originally attached primary radical, R•, i.e.,
regeneration.

(2) Besides the primary termination mechanism, the
macro-radicals produced can also terminate one
another. This secondary termination mechanism is
referred as to bimolecular termination,7-9,13,14 and is
discussed in more details in subsection 2.4.

(3) Similar to the primary radicals, the macro-radicals
can also be scavenged by the inhibitor molecules.
This is assumed to take place at the same rate
constant of inhibition, kz.

In some of the previous models,15-18 it was assumed that
under the steady state condition the rate of macro-radical
concentration is constant, i.e.,

d½M•ðx, tÞ�
dt

¼ 0

Making this assumption permits an analytic solution for
[M•(x,t)], and hence the polymerization rate,16,17Rp (s

-1), to
be derived by,

Rp ¼ kp½M•ðx, tÞ�½Mðx, tÞ�

¼ kp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ktRiðx, tÞþ kz

2½Zðx, tÞ�2
q

- kz½Zðx, tÞ�
4kt

½Mðx, tÞ� ð9Þ

where Ri(x,t) = 2ΦIa (x,t) is the initiation rate for an initiator
quantumefficiencyΦ, which is defined as the number of pairs of
primary radicals generated per photon absorbed,17 and Ia is the
absorbed intensity.17 However, when examining the high inten-
sity response, large transient initiator concentrations, [R•], will
be produced.19 Furthermore, during photopolymerization, the
time varying viscosity effects (due to densification and cross-
linking), which hinder molecule movement will become more
pronounced.7-9,12 Consequently, the dependence of the poly-
merization rate,Rp, on the initiation rate,Ri,will dropbelowthat
indicated by the square root relationship betweenRp andRi,

7,9,19

described in eq 9. Therefore, in this case, the steady state
assumption is no longer valid, i.e.,

d½M•ðx, tÞ�
dt

6¼ 0

and the macro-radical concentration must be represented in
a more physically dynamic way, based on the chemical
reactions taking place:

d½M•ðx, tÞ�
dt

¼ ki½R•ðx, tÞ�½Mðx, tÞ�- kz½Zðx, tÞ�½M•ðx, tÞ�

- ktr½M•ðx, tÞ�½Mðx, tÞ�- ktp½R•ðx, tÞ�½M•ðx, tÞ�- kt½M•ðx, tÞ�2

ð10Þ

where kt (cm
3/mol s) is the rate constant of bimolecular

termination. For the sake of simplicity, chain transfer to
monomers is neglected in eq 10, i.e., ktr = 0, since large
initiator concentration is produced, regeneration of R• is
assumed to be negligible. It is necessary to point out that the
polymerization rate, Rp = kp[M

•(x,t)][M(x,t)], does not
appear in eq 10. This is because the propagation reaction
consumes a macro-radical to yield another growing active
tip, i.e., another macro-radical. The consumption is there-
fore balanced by the generation and so a removal term in
eq 10 is not necessary.

Once again, the two chemical reactions experienced by the
monomer molecules are: (a) their reaction with primary radi-
cals; and (b) their polymerization and thus involvement in
propagation through their reactionwithmacro-radicals.When
the material layer is exposed by the interfering irradiance, the
monomers in the bright regions are polymerized by the gener-
ated primary radicals. This induces monomer concentration
gradients, and as a result the monomers in the dark regions
diffuse into themonomer-depleted exposed regions. This diffu-
sion behavior can be modeled using Fick’s second law which is
included in the 1-D NPDD model.7-9,16,17 The rate equation
governing the monomer concentration is shown,

d½Mðx, tÞ�
dt

¼ d

dx
Dmðx, tÞd½Mðx, tÞ�

dx

� �
- ki½R•ðx, tÞ�½Mðx, tÞ�

-
Z ¥

-¥
Gðx, x0Þkp½M•ðx, tÞ�½Mðx, tÞ� dx0 ð11Þ

whereDm(x,t) (cm
2/s) represents themonomerdiffusion,G(x,x0)

is the nonlocal material spatial response function,19

Gðx, x0Þ ¼ 1ffiffiffiffiffiffiffiffiffi
2πσ

p exp
- ðx- x0Þ2

2σ

" #
ð12Þ

which represents the spatial effect of the initiation at location x0
on the amount ofmonomers polymerized at location x, and σ is
the nonlocal response parameter.7-9,16,17,20 Also, x, x0, and σ1/2

representing the lengths, which are normalized with respect to
the grating period, Λ.

2.3. Inhibition. During the holographic exposure, an in-
hibition period, i.e., a dead-band, is observed at the begin-
ning of the grating growth curve. This process acts to inhibit
the production of polymer chains until sufficient concentra-
tion of inhibitor, [Z], is removed to allow the unhindered
polymerization to take place. The reactions causing inhibi-
tion arise mainly due to the suppression of the production of
macro-radicals and polymer chains by the scavenging effects,
when R• andM• are scavenged by Z, at a relatively high rate
constant kz,

R• ðor M•
nÞþZ sf

kz
R ðor MnÞþZ•, and=or R-Z• ðor Mn-Z•Þ

ð13Þ
where Z•, R-Z•, and Mn-Z• are assumed not to cause any
reinitiation and/or lead to any regeneration; i.e., no further
chain transfer mechanisms involve them with other mole-
cules. All the inhibitors are rapidly consumed during the
initial stage of the exposure. We recall that inhibition is
assumed to arise due to the initially dissolved molecular
oxygen present in the photopolymer layer.5-10 Under holo-
graphic exposure, whenZ is consumed by 3Dye*,R•, andM•,
[see eqs 1.5 and 13], temporal and spatial variations of the
inhibitor concentration will be formed. Diffusion of the
molecular oxygen from dark regions into bright regions then
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takes place. Since the oxygen molecules are small, they are
relatively free to diffuse rapidly through the material layer
matrix. This results in the following rate equation of inhib-
itor concentration,

d½Zðx, tÞ�
dt

¼ d

dx
Dz ðx, tÞ d½Zðx, tÞ�

dx

� �
- kz½3Dye�ðx, tÞ�½Zðx, tÞ�

- kz½R•ðx, tÞ�½Zðx, tÞ�- kz½M•ðx, tÞ�½Zðx, tÞ�þ τzf½Z0�- ½Zðx, tÞ�g
ð14Þ

where Dz(x,t) (cm
2/s) is the diffusion constant of inhibiting

oxygen in the dry material layer; and the additive term, i.e.,
τz [[Z0] - [Z(x,t)]], represents the replenishing of inhibiting
oxygen from the outside the layer, i.e., from the air into the
material when the layer is uncover plated (unsealed).9,10

τz (s
-1) represents the rate at which the oxygen is replenished.

It is assumed that the oxygen concentration in the layer can
never be greater than the initially dissolved oxygen concen-
tration, [Z0] (mol/cm3).9,10 The inhibition rate constants for
each inhibition process will in general have different values
due to different reactivities. However, in this analysis for the
sake of simplicity, they are all treated as being equal to kz.

2.4. Termination. Polymer chains will continue to grow
until the supply of accessible monomers is exhausted. Three
possible termination mechanisms are present:

(i) When two growing macro-radicals meet and inter-
act with each other, they can terminate either by:
(a) combination at a rate constant of ktc, i.e., addition
of twomacro-radicals becomes one lumped terminated
polymer chain, or terminate by (b) disproportiona-
tion at a rate constant of ktd, i.e., following collision
of two macro-radicals becoming two separate termi-
nated polymer chains. These two mechanisms are
both referred to as bimolecular termination.7,13-17 In
this study, since the specific mode of termination and
effects of chain transfer to polymers do not affect the
photopolymerization kinetics, for the sake of simplic-
ity, we treat the two mechanisms as one by combining
the two rate constants,

M•
n þM•

m sf
kt

Mn þMm ðorMnþmÞ ð15Þ
where kt = ktc þ ktd. We note that this combination of
termination, and/or chain transfer to polymers may lead to a
little shortening on the chain length formed.14 However as
mentioned earlier, in our analysis no distinction is made
between different chain lengths, since it does not affect the
predictions of the resulting model.

(ii) When a growing macro-radical reacts with a pri-
mary radical, an inactive or terminated polymer
chain is then formed.

R• þM•
n sf

ktp
MnR ð16Þ

The regeneration and/or recombination of primary radicals,
R•, by chain transfer to polymers and/or initiators is also
neglected in this analysis, i.e., R• is only involved in inhibition,
initiation and termination, as it has been shown that it is neg-
ligible compared to other photopolymerization kinetics taking
place.7-9,12,17 Furthermore, the rate constant of primary termi-
nation ktp (mol/cm3 s) is generally greater than kt for bimole-
cular termination since: (a) The interaction of R• with Mn

• can
be very different from that of Mn

• with Mm
•, due to different

reactivity; and (b) R• is much smaller and more mobile com-
pared toMn

•, and therefore the diffusion controlled effects (due
to viscosity changes) will impact them quite differently.

In the previous studies,7-9,16,17 it was shown that when the
photopolymer layer is exposed with moderate (or even low)
intensities, the linear dependence of the polymerization rate,
Rp, on the monomer concentration and its square root
dependence on the initiation rate, Ri, agree quite well with the
experimentally estimated parameter values. In this case, the
generated concentration of initiator, primary radicals, R•, will
be relatively low.As a result, themacro-radicals aremuchmore
likely toundergo a reaction involvingmacro-radicals in chain to
chain, bimolecular termination, rather than primary termina-
tion, i.e., termination with the primary radicals in a chain to
radical reaction. Under these conditions, the steady state
assumption described by eq 9 remains valid.

However, the square root dependence of polymerization,
Rp, on initiation, Ri, breaks down,

7,19 when a high concen-
tration of initiator is rapidly produced. In this case, the
steady state assumption which describes the ideal photopoly-
merization kinetics behavior is violated. When the photopoly-
mer layer is exposed with high intensity, a significantly large
concentration of primary radicals is produced, which not only
increases the initiation rate, but also greatly increases the like-
lihoodof primary termination7,12,19,21 taking place. This rapidly
produced high concentration of primary radicals can therefore
act to limit the propagation of macro-radicals, resulting in the
shortening of polymer chains formed (i.e., a reduction in the
average molecular weight). This has several consequences:
(1) reducing the polymerization rate results in a reduction in the
overall concentration of polymer produced, and (2) shortened
polymer chains are more mobile than the longer chains pro-
duced. That is to say that the grating index modulation may
decrease due to polymer diffusion, in the absence of sufficient
cross-linking.16 Furthermore, these rapidly produced primary
radicals also result in the rapid conversion of monomers to
polymers, i.e.,Rp increases, which simultaneously causes amore
rapid increase in viscosity,7-9,12 compared to that which takes
place under the weaker exposing intensity conditions. Finally,
the rate equation governing the kinetics of polymer concentra-
tion can be written as,

d½Pðx, tÞ�
dt

¼
Z ¥

-¥
Gðx, x0Þkp½M•ðx, tÞ�½Mðx, tÞ� dx0 ð17Þ

where [P(x,t)] (or [N(x,t)]7-9) is the polymer concentration. As
noted, if the polymer chains are not cross-linked sufficiently,
they will tend to diffuse out of the exposed regions in order to
reduce the polymer gradient.17 If this takes place, it will result in
a decay of the grating refractive index modulation, with time.
Such an effect becomes more expeditious at high recording
spatial frequencies.17 In the analysis presented here, we assume
that the diffusion of polymer chains does not take place, since
based on the experimental observations, the polymer chains are
highly cross-linked, and the recorded gratings are stablewith no
observed decay of refractive index modulation postexposure.

The rate equations governing the chemical species con-
centrations and their associated with photochemical reac-
tions, have now been presented, i.e., eqs 2-7, 10, 11, 14, and
17. Given a cosinusoidal illumination, the concentrations
will all be periodic even functions of x and can therefore be
written as Fourier series,

½Xðx, tÞ� ¼
X¥
i¼ 0

XiðtÞ cosðiKxÞ ð18Þ

where X represents the species concentrations: [Dye, 1Dye*,
3Dye*, HDye•, ED, R•, M•, M, Z, and P]; and i indicates the
harmonics in the Fourier series expansions. A set of first
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order coupled differential equations can be derived by incor-
porating the photoinitiation model5,6 into the 1-D NPDD
model, gathering the coefficients of the various cosinusoidal
spatial contributions and then writing the equations in terms of
these time varying spatial harmonic amplitudes. In order to
solve this set of first order coupled differential equations, appro-
priate initial conditions (i.e., before exposure) are required:
[Dye](t=0) = [A0], [

1Dye*](t= 0) = 0, [3Dye*](t= 0) =
0, [HDye•](t = 0)=0, [ED](t=0)=[ED0], [R

•](t=0)=0,
[M•](t=0)=0, [M](t=0)=[U0], and [P](t=0)=0, where
[A0], [ED0], and [U0] are the initial concentrations of photo-
sensitizer, electron donor, and monomer, respectively. As in
previous analyses,7-9,16,17,20 calculations of the monomer and
polymer harmonic amplitudes involves use of the nonlocal
spatial response function, G(x,x0) in eq 12, the effects which
appear in the coupled differential equations in the form of the
parameter, Si=exp(-i2K2σ/2).

3. Model Simulations

In this section, the predictions of the model presented in the
previous section are numerically examined, in order to explore
the kinetics behavior caused by varying the material parameter
values. In this way, their effects on grating indexmodulations can
be obtained, and insights made regarding the grating formation
achieved.

Before presenting the simulation results, we note that in all the
calculations presented, the time varying viscosity effects are
assumed negligible, therefore the diffusion coefficients do not
vary as functions of either time or space, i.e., Dm(x,t)=Dm0,
Dz(x,t) =Dz0, whereDm0 andDz0 are the diffusion constants for
monomer and inhibitor, respectively. It is assumed that an
unslanted transmission type volume holographic grating is re-
corded. The spatial frequency chosen for the simulations is 1428
lines/mm (corresponding to a period ofΛ=700 nm). This value
is chosen in order to correspond to the experimental results
discussed in the following section. The exposing fringe visibility
is, V=1. The nonlocal parameter is chosen to be S1= 0.94,
whichwas previously determined.7-9,16,17 This value is equivalent
to a nonlocal response length of (σ 0)1/2 = 54 nm (where σ =
σ 0/Λ2).7-9,16,17 The number of spatial concentration harmonics
retained, in the Fourier series expansions, eq 18, is 12 (i.e., 0e ie
11). This value is chosen based on the comparisons of results
from simulations using 4, 8, and 12 harmonics,7 which show that
the system is numerically stable and the model converges rapidly
with the inclusion of higher-order harmonics. Several other
physical parameter values are appropriately assigned based on
the results of previous studies.5-10,17 The initial concentrations
of the photosensitizer (erythrosine B, C20H6I4Na2O5), [A0] =
1.22 � 10-6 mol/cm3; monomer, [U0] = 2.83 � 10-3 mol/cm3;
electron donor, [ED0] = 3.18 � 10-3 mol/cm3 and inhibitor:
[Z0]=1 � 10-8 mol/cm3.

Typical rate constants are chosen for the simulations: kst =
5.35 � 106 (cm3/mol s), r1=1.2 � 10-3 (s-1), r2 = 8.3 � 10-4

(s-1), kb=1.66 � 104 (cm3/mol s), kd=8.6 � 103 (cm3/mol s),
ki=1.56� 107 cm3/mol s, kp=2.26� 107 (cm3/mol s), kz=6.98�
108 (cm3/mol s), kt=8.02 � 107 (cm3/mol s), and ktp=2.05 �
1010 (cm3/mol s). The diffusion coefficients for monomer and
inhibitor are, Dm0=8.3�10-11 (cm2/s), Dz0=1.0�10-8 (cm2/s)
respectively. We note that the influence of chain transfer on these
kinetic parameters is neglected, thus their values do not vary during
polymerization. The experimental conditions include that: the dry
material layer for thickness, d = 100 μm, is exposed by recording
beams of wavelength, λ = 532 nm and probed with a wavelength
of, λ = 633 nm. Previously determined absorption parameters10

for erythrosine B are also used: ε = 1.4 � 108 cm2/mol, φ =
0.036 mol/einstein, and Tsf = 0.76.

Using these parameter values, the spatial distribution of ground
state dye, [Dye(x)], is found after substituting eq 18 into eq 2,
and subsequently adding the amplitudes of all the harmonics.
[Dye(x)] is plotted between ( Λ/2 in Figure 1. The results for
three relatively high exposing intensities: I01 = 10 mW/cm2, I02 =
50mW/cm2, and I03=100mW/cm2 are shown. In order to provide
a meaningful comparison, the exposure time, t, for each case is
adjusted to ensure equal dosage being delivered, where the dosage,
ξ = I0

1/2t.16

As can be observed fromFigure 1, the high intensity exposures
lead to a rapid consumption of the ground state dye concentra-
tion in the bright regions, and the spatial variation of the ground
state dye concentration distorts from the exposing sinusoidal
pattern purity exhibiting narrowing in the dark regions. Further-
more, as the exposure intensity increases, the distortion is visibly
stronger, leading to even more ground state dye concentration
being consumed in the dark bands. Clearly there is a nonlinear
response of the material to the exposure intensity. Consequently,
the spatial distribution of the primary radical concentration
generated leads to deviations in the polymer concentration from
the ideal sinusoidal distribution, which would be produced given
a linearmaterial response. Therefore, the polymer chain initiation
is not directly proportional to the exposing interference patterns.
Hence, the loss in the sinusoidal fidelity of the grating profile that
will be eventually formed.

Retaining the same parameter values and simulation condi-
tions described above, the evolution of the polymerization rate,
Rp = kp[M

•][M], can be examined (see Figure 2) using the model
by numerically solving for [M•] and [M] respectively, i.e., sum-
ming the concentration amplitudes of all their harmonics (i = 0
to i = 11).

As can be seen from Figure 2, when the recording intensity
increases from I01 to I03, the polymerization rate increases more
rapidly toward a highermaximumvalue and then decreasesmore
rapidly. This is due to the more rapid initiation process taking
place in the same time frame (t= 0 to t= 20 s in Figure 2). For
higher exposure intensity, a larger quantity of the photons
available are absorbed, hence a greater number of radicals and
macro-radicals are then produced. However, as mentioned pre-
viously, this also increases the likelihood of termination pro-
cesses, in particular primary termination. Therefore, a larger
value of Rp generally causes a more rapid conversion from
monomers to polymers. However throughout the conversion,
Rp will then decrease much more quickly after reaching its
larger maximum value. This is mostly due to the more rapid
consumption of absorptive dye, radicalization of monomers and

Figure 1. Spatial variation of the ground state dye concentration for
exposure intensities of 10 (solid line), 50 (dashed line), and 100mW/cm2

(short dashed line), at the grating period Λ = 700 nm.
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termination of the active growing macro-radicals, which all result
from the high exposure intensity.

The corresponding spatial distributions of polymer concentra-
tion can also be predicted, and are presented in Figure 3. In order
to demonstrate the effects of primary termination, comparisons
are made for three substantially different rate constants of pri-
mary termination, ktp. The intensities chosen for this simulation
are 10 and 100 mW/cm2. As can be observed from Figure 3:

(I) When the exposing intensity increases from 10 (solid curve)
to 100mW/cm2 (dashed curves), due to the increasingly nonlinear
effects, the spatial distribution of the polymer concentration is
not sinusoidal but significantly distorted from ideal sinusoidal
behavior. Some insight into these effects can be achieved using the
parameter, R = (DmK

2)/(κI0), which was originally introduced
byZhao et al. in ref 22. κ is assumed tobe amaterial constant.R is
used to quantify the relationship betweenmonomer diffusion and
polymerization (nonsteady state, where Rp � I0). For the sake of
simplicity, it can be considered that as, R � (4π2Dm)/(Λ

2I0),
which can be used to characterize the material responses to the
exposure intensity.22,23 In this analysis, the value ofR is relatively
small (due to the large value of I0). This indicates that during the
grating formation, in the bright regions the rate at which the
monomers being polymerized becomes significant compare to the
rate atwhich themonomers diffuse in from the dark regions.As a
result, a distorted polymer concentration distribution is formed.
In this situation, any monomers diffusing into the bright regions

are rapidly polymerized (by the large quantity of available
primary radicals), before they can diffuse further into the central
area of the exposing patterns. Therefore, a dip appears in the
center and peaks rise on the both sides of the spatial polymer
concentration distribution.

Since R is inversely proportional to I0,
20,22,23 increasing I0

results in the values of all concentration harmonics of polymer
decreasing, but the amplitudes of the higher order harmonics
become relatively stronger, ultimately resulting in a reduction in
the saturation value of refractive index modulation achieved.
This can be explained by noting that, the high exposing intensity
not only causes a more rapid consumption of monomers, result-
ing in stronger concentration gradients, and giving rise to
monomer diffusion, but also increases the likelihood of dye
consumption close to the dark regions, where the monomers will
be radicalized. We recall that, the narrowing of the dye concen-
tration peaks in the dark regions also causes the spatial distribu-
tion of primary radicals generated, to deviate from the ideal
sinusoidal profile.

(II) The effects of the inclusion of primary termination for the
same exposure intensity (100mW/cm2) are presented in the figure
by comparing results for three cases: (1) no primary termination
taking place, i.e., ktp = 0, (long dashed curve), (2) inclusion of
primary termination with ktp = 1000 kt (dashed), and (3) ktp =
8000 kt (short dashed). It is clear that the inclusion of primary
termination leads to a reduction in the amplitudes of the polymer
concentration distribution, and the larger the value of ktp, the
greater the reduction predicted. From this trend, it is plausible to
say that with a faster primary termination rate (which is usually
faster than the initiation rate), more macro-radicals are likely to
be terminated by primary radicals before they can propagate very
far. Moreover, the monomers which diffuse in from dark regions
during the conversion also experience the rapid primary termina-
tion process. This effect is particularly strong in case 3, which
suggests that more macro-radicals are terminated close to the
edges of the bright regions, consequently resulting in an uneven
spatial concentration distribution (from the edges to the center).
Thus, the dip in the center of the polymer concentration profile
broadens. On the basis of this analysis, it is reasonable to predict
some of the potential possibilities when primary termination is
highly effective:11-13,19,21,24 in the bright regions, (a) a lower
concentration of polymer is produced, since fewer primary
radicals are in fact used for initiation, and (b) the average polymer
chain length is also reduced, due to the growing active macro-
radicals being rapidly terminated before they can propagate
significantly. Furthermore, the increase of the polymer concen-
tration in the dark regions can be explained as: it is also caused by
the nonsinusoidal primary radical distribution, which results in
more monomers being polymerized there. This nonsinusoidal
behavior is also visibly stronger as the value of ktp increases, and
the contrast in polymer concentrations between bright and dark
regions decreases.

In order to further examine the effects of primary termination
for the high exposure intensities, the analysis is now carried out in
an alternative way. A uniform illumination is applied to a material
layerwith no spatial variations, i.e.,V=0. In this way, the exposed
region is eventually homogeneously polymerized. Therefore, in the
theoretical model, only the contributions from the zeroth order
harmonic of the rate equation for each chemical species are
considered. The simulations are performed by individually calcu-
lating the accumulative concentration caused by primary termina-
tion for each particular high intensity applied, i.e., integrate the
term ktp[R

•][M•], over the exposure time, t. In this way, the macro-
radical concentration terminated by primary radicals, [PT]
(mol/cm3), for each high exposure intensity examined, can be esti-
mated.Four cases are chosen for examinations: (a) ktp=kt=8.02�
107 cm3/mol s, (b) ktp=10 kt, (c) ktp=100 kt and (d) ktp=1000kt.

Figure 3. Spatial variation of the polymer concentration for various
values ofktp=0(solid line), ktp=1000kt (dashed line) andktp=8000kt
(short dashed line), at the grating period Λ = 700 nm.

Figure 2. Comparisons of polymerization rate for intensities of 10
(solid line), 50 (dashed line), and 100 mW/cm2 (short dashed line).
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The results for intensities from 10 up to 200mW/cm2 are examined.
The exposure time is also suitably adjusted to ensure equal dosage,
ξ = I0

1/2t,16 being delivered to the material. The results are pre-
sented in Figure 4. As can be observed in going from cases a-d, the
overall macro-radical concentration terminated by primary radi-
cals, [PT], generally increases, for the increased values of ktp.

In cases a and b, when the primary termination rate is com-
parable to the bimolecular termination rate, i.e., ktp = kt and
ktp=10kt, the behavior predicted is quite similar: the concentra-
tions of macro-radicals terminated by primary termination
decreases for the I0 values from 10 to 60 mW/cm2. As can be ob-
served further increases in exposing intensity above 60 mW/cm2

do not cause any further reduction. Examining Figures (4a) and
(4b), it can be seen that [PT] tends to decrease as the expos-
ing intensity increases. This is as a result of more primary radi-
cals being used for initiation rather than for termination.
For intensities higher than 60 mW/cm2, [PT] remains almost
constant. This is because the available concentration of growing
macro-radicals which could be terminated by primary radicals
has become exhausted, since most of the macro-radicals have
already undergone the propagation or bimolecular termination
processes.

However, in case c, when ktp=100kt, primary termination
starts performing differently from cases a and b, once the
exposure intensity is greater than 60 mW/cm2. As can be seen,
the amount of [PT] increases as the exposing intensity increases.
This behavior indicates that when ktp is significantly greater than
kt and the exposing intensity is high enough, more growing
macro-radicals will be involved in primary termination (see
Figure (4c), before they continue propagating any longer or
terminate one another by bimolecular termination. As demon-
strated in case d, the high intensity response of primary termina-
tion becomes even more significant than in case c, when ktp=
1000kt, [PT] increases almost linearly as the exposure intensity
increases, as shown in Figure (4d). In this regime, primary
radicals are much more available for termination, and are not

limited by the available macro-radical concentration as in the
scenarios predicted for cases a and b.

On the basis of the observations and analyses presented above,
a sensible and reasonable indication can be obtained, which
assists in determining the termination kinetic parameters. It
shows the necessity of including primary termination when
modeling the nonsteady state conditions, especially when high
exposing intensities are applied. Ultimately, in order to estimate
ktp, the values are extracted by best fitting to the experimental
growth curves of refractive index modulation using the predic-
tions of the model and searching over sensible parameter search
ranges. This process is described in detail in the following section.

4. Experimental Work

In this section, a least-squares fitting algorithm is applied,
involving the use of a mean square error (MSE) cost function to
quantify the difference between the theoretical predictions of our
model and the experimentally obtained data. The MSE is itera-
tively minimized, and from the best fits achieved, acceptable
parameter values are determined, by searching over physical
search ranges. A typical experimental setup for recording un-
slanted transmissionholographic gratings is exactly carried out as
previous, which was schematically presented in ref 25. The
material used in all the experiments is a standard PVA/AA
photopolymer,5-10,16,17,25 with photosensitizer, erythrosine B.

4.1. Absorption and Transmission. When recording an un-
slanted holographic grating in a photopolymer material, the
intensities of the two exposing beams produces an approxi-
mately sinusoidal interference pattern.26 These two modulated
recording beams result the spatial distribution of ground state
dye concentration following photon absorption in the material
layer. In order to examine the photoabsorption behavior for
equivalent uniform (single beam) and holographic (double
beams) exposures, experimental data for normalized transmis-
sion curves are fit (see Figure 5) using the incorporated photo-
initiation model [eqs 2-5] taking account of dye recovery and

Figure 4. Intensity response of primary termination for cases (a) ktp = kt, (b) ktp = 10kt, (c) ktp = 100kt, and (d) ktp = 1000kt.
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photobleaching effects with previously determined rate
constants.5,6

Figure 5 illustrates the two sets of experimental transmission
curve data: case 1, single (uniform) exposing beam (V=0) at the
incident angle, θ = 22.33� (in the layer with respect to normal
incidence for wavelength λ=532 nm); and case 2, double
(holographic) recording beams (V=1) at the same incident
angles,(θ, giving a spatial frequency of 1428 lines/mm.The total
exposing intensity in each case is adjusted to be 60 mW/cm2.
Applying the Lambert-Beer law, the normalized transmission
can be expressed using,6

TðtÞ ¼ Tsf expf- ε½DyeðtÞ�d0g ð19Þ
Eq 19 is used to fit the experimental data, where Tsf is experi-
mentally observed to be 0.8. [Dye(t)] can be numerically found
using eq 2 and the optical path length is revised to be, d0 =
d/cosθ, to allow for the incident angle, θ. As can be seen in both
cases, transmission T(t) starts at T0, due to the same homo-
geneous initial photosensitizer concentration, [A0]. However, as
the exposure time increases, the two transmission curves start to
differ from one another. In case 1, the consumption of the
ground state dye concentration is uniformly distributed across
the exposure region, therefore, the transmission rapidly grows
and reaches the saturation value Tsf much sooner. Applying the
fit to the experimental data by assuming that V = 0 (single beam
incidence), the rate of production of excited state photosensitizer is
then estimated to be ka = 8.06 � 102 s-1. In case 2, the growth of
transmission involves the nonlinear spatial distribution of ground
state dye during absorption. Therefore, in case 2, when the layer is
holographically exposed, the spatial modulation of the recording
beams causes a nonuniform absorption across the exposed region,
i.e., in the dark regions, most of the dye molecules do not get
excited. As a result of this, ka, is reduced and is determined to be,
ka=6.28� 102 s-1. From the trend of the curve indicates that, the
transmission in case 2 will eventually reach the same Tsf if the
exposure time is long enough; i.e., Tsf is a constant value for a
particular material composition.8,27,28 In this situation, the spatial
distribution of dye concentration in the dark bands will become
“infinitesimally narrow” (see Figure 1), where most of the dye
concentration has been consumed. In addition, the diffusion of dye
molecules (due to the concentrationgradient) fromthedark regions
into the bright regions will eventually take place over an apprecia-
bly long time.29

4.2. Refractive Index Modulation. During holographic expo-
sure, the growth of the grating is monitored experimentally at
the Bragg condition (i.e., on-Bragg replay) by a probe beam at a
wavelength to which the photosensitizer used in the layer is
insensitive. The temporal evolutions of the resulting first order

diffracted intensity, Id, and the transmitted intensity, It, of the
probe beam are simultaneously measured. Thus, the diffraction
efficiency can be calculated usingη(t)= Id(t)/I0P, where I0p is the
incident intensity of the probe beam. The time varying diffrac-
tion efficiency, η(t), can be described in relation to the first-order
harmonic of grating refractive indexmodulation, n1(t), using the
first order coupled wave theory,30

ηðtÞ ¼ sin2
πdn1ðtÞ
λp cos θin

" #
ð20Þ

where d is the thickness of thematerial layer, λp is thewavelength
of the probe/replay beam and θin is the corresponding on-Bragg
replay angle inside the layer. All the swelling and shrinkage
effects occurring during recording, i.e., due to the creation and
collapse of holes,7,31 are neglected. We assume the total volume
fraction is conserved,

jmðtÞþjpðtÞþjbðtÞ ¼ 1 ð21Þ

where jm, jp and jb are the volume fractions of the monomer,
polymer and the background material in the layer, respectively.
The volume fractions is given by, ji= xivi/Σi xivi, where xi is the
mole fraction and vi is the molar volume fraction of the ith

component. Applying the Lorentz-Lorenz relation, the tem-
poral evolution of the first-order harmonic of grating refractive
index modulation can be expressed as,7,9,17,31

n1ðtÞ ¼ ðndark2 þ 2Þ2
6ndark
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nm
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where ndark is the refractive index of material layer before
exposure;31 nm, np and nb are the refractive indices for the
monomer, polymer and the layer background material31 respec-
tively. We note that np > nm, because during the conversion from
monomer to polymer, the breaking of the CdC bonds in the
monomer molecules produces a change in the density, hence the
refractive index of the photopolymer layer. No differentiation is
made between the contributions to the refractive index changes
made by polymer chains of different molecular weight/lengths.
jm1(t) and jp1(t) are the time varying first harmonic volume
fractions ofmonomer and polymer, which can be found by relating
the first harmonic of monomer and polymer concentrations calcu-
lated using eqs 11 and 17. Initial conditions are also needed:
jm1(0) = jm0= 0.273,jp1(0) = 0, and jb=0.727 (which is con-
stant through all the processes), wherejm0 is the monomer volume
fraction before exposure which can be directly estimated, based on
the initial material composition.8,9,17,25

A set of growth curves of refractive index modulation are
obtained from the same experimental conditions described in
section 3. A range of high exposing intensities are examined, i.e.,
from 10 mW/cm2 up to 150 mW/cm2. For clarity and brevity, four
typical cases are present. Figure 6 contains the fits to the average
experimental index modulation growth curves obtained (from
reproducible experimental results) for each of the following expos-
ing intensities: I01=10mW/cm2, I02=50mW/cm2, I03=100mW/cm2,
and I04 = 150 mW/cm2.

As can be observed from Figure 6:

(1) At the start of the growth of refractive index modulation,
there is a noticeable dead band, ti, caused by the inhibition
processes due to the inhibitor, Z. With the increase of the
exposing intensities, ti reduces due to the more rapid con-
sumption of Z. This behavior is clearly more significantly
observable for low exposing intensities.9,16 Since high ex-
posing intensities are studied in this work, the replenishing

Figure 5. Fits to the experimental data (dots) of normalized transmis-
sion curves of case (1), single beam exposure, and case (2), two beams
holographic exposure.
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of inhibiting oxygen from the air into the photopolymer
layer, does not significantly affect the change of ti as
strongly. Since as soonas the oxygendiffuses into the layer,
the rapidly produced excited states dye molecules and
primary radicals will react with them. Thus, they are
unlikely to replenish the inhibitor concentration,9 and thus
τz {[Z0]- [Z(x,t)]} in eq 14 can be neglected in this case.

(2) It is noticeable that, as the exposing intensity increases
from I01 = 10 mW/cm2 to I04 = 150 mW/cm2, the rate
of the growth of refractive index modulation becomes
more rapid, and reaches the saturation, n1sat, sooner.
This trend is mainly ascribed to the highly increased
polymerization rate, Rp (shown in Figure 2), where
monomers are rapidly converted into polymers to form
the grating. It is also noted from the experimental
results, that further increases of the exposing intensity
above 150 mW/cm2 does not give rise to even faster
growth of refractive index modulation. It suggests that
the photosensitive dye has reached its absorption limit
(due to the constant absorptivity, ε), i.e., the maximum
amount of photons the dye molecules can absorb, at a
fixed initial dye concentration, [A0].

(3) Once again, it is worth emphasizing that, these high
exposing intensities, not only increase the initiation, but
also increase the likelihood of primary termination. This
results in the average polymer chain length being short-
ened, and the polymer concentration that can be produced
also being reduced. Thus, as a consequence of greatly
increasing the exposing intensity, the saturation value
of refractive index modulation achieved, ultimately also
decreases, i.e., n1sat drops. This can be clearly seen from the
cases of I02=50mW/cm2 to I03=100mW/cm2, where in
this intensity region,primary terminationhasbecomemore
significant during the polymerization processes.

On the basis of the fits [using eq 22] to the experimental data, the
important kinetic parameter values are extracted. The results are
presented in Table 1, along with the corresponding MSE values
provided to indicate the quality of the fits to the experimental data.

Moreover, toutilize thepredictionsof [PT] presented inFigure4, in
combination with the knowledge of these parameters presented in
the literature,7-9,11-20,24,25 the search ranges for extracting each
parameter value were carefully and sensibly applied. Particularly
during the estimations of kt and ktp, while aiming to achieve quality
fits for each case in Figure 6, the relationships between these two
parameters illustrated in Figure 4 are also substantiated, respec-
tively. As can be noted in Table 1, the results determined for kt and
ktp concur with the scenario demonstrated by Figure (4d), where
ktp ≈ 1000kt, which is therefore identified as being the most
physically valid scenario. This echoes the previous theoretical
analyses, for greatly enhanced primary termination mechanism.

In order to provide an overview of the material response for
the high intensities examined, Figure 7 presents a combination
of theoretical predictions and experimental results for the
saturation values of refractive index modulation achieved,
n1sat, corresponding to each exposure intensity, I0, examined. As
can be observed from this response in Figure 7, the agreement
achieved between the theoretical predictions and experimental
results is quite satisfactory. The value n1sat starts to appreciably
drop as the exposing intensity increases. This clearly shows the
progressively amplified primary termination effects, since which
is believed to be the main attributor in this study.

4.3. Polymer Diffusion. To further verify our explanations of
the consequences caused by primary termination, additional
experiments were also performed. The standard PVA/AA ma-
terial was modified, such that the cross-linker (Bis(acrylamide),
C7H10N2O2) was not included,17 and an extra amount of
monomer (Acrylamide, C3H5NO) was added to compensate
for the resulting loss in volume fraction. Since uncross-linked
polymer chains are much more mobile and flexible, thus they
tend to diffuse out of the bright regions where they are formed.
The resulting decay of refractive index modulation was then
monitored over an appreciable postexposure time. The decay of
the grating index can be described using a simple model,17

n1ðtÞ ¼ n1ðt f ¥ÞþΔn1 expð-RPtÞ ð23Þ
where n1(tf¥) is the minimum value that the refractive index
modulation decays to over the long time frame examined, and

Figure 6. Fit to experimentally obtained growth curves (dots) of refrac-
tive index modulation for four different exposing intensities: 10 (solid
curve), 50 (long dashed curve), 100 (dashed curve), and 150 mW/cm2

(short dashed curve).

Figure 7. Combination of experimental results (dots) with theoretical
prediction (solid curve) for the high intensity (I0) response of the
achieved saturation values of refractive index modulation (n1sat).

Table 1. Extracted Parameter Values from Fits to Experimental Refractive Index Modulation Growth Curves

I0 (mW/cm2) ki (cm
3/mol s) � 107 kp (cm

3/mol s) � 107 kt (cm
3/mol s) � 107 ktp (cm

3/mol s) � 1010 Dm (cm2/s) � 10-11 MSE (-) � 10-10

10 4.86 1.57 9.09 7.05 8.93 7.17

50 4.95 1.98 6.84 8.06 7.51 3.54

100 4.66 1.70 6.36 8.65 6.27 5.18

150 4.98 1.79 7.42 9.18 5.76 2.23

search range 2.5 � 105 f 7.5 � 107 6.5 � 105 f 9.6 � 107 1.5 � 106 f 8.3 � 1010 1.0 � 107 f 9.0 � 1011 2.0 � 10-10 f 8.8 � 10-13



Article Macromolecules, Vol. 43, No. 22, 2010 9471

Δn1 is the maximum amplitude of the index variation. RP

represents the grating decay constant, which can be expressed
as, RP = DpK

2,17 where Dp (cm2/s) is the average diffusion
coefficient of all polymer chains, which is assumed to be con-
stant throughout the medium. Applying the nonlinear fitting
algorithm, eq 23 is used to fit the normalized experimental decay
curves of n1(t),RP (henceDp) can then be determined. The results
are presented in Figure 8 for exposing intensities I0I= 4mW/cm2

and I0II = 150 mW/cm2 respectively.
It is clear to see that, for the high intensity case, the refractive

index modulation decays much more rapidly and significantly
than in the low intensity case. This would appear to confirm that
the polymer chains are greatly shortened and thus more mobile,
as quantified by a faster polymer diffusion coefficient estimated
to be,Dp(I0II)= 3.55� 10-13 cm2/s, rather thanDp(I0I)= 1.6�
10-15 cm2/s. The corresponding MSE values are also provided
for each fit, where MSE (I0I) = 7.79 � 10-9 and MSE (I0II) =
9.21 � 10-9.

5. Conclusion and Discussion

In this article, starting from a thorough review of the major
photochemical reactions and material transportations effects
which take place during and postholographic recordings, a more
complete and physical representation of material behavior is
obtained, which fully incorporates the developed photoinitiation
model into the nonlocal photopolymerization driven diffusion
(NPDD) model. The resulting coupled differential rate equa-
tions, which govern the spatial and temporal concentration
variations of each associated chemical species, are presented. This
resulting model is significantly improve by the inclucions of the
following: (1) a more exact description of photoinitiation; (2)
nonsteady state kinetics with nonlocal chain growth, which leads
to a more accurate estimation for the concentrations of radicals
[R•, M•] and polymer [P], (including their generations and
removals), thus permitting the estimation of the polymerization
rate, Rp; (3) multiple termination and inhibition effects.

The predictionsmade using themodel developed, i.e., eqs 2-7,
10-12, 14, 17, and 18, are examined by performing simulation
works. These predictions aremade under particular conditions of
high intensity exposures. The spatial concentration distributions
of the most significant chemical species, the different polymeri-
zation rates, and the primary termination effects are then
illustrated [i.e., Figures 1-4], along with detailed comparisons
and analyses for a range of high exposure intensities. Special
attention is given to the observed variations of the substantial
primary termination effects, which are in comparisons with
the bimolecular termination effects, in order to obtain physical

insights and assist in determining the corresponding kinetic
parameters.

The model is then validated by performing a sequence of
experimental work, where several significant achievements have
been made, including:

(a) The comparisons of transmission curves for single-
(uniform) and double-beam (holographic) expo-
sures. The results are then discussed and it is noted
that the differences indicate different absorption
behaviors. These results also provide a deeper under-
standing of how photon absorption under different
illuminations leads to the radical productions during
the photopolymerization processes.

(b) The performances of refractive index modulations
for a range of high exposure intensities are examined.
The reduction of the saturation value, n1sat, with
increasing exposure intensity is then further explained,
and seen to correlate with the progressively amplified
primary termination effects. Significantly, combining
these resultswith our detailed explanation of themulti-
ple termination mechanisms, a more physical value of
the primary termination rate constant, ktp, is then
determined by performing best fits to the experimental
results presented in Figure 6.

(c) As indicated, because of the high exposure intensity,
significant inhibition periods, ti, are not observable
in Figure 6. However, a detailed explanation is
provided in terms of rapid consumption of the
inhibitors due to the high intensity exposures.

(d) The decay of the recorded gratings (i.e., for uncross-
linked polymer chains) index is observed over sig-
nificant postexposure time. Comparisons are also
carried out between the results for both low and high
exposure intensities. These clearly show a difference
between the polymer chain lengths (molecular
weights) formed, in terms of the observed polymer
diffusion rates.

(e) Finally, based on the theoretical analyses and dis-
cussions, and on the fits of the resulting model to the
experimental results, key kinetic parameter values
are then extracted. These estimated values lie in the
reasonable and physical ranges, as indicated in the
literature.7-9,11-20,23,24

While significant progress is reported in this paper, further
work remains to be done. Amore inclusive study of various types
of photosensitizer in photopolymer materials4,10,22,27,32 must be
carried out, characterizing different dye excitations and subse-
quently determining the radicals generation. Time varying vis-
cosity, and associated shrinkage and swelling effects7,9,12,30,33

involving volume variations in the layer, must also be investi-
gated. Such studies will allow further generalization with a more
rigorous and comprehensive modeling of free radical photopo-
lymerization processes. The availability of reliable models facil-
itates the optimization of material compositions for particular
applications.
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