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Monomer diffusion rates in photopolymer material.
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Photosensitive polymers are of practical importance, and mass transport within such materials plays a critical role
in their behavior. Building on the work in Part I [J. Opt. Soc. Am. B doc. ID 136413 (posted 5 January 2011, in
press)], the diffusion constants of a number of materials (i.e., acrylamide, polyacrylamide, water, propanol, and
acetone) within a photosensitive layer are measured. A combination of optical and physical chemistry techniques
is applied under different conditions. Determining the rates of diffusion is beneficial as it: (i) indicates material
stability over time and (ii) supports material characterization, modeling, and performance optimization. © 2011

Optical Society of America
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1. INTRODUCTION

As discussed in Part I [1], there is much confusion in the lit-
erature regarding the value of the rate of diffusion of an
acrylamide (AA) monomer in a polyvinylalcohol (PVA)-
based holographic material. Estimates ranging from 1077 to
10 cm?/s have been reported by different groups (see
[2-7]). The many applications of such free-radical photopoly-
mer materials [8-13] make understanding the material photo-
kinetics very important. The material behavior appears to be
best described using diffusion-based models, i.e., the nonlocal
polymerization-driven diffusion (NPDD) model [2,14-16]. In
this model, it is assumed that, because of crosslinking, only
monomer diffusion is significant postexposure.

In Part I [1], the rate of diffusion of monomer in an AA/PVA
material, D,,, was determined based on experiments invol-
ving large-period gratings. The results indicated a maximum
value of Dy, ~ 1072 cm?/s [1], however, the actual value is
slower due to the continuing optical effects of surface relief
profile evolution during measurement. In this paper, we pro-
ceed to further study the upper (fastest) and lower (slowest)
diffusion rates possible using other experimental methods.

First, we perform experiments to determine a lower bound
for Dy,. This is done by studying the rate of diffusion of poly-
acrylamide (PA) in AA/PVA material with varying amounts of
the crosslinker, using holographic techniques and long contin-
uous exposures. AA will diffuse more rapidly than the larger,
more complex PA, i.e., Dyy > Dpy. We note that, in the ab-
sence of a crosslinker, higher average values of Dp, are found,
indicating the presence of lower-energy diffusion pathways. It
is noted that more rapid grating strength decays, indicating
higher rates of diffusion, are observed immediately postexpo-
sure. For these high spatial frequency exposures, the effects
of surface relief gratings can be neglected (see [1]).

Continuing our study of diffusion of PA in the layer, we note
that, for shorter exposures, less PA is formed. When no cross-

0740-3224/11/040842-09$15.00/0

090.0090, 050.2770, 050.7330, 160.5470, 090.2900.

linker is included, relaxation postexposure will involve simul-
taneous PA and AA counterdiffusion, both of which act to
reduce grating strength. Therefore, in this situation, calculat-
ing a single effective modulation rate of diffusion, Dy;, using
the method described in Subsection 4.C in Part I [1], yields a
Dy value that, for decreasing exposure times, approaches that
of Dy, from below.

In order to find a value for the upper bound, i.e., the largest
possible value of Dy, we then examine the rate of diffusion of
smaller molecules in the layer. The materials chosen are
water, propanol, and acetone. These materials were selected
because they are all liquids at room temperature and have
smaller molecular weights and lower dipole moments than
AA. Furthermore, two of them are hydrocarbon materials with
similar radii. Given these facts, which suggest a lower inter-
action with the host material, it would seem reasonable that
they would diffuse more quickly through the layer than the
heavier AA, which is a solid at room temperature.

The paper is organized as follows: in Section 2, the rate of
diffusion of the PA formed during photopolymerization is de-
termined using holographic techniques. Then, in Section 3, the
rates of diffusion of water, propanol, and acetone in the
material layer are investigated using a standard weight-based
technique. Experimental results are presented and compared
in Section 4. Section 5 contains some concluding remarks.

2. DIFFUSION OF PA POSTEXPOSURE
USING HOLOGRAPHIC TECHNIQUES

In this section, we determine the diffusion of PA in the layer by
monitoring the degradation of a recorded holographic grating
postexposure. In Subsection 2.A, the material composition is
briefly described. In Subsection 2.B, the analysis used to find
the value of the diffusion constant, given the measured re-
duction of the diffracted probe beam intensity with time, is
discussed. In Subsection 2.C, the experimental method and
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setup used are discussed. Finally, in Subsection 2.D, the
experiment to examine short exposures is discussed.

A. Material Chemical Composition: the Role of
Crosslinker

As discussed, the material used is an AA/PVA dry layer, where
the PVA has a molecular weight in the range 30, 000-70, 000 u
[1]. When examining the diffusion of the PA, however, differ-
ent amounts of bisacrylamide (BA) are used, as described
in Subsection 2.B. The BA is a crosslinking agent, the inclu-
sion of which acts to create a more complex PA structure dur-
ing polymerization. Reducing the quantity of BA in the
material results in a reduction in the complexity of the poly-
merized material [17]. Therefore, as the concentration of BA
decreases, the mean value (Dp, ) Will increase and, while it is
expected to always be smaller than D,,, it will increase
approaching the Dy, value from below.

B. Longer Exposures and Varying Crosslinker Quantities
The rate of diffusion of the PA in the layer is found indirectly
using optical techniques similar to those used in Part I [1]. A
diffraction grating is formed by exposing the material to a si-
nusoidal interference pattern with a spatial frequency of
1000 lines/mm. Thus, we are operating in the Bragg regime
rather than the Raman-Nath regime [1]. A long duration ex-
posure is performed in order to use up most of the monomer
in the layer. As in Part I, the diffraction efficiency, #, of the
grating is monitored postexposure using a probe beam to
which the dye is insensitive [1,18]. The strength of the grating
gradually decays as a result of diffusion of the PA within the
layer and, from this, the rate of diffusion is found. The quantity
of BA in the material was varied between experiments to de-
monstrate its effect on the rate of monomer diffusion. In the
absence of BA, the resulting PA is not crosslinked and can
diffuse more easily within the layer, with the result that the
recorded sinusoidal PA density distribution decays with time.

Using the resulting measured diffraction efficiency data,
the rate of diffusion is found. In what follows, we proceed
using the diffusion model as described in [1,19], and the ex-
perimental method described in Subsection 2.C in Part L
Spatial concentration distributions of PA and AA exist in
the material following exposure, and both undergo diffusion
[14]. The effect of the AA diffusion is limited, as much of it is
used up during the long exposures. Furthermore, assuming
that the diffusion of the AA takes place over a much shorter
time frame than that of the PA chains, the long-term effect of
AA diffusion on the grating strength postexposure can be as-
sumed to be negligible and can therefore be omitted from the
analysis. This assumption can be justified because (1) the mo-
lecular weight of the AA monomer is significantly lower than
that of the PA chains, and (2) the PA chains have complex
structures compared to the AA molecule. Thus, the PA chains
will find it more difficult to move in the dry layer and, hence,
will have a rate of diffusion much lower than that of the AA
(i.e., the effects associated with PA diffusion are observed to
take place over a much longer time frame). We note that a
more complete analysis of the evolution of the grating
modulation requires the use of the Lorentz-Lorenz relation
[14,20]. Furthermore, we note that the PA, produced by photo-
polymerization, will in fact have a distribution of molecular
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weights and diffusion rates; such distribution effects are
neglected in the analysis.

C. Experimental Method for Determining Dp,

An optical system, similar to that illustrated in Part I [1,19], is
used to record and probe the gratings. The effect of mechan-
ical vibrations is minimized using a floating optical table. As
the light passes through the material, the dye undergoes an
oxidation reaction and adsorbs a photon in the presence of
the electron donor, which then produces free radicals. Poly-
merization of the AA is caused by these free radicals and re-
sults in the formation and growth (propagation) of PA chains
[15]. The resulting PA spatial distribution gives rise to a vol-
ume refractive index variation and, in the case of illumination
by a sinusoidal interference pattern, the recording of a peri-
odic grating.

Probing the grating, the beam diffraction intensity evolu-
tion is measured over time and used to calculate the diffrac-
tion efficiency, n and, thus, the grating strength using
Kogelnik’s coupled wave theory [21]. From the diffracted
probe beam intensity data obtained postexposure, the PA
grating refractive index modulation amplitude can be ex-
tracted, and, hence, the diffusion coefficient can be estimated
using Eq. (19) in Part I, where, in this case, Dy, is approxi-
mately equivalent to Dp,. The experimental results for Dpy
are presented and discussed in Section 4.

From these long exposure results it can be seen (in parti-
cular in the cases without a crosslinker present) that, in the
initial period postexposure, the grating decays at a faster rate
than later due to rapid diffusion of the remaining AA. During
the recording of weak/short exposures, less PA is formed and
the decay of the grating, and, hence, the diffusion rate, will be
more influenced by AA diffusion. Therefore, we examine this
weak exposure situation, focusing on the initial period post-
exposure.

D. Short Exposures without a Crosslinker

A typical example of grating diffraction efficiency evolution
for a longer exposure, using the material discussed in Subsec-
tion 2.4, i.e., without a crosslinker, is shown in Fig. 1. The ver-
tical y-axis range is chosen to emphasize the 5 values of
interest. Examining the curve, it is clear that, postexposure,
the grating continues to evolve for a considerable period of
time. For the instance shown in Fig. 1, the grating reaches
a peak diffraction efficiency of  ~ 22%. The exposing pattern
is then switched off and, almost immediately, the grating
starts to decay [14]. We see that ~50% of the total decrease
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Fig. 1. (Color online) Evolution of grating diffraction efficiency
illustrating the decay of the grating strength postexposure.
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takes place in the first 30 s postexposure. A further ~530 s are
required for the grating strength to decay to its final constant
value. Clearly, the grating decay has less of an impact on the
grating strength over time [22]. As noted, such postexposure
decay is primarily due to a combination of diffusion pro-
cesses, i.e., Dy, Dpa, and the diffusion of water out of/into
the layer [1,14,23,24].

Short exposures are carried out with the evolution of the
grating strength being monitored for up to 60 s postexposure.
During exposure, a number of concentration gradients are set
up. The PA distribution is aligned with the exposing fringe pat-
tern; however, due to the absence of crosslinking agents in the
material, the PA is not held so rigidly in place within the PVA
matrix. AA and dye concentration gradients are also set up
during exposure [25]. The dye molecule has a molecular
weight of 373.9u, which is much larger than that of AA, at
71.08u [25]. It seems reasonable to assume that the AA, being
the smaller molecule, will diffuse more rapidly to restore uni-
formity and will be largely responsible for any initial period of
fast decay. The initial decay will also be contributed to by the
diffusion of PA because it is both uncrosslinked and the layer
is less viscous than it would become following longer expo-
sures (i.e., dense polymerization).

Having made the assumption that the AA and shorter, less
crosslinked PA chains are largely responsible for the period of
fast decay, we now analyze the experimental results using
Eq. (19) in Part I in order to extract a value for the diffusion
associated with the grating modulation, Dy, postexposure.
The value of Dy should approach that of Dy, from below
as the exposure duration gets shorter. We again note that
the PA will, in fact, have a distribution of molecular weights
and diffusion rates. We neglect the effects associated with this
in our analysis and assume that Dy, > Dpy = (Dpy).

3. DIFFUSION OF MATERIALS INTO AND
OUT OF THE AA/PVA LAYER

In this section, we describe the diffusion of a compound across
the boundaries into or out of the material layer. Subsection 3.A
provides a brief introduction to diffusion between a layer and
its surrounding environments. In Subsection 3.B, the mathema-
tical theory used to determine the rate of diffusion is presented.
Finally, in Subsections 3.C and 3.D, we describe the experimen-
tal methods used to find the rates of diffusion of water, propa-
nol, and acetone, respectively, in our AA/PVA polymer layer.

A. Introduction to Diffusion in a Layer

Diffusion rates are affected by many factors, including tem-
perature, pressure, solute size, and viscosity [26]. Increasing
temperature brings the material closer to its glass transition
temperature, T';, and results in an increase in the rate of diffu-
sion [27,28]. Decreasing the pressure can reduce binder den-
sity, thus increasing viscosity and making motion of the
molecules less restricted. Similarly, the smaller the solute size,
the easier it is to penetrate the film, resulting in a faster diffu-
sion rate. Polar or charged particles may also interact more
strongly with their surroundings [29], thus decreasing their
mobility.

Polymer diffusion constants vary significantly due to their
wide range of properties. However, in general, particle diffu-
sion rates in polymer matrices should lie somewhere between
those in crystalline solids and liquids [26]. The diffusion rates
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are also known to have a strong dependence on concentration
and the degree of swelling of the polymer layer [26]. We note
that the material under study here is made up of a number of
constituents, one of these being PVA, which has a T, ~ 70 °C
[30] and a high affinity for water (i.e., it is hydrophilic) [29].
In Subsection 2.B, we derived our model of PA diffusion,
assuming that our process obeys Fick’s first law. Let the
amount of solvent absorbed per unit area of a polymer layer
from its environment, at time ¢, M,, be represented by [31]

M, =kt", (1)

where k is a constant and 7 is a parameter related to the diffu-
sion mechanism, the value of which lies between 0.5 and 1.
The case where n = 0.5 describes Fickian diffusion, and n =
1 describes type II diffusion [31]. These are limiting cases with
anomalous diffusion taking place when 0.5 < n < 1. Based on
our experimental results (see Subsection 4.C), the observed
diffusion of the materials examined into and out of the AA/
PVA layer are Fickian and can reasonably be described by
Fick’s first law [31].

B. Theoretical Analysis of Diffusion

into and out of a Layer

One surface of the polymer layer is in contact with a glass
substrate while the other is exposed to the environment.
The glass—polymer boundary is an impermeable surface and
is treated as a zero concentration gradient. We assume that
the layer is thin and, thus, that diffusion does not occur from
the edges but rather in one dimension only, i.e., into the plane.
This can be justified so long as {/a < 0.02, where { is the layer
thickness [31] and a is the shortest distance from the center of
the layer to the edge. Assuming a maximum thickness of
250 um, then with @ = 1.25cm, £/a < 0.0196. The smaller this
ratio, the more accurate the model.

Next, consider diffusion into a polymer layer, bound by two
parallel planes at x = —{ and x = {, both with constant con-
centration at the boundaries. In this case, there is symmetry
about x = 0 and there is no diffusion across this central plane.
As a result of this symmetry, the problem can be reduced
to considering only half the layer, from 0 <x < {. This cor-
responds to our case where one plane is bounded by an
impermeable surface while the other is exposed to an envir-
onment where C, the concentration of the diffusing substance,
is constant.

Given these conditions, we apply Ficks second law of
diffusion,

2
C_p¥C 2
ot 0
In Eq. (2), D is the diffusion coefficient of the diffusing mate-
rial and is assumed to be constant throughout the medium
layer and at all times during diffusion. Equation (2) is solved
by using the Laplace transform to eliminate the time variable,
reducing the problem to that of solving an ordinary differential
equation. Following the derivation by Crank [31], this leads to

?C 1 oo
z - _ = A% -pt _
2D {(Ce )6 +p/) Ce dt} 0, (3)

where C = C,/p and C, is the initial concentration of the dif-
fusing substance within the layer. The boundary condition
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Table 1. Initial and Boundary Conditions

IC BC1 BC2
Position condition 0<x<t x =1 x=0
Concentration condition C=0C, C=C, 0dC/dx=0
Time condition t=0 t>0 t>0

Resulting equation Da;?c =pC-Cy C=Cy/p 0C/dx=0

(BC) and initial condition (IC) are summarized and applied as
shown in Table 1. Following the analysis presented in [31], the
solution for C can be written as a trigonometrical series to
give the concentration equation as ¢ —

C-C
C1-Co
o 1w ~ )
4 (-1) ox { D(2n+21) ﬂzt}cos(2n+1)7tx’
miz2n+1 4 2l

(4)

where n € Z and C, is the concentration of the diffusing sub-
stance outside the layer. Then, if M, is the total mass of diffus-
ing substance, e.g., water, in the layer at time ¢, and M., is the
total mass diffusing in the layer after infinite time, we have
[31]

M, = 3 _D(@n + 1222
Zt_ 1 )
M. n; @n+ 17272 eXp{ 47 )

where M, is given by

!
= [(c-ca (6)

To process the data obtained in the experiments described in
Subsections 3.C and 3.D, we fit Eq. (5) to the results and de-
termine the material diffusion coefficient, D, in the film.

C. Experimental Method to Find D

There are a number of experimental techniques available to
determine the diffusion coefficient of a particular compound
in a polymer film, including scanning IR microscopy, light
scattering, neutron scattering, nuclear magnetic resonance,
Raman scattering, IR spectroscopy, and elipsometry [32-35].
Our experimental procedure is an established standard phys-
ical chemistry technique and gives an estimation of the diffu-
sion rates in the material.

In all cases, the AA/PVA material under experiment was
prepared as described in Subsection 2.A. The balance used
for the mass measurements was a Sartorius Extend balance
(model ED224S) [36] accurate to +0.05 mg.

In measuring the diffusion constant of water, the layers
were stored in dessicators prior to measurement. Saturated
salt solutions were used in the dessicators to maintain con-
stant relative humidity (RH). Silica gel, potassium acetate so-
lution, and sodium chloride solution were used to maintain
the chambers at 12%, 25%, and 78% RH, respectively [37].
The humidity and temperature in the weighing chamber re-
mained constant during the experiment, typically at 42%
and 23 °C. Digital hygrometers/thermometers were used to
constantly monitor the RHs and temperatures, with the tem-
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perature during the course of the experiments ranging at most
over 20-23 °C.

The experimental procedure was as follows. The polymer
layer was exposed to a constant RH in a desiccation chamber
for a period of time until it reached equilibrium with its
surroundings. The layer was then rapidly transferred to the
balance inside a sealed plexiglass chamber, which was main-
tained at a different RH but at the same temperature. The
weight of the layer, RH, and temperature were monitored con-
tinuously and accurately with time until the samples reached
equilibrium.

Under these conditions, any increase or decrease in the
weight of the medium will arise due to water diffusing into,
or out of, the layer from the surrounding environment and will
be governed by Eq. (5). Experimental graphs of weight change
as a function of time are fit using Eq. (5) to estimate values of
the diffusion constant.

The procedure was carried out for both unpolymerized and
uniformly photopolymerized layers, i.e., layers illuminated
continuously using an extended exposure with a uniform
beam. There were two aims in doing this: first, to compare
the level of hydrophilicity of the layer both before and after
the AA monomer has been completely polymerized [38]. If
PA preferentially attracts water, greater swelling would take
place in exposed areas. The second aim is to compare water
diffusion rates into and out of polymerized and unpolymerized
layers and determine if there was a significant change in the
diffusion constant of the water. It was found that there was
little difference in the results for diffusion of water into
and out of the layer between polymerized and unpolymerized
layers. This result is important, as a significant difference in
diffusion between the two cases would impact on the material
behavior postexposure. Exposed and unexposed regions
would absorb significantly different amounts of water at dif-
ferent rates, which could lead to either a relative strengthen-
ing or weakening of the recorded pattern in the layer.

Carrying out this experiment for water provides a first es-
timate of an upper limit on the rate of diffusion of the AA
monomer in the layer. Using the same procedure, results
for two other materials, propanol and acetone, are also exam-
ined. In all three cases, the molecules used were smaller (light-
er) than the AA molecules. While water has a relatively low
molecular weight compared to AA, it is also highly polar,
which influences the rate of diffusion of water in the layer.
The propanol and acetone have molecular weights slightly
lower than AA, but are significantly less polar than water.
The polarity of a molecule is described by its dipole moment
and its relative dielectric constant [39]. Table 2 presents val-
ues for both the molecular weights, melting and boiling points,
radii, dipole moments, and the relative dielectric constant for
water, AA, and the other materials used. We note that, in
Table 2, no definitive dipole moment or molecular radius
values for AA are presented because, to our knowledge, none
are available in the literature [40,41].

D. Diffusion Rates of Propanol and

Acetone in the Material

One hydrocarbon chosen as part of this study was propanol.
Propanol was chosen because of its similarity in molecular
weight and structure to AA. It is also of interest because,
chemically, propanol can act as a chain transfer agent in
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Table 2. Structure and Properties of Diffusing Chemicals
Water Propanol Acetone Acrylamide
Chemical formula H,O CsHgO C3HgO CsH;0
Chemical structure o C OH O o
Hu " ;
7/ N\ N \
Molecular weight (g/mol) 18 [48] 60.09 [48] 58.09 [48] 71.08 [48]
Melting point/boiling point, (°C) 0/100 [48] -126.5/97.1 [48] -94.9/56.3 [48] 84.5/125 [48]
Dielectric constant/dipole moment (D) 80.1/1.85 [49,50] 20.1/1.68 [51,52] 20.7/2.91 [52,53] 2.8/0.12-3.42 [40,41]
Molecular radius (A) 2.78 [64] 6.19 [55] ~6 [56] Not available, but ~7 [57]

“No definitive value available for AA in the literature. Value estimated by summing over bond lengths.

the polymerization process of AA [42]. Experimentally, it is
convenient because it is a vapor at room temperature and
can readily diffuse into and out of the polymer layer. In order
to avoid relying completely on results from a single hydrocar-
bon test material, acetone was chosen for similar reasons as a
second suitable test material.

In both cases, the experimental procedure is similar to that
used for water with the exception that, prior to weighing, the
layer was placed in a secure temperature-controlled chamber
with propanol (acetone), and then allowed to stand for a fixed
period of time (~12h). It was then removed from the propanol
(acetone) atmosphere, placed on the scale, and the weight
change was monitored. The diffusion constant of propanol
(acetone) was then determined. We note that the concentra-
tion of water in the atmosphere both inside and outside the
chamber was the same, and, as a result, there was no water
gradient (i.e., the water concentration was in equilibrium and
equal amounts diffused into and out of the layer). Therefore,
the weight change in the layer after being in the presence of
the hydrocarbon rose solely as a result of the hydrocarbon
leaving the layer.

4. EXPERIMENTAL RESULTS

In Subsection 4.A, we present our holographic exposure-
based results for the diffusion of PA in the photopolymer layer
for long exposures, as described in Section 2, while in
Subsection 4.B, we present the corresponding results for short
exposures. Then, in Subsections 4.C and 4.D, we describe the
weight-based results obtained for water and propanol (acet-
one), respectively. Finally, Subsection 4.E presents a brief
overview of the experimental results.

A. Results for Diffusion of PA: Long Exposures
The results presented in this subsection refer to the determi-
nation of the rate of diffusion of the PA postexposure, follow-
ing long exposures. Experiments were carried out using
varying amounts of BA crosslinker (0.0, 0.2, 0.4, and 0.8g/
100 ml), and the rate of diffusion was estimated in each case.
As expected, inclusion of a crosslinker resulted in a reduc-
tion of the value of the diffusion coefficient, which depended
on the quantity of BA in the AA/PVA layer. The absence of BA
results in less constrained, more easily diffusing PA chains,
with rates closer to, but slower than, the rate of diffusion
of the AA.

For each concentration of BA, these experiments were re-
peated a number of times, and the results are summarized in
Table 3. Applying the procedure described in Subsection 2.C
and in Subsection 3.C in Part I, we extract ny;, and then plot
In[ny (¢) = 1y (Lnar )] Versus time, resulting in Fig. 2. This graph
illustrates the decay of the spatial distribution of the PA with
respect to time. A different concentration of the crosslinker
was used for each curve in the graph, further illustrating
how the increase in the crosslinking agent results in increased
stability of the grating. Values for a); were determined from
the slope of the graph, as in Subsection 2.C, and, hence,
the diffusion coefficient is then found using Eq. (19) in Part I.

The resulting estimates for the diffusion coefficients are
presented in Table 3. An estimation for Dp, in the material
containing 0.8 g/100 ml of crosslinker is found to be of the or-
der 1071 em? /s, which indicates high stability and is consis-
tent with previous results by Gallego et al. and Blaya et al.
[5,7]. The results obtained for a reduced concentration of
BA agree with those reported by O’'Neill et al. [19]. For the
case where the material contains no crosslinker, the effective
rate of diffusion of the PA is estimated to be ~10713 cm?/s.
While, as noted, the layer contains a distribution of PA

Table 3. Synopsis of Experimental Results for
Diffusion Coefficients

PA, Dp, Average D + AD, cm?/s

With 0.8g/100ml BA crosslinker (7.77 £4.47) x 1071
With 0.4 g/100ml BA crosslinker (3.36 4+ 0.75) x 10714
With 0.2g/100ml BA crosslinker (8.41 £2.68) x 10714
Without BA crosslinker (1.49 £ 0.82) x 1013
Short-exposure diffusion rate (no BA crosslinker), Dp,
1s exposure (4.56 +0.86) x 1011
3s exposure (3.27 £ 0.45) x 1011
6s exposure (2.33 £0.24) x 1071
9s exposure (1.80 £0.11) x 1011
Water (diffusion both in and out of the layer), Dy
Thickness = 100 ym (1.22£0.62) x 108
Thickness = 220 ym (5.90 £ 3.00) x 10-8
Propanol (diffusion out of the layer), Dy,

Thickness = 100 yum (1.86 £ 0.52) x 1078
Thickness = 220 ym (9.00 £ 2.52) x 10-8
Acetone (diffusion out of the layer), Dy,

Thickness = 100 ygm (1.76 £ 0.47) x 108
Thickness = 220 ym (8.52 + 2.27) x 1078
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Fig. 2. (Color online) Grating decay over time for varying crosslinker
quantities.

molecular weights, this value provides a convincing lower
limit for the monomer diffusion constant.

Returning to Fig. 2, we note that a different and significantly
higher rate of decay can be associated with the early parts,
t < 500s, of the postexposure curves. It seems reasonable
to assume that diffusion by smaller, faster molecules is dom-
inating the decay process. Therefore, these rates must be clo-
ser to that of the AA molecules. Thus, studying this behavior
might prove useful in determining Dy, .

B. Results for Diffusion of PA: Short Exposures

Having examined our results for long exposures, we now ex-
amine the case of relatively short holographic illumination. In
this case, much of the monomer present in the layer remains
unpolymerized. The overall result of shortening the expo-
sures, in terms of the expected diffusion rate associated with
the decay of the grating modulation, will be that the diffusion
process will be dominated by the AA molecules and the fewer,
less entangled polymer chains, resulting in a diffusion rate
closer to the rate of diffusion of monomer.

All the curves in Fig. 3 are for layers containing no cross-
linker. As expected for short exposures, the diffraction
efficiency observed is very low, indicating weak grating mod-
ulation. Also, as expected, the diffraction efficiency decays
quickly. Using the same procedure as in Subsection 4.A,
the grating decay curves were obtained, as seen in the inset
in Fig. 3. Paying particular attention to the period of time im-
mediately postexposure, the slope of the decay curve, ay, is
estimated. Using Eq. (19) in Part I, this value is then used to
find the rate of diffusion of the grating modulation, Dy;.
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Fig. 3. (Color online) Short-exposure curves showing diffraction ef-

ficiency and corresponding grating decay curves (inset) for a range of
exposure times when no crosslinking agent is present.
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Fig. 4. (Color online) Curve showing diffusion rates for different
exposure durations.

The results obtained are presented in Table 3 and illu-
strated in Fig. 4. The rates of diffusion estimated consistently
decrease as the exposure duration increases. For the shortest
exposure duration, the rate of diffusion of the grating modula-
tion was found to be Dy =~ (4.56 & 0.86) x 10-! cm?/s. As
previously discussed, we expect this value to approach that
of Dy, from below. It should be noted, however, that contin-
ued grating growth postexposure is not taken into account in
our analysis [45]. The effect of continued dark polymerization
is to reduce the rate of decay, thus, the actual value of diffu-
sion immediately postexposure may be slightly higher than
that estimated here.

C. Diffusion of Water into and out of the Layer

We now present our weight-based experimental results and
the estimated rate of diffusion of water, Dy, and then of var-
ious hydrocarbons (i.e., propanol, Dp,,,, and acetone, Dy.) in
the AA/PVA layer. The weight change over time is used to es-
timate the diffusion coefficient of water into and out of the
photopolymer layer using Eq. (5). The weights given in all
the graphs are for the difference between the weight at a given
time and the starting or initial value.

Figure 5 contains results for diffusion of water into and out
of two typical layers plotted against the square root of time.
The linear initial rise and subsequent flattening of the graph
once equilibrium has been established supports our assump-
tion that Fickian diffusion is taking place. Experiments were
carried out for both the unpolymerized and polymerized layer,
i.e., where the plates had been uniformly exposed to light and
all the monomers had been polymerized. This was done to
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0.01 4~25%RH & ~78%RH to ~50%RH
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Fig. 5. (Color online) Weight change due to water plotted against the
square root of time.
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Fig. 6. (Color online) Weight change due to water gain/loss as a
function of time.

determine whether there is an appreciable difference in the
mobility of the small water molecule in the layer depending
on the state of polymerization. As noted, there is a small dif-
ference between the diffusion rate of water in the unpolymer-
ized and the polymerized material, with there appearing to be
a consistent increase of ~4%. However, this was within the
limits imposed by experimental error and requires further ver-
ification using more sensitive techniques. We note that trietha-
nolamine, the electron donor and radical initiator, is also
hydrophilic, and makes up ~49% of the total volume of the
layer [14,46].

To obtain Fig. 6, a layer, which had been stored in a desic-
cator, was placed on the weighing scales in a stable environ-
ment having a higher/lower humidity than the desiccator
environment. This results in a change in the layer weight.
In each case, the best fits to the experimental data were found.
Figure 7 shows data from two experiments and the fits to this
data using Eq. (6). In Fig. 7(b), the data displayed is for water
diffusing into the layer as the material was transferred from a
potassium acetate environment with an RH of ~25% into an
environment having an RH of ~50%, with the temperature
remaining constant.

In Fig. 7(a), the results for Dy found for the case when
water diffuses out of a layer is presented. In this case, the plate
is first stored in a high-humidity environment, and is then
placed on the weighing scale in a low-humidity environment.
The material is transferred from an RH of ~78% to an RH of
~b0%, again with the temperature remaining constant. The
weight decreases as expected, and fits to the experimental
results are presented for different layer thicknesses. In all
cases, diffusion constants of ~108cm?/s are estimated
(see Table 3).
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Fig. 7. Weight change over time for (a) water out and (b) water in.
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Fig. 8. Weight change over time for diffusion of (a) propanol and
(b) acetone out of a layer. Experimental (dots) and theoretical results
(curves).

D. Diffusion of Propanol and Acetone into the Layer
Similarly, the rates of diffusion of both propanol, Dp,,, and
acetone, Dy, out of the polymer layer were determined. Be-
cause of the strong affinity of propanol (acetone) to the layer
material, exposing the layer for several days resulted in the
AA/PVA layer absorbing so much that the layers reliquified.
Hence, the layers were only exposed to the propanol (acet-
one) environment for a maximum of 12h. In this case, the
transport of the hydrocarbon in the PVA layer takes place un-
der a Fickian mechanism. Experimental data for the weight
change as the propanol (acetone) exited the layer was then
measured. The data was fit using Eq. (5), and diffusion rates
for the propanol (acetone) were found.

In Fig. 8, theoretical and experimental results for the
diffusion of (a) propanol and (b) acetone out of a layer are
shown. For propanol, the value of Dp,,, was found to be
~1078 cm?/s. Similarly, for acetone, Dy was also found to
be ~10-8 cm?/s.

The physical accuracy of the model of bulk diffusion into
and out of the layer depends on the assumption that {/a <
0.02. Experiments were carried out on layers 100 and 220 ym
thick, which correspond respectively to {/a values of 0.008
and 0.0176. The thinner the layer, the more accurately the
model describes the result obtained. In all cases examined,
and for each diffusing material, the thinner layers resulted
in a slower estimated rates of diffusion ~1.5x 10-8 cm?/s.
Our results appear to conclusively restrict the value of
Dya to below ~6x 1079 cm?/s, the slowest result obtained
for Dy,.

E. General Comments on the Results
It would seem reasonable to assume that the water would
more rapidly diffuse in the polymer layer than propanol given
the fact that the water molecule is less than a third the weight
of the propanol molecule (18 compared to 60 u). However, as
seen from the results presented in Subsections 4.C and 4.D,
the rates of diffusion are similar. This appears to be because
the water molecule is highly polar compared to both the pro-
panol and acetone molecules and therefore interacts more
strongly with the material in the layer.

Table 3 provides a synopsis of the results for the rate of
diffusion of PA, found holographically, and the rates of diffu-
sion of water, propanol, and acetone in the layer.
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5. CONCLUSIONS

The rates of diffusion of several materials in a layer of photo-
sensitive AA/PVA photopolymer have been examined using
holographic and analytic physical chemistry methods. Using
long holographic exposures, the diffusion of PA was exam-
ined. We note that the result consistently estimated for
uncrosslinked PA, i.e., Dyy > Dps ~ 10713 cm?/s, agrees with
previously reported results. Then, short-exposure experi-
ments were carried out on uncrosslinked material, which sug-
gested that, in this case, a rate of diffusion of Dy ~ 10! cm?/s
governs grating modulation decay. Since PA cannot diffuse
more quickly than AA, this result places a convincing lower
bound on the rate of diffusion of AA, i.e., Dyy > 1071 cm?/s.

The rates of diffusion of water, propanol, and acetone were
also determined using a weight-based technique. The rates of
diffusion of these three materials suggest an upper limit for
the rate of diffusion of the AA monomer in the layer. The rates
of diffusion Dy, Dpyp, and Da. were all found to be
~10-8 cm?/s (see Table 3), with the slowest result (for the
thinnest layers) being Dy ~ 6 x 10 cm?/s. Given that AA
has a larger molecular weight than all three, is a solid at room
temperature, and is structurally bigger and more complex, it
seems reasonable to expect that AA will diffuse more slowly,
i.e., Dy < 6x 107 cm?/s.

From Part I of this work, experimental upper estimates for
Dyp ~ 1079 cm? /s were found. However, as indicated in Part I,
this value is high because the optical effect of the surface
relief gratings is not completely eliminated due to imperfect
index matching during coverplating. The upper bound is
therefore closer to 10719 cm?/s. We note that using the NPDD
model values for Dy, of ~10711-101 cm?/s have been consis-
tently estimated [14,47].

In summary, the fastest value of Dp,, i.e., for uncrosslinked
materials and short exposures, provides a lower limit for the
AA diffusion constant of Dy, ~ 107!! cm?/s. Combining the
weight-based results for water, propanol, and acetone and
the results obtained in Part I gives an upper value of
Dya ~ 1071% cm?/s. Therefore, a range of values, for the given
range of temperatures, humidities, and exposures of material
layers discussed, of 10~ ~ Dy, ~ 1071 cm?/s is indicated,
and this result is consistent with the predictions of the NPDD
model [14,47].
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