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ABSTRACT

Diffusion models predict that polymerization and diffusion rates are the key factors that control the dynamics and the
final properties of a holographic grating recorded in a photopolymerizable material. Diffusion rates during the initial
phase of the holographic recording have already been studied and reported. We now report the investigation of the
polymerization rate in an acrylamide-based photopolymer using Raman spectroscopy. The polymerization rate constant
was estimated by monitoring the intensity of the characteristic Raman peaks at 1284 cm’' corresponding to the bending
mode of CH vinyl bond in acrylamide and 1609 cm? corresponding to the carbon-carbon double bond (C=C) in
acrylamide as a function of illumination time. The dependence of the residual monomer concentration on the exposure
time was fitted using a mono exponential fitting function. The value of the polymerization constant was estimated to be
0.043 5’ {(mW/em?™ for this formulation.

A comparison with some other photopolymer systems reported in the literature reveals that the acrylamide-based
photopolymer system is characterized by a relatively fast polymerization rate constant. The results from the present study
give significant information for better understanding of the process of holographic recording in acrylamide-based
photopolymer system.

Keywords: Photopolymer, polymerization rate, acrylamide.
1. INTRODUCTION

Photopolymers are attractive materials for the production of high quality holographic optical elements [1], holographic
data storage [2-4] and interferometry [1] etc. Besides the advantage of being self-developing, photopolymers have high

sensitivity, large dynamic range, good optical properties, low cost and are easy to prepare with a capability of recording
high diffraction efficiency holograms.

Photopolymer systems for recording holograms typically comprise one or more monomers, a photoinitiator, a binder and
a sensitizing dye. Several theoretical models have been used to describe the mechanism of hologram recording in
photopolymers [5-12]. Most of the models proposed are based on diffusion of monomer or mass transport when a
concentration gradient of monomer is created. The basic mechanism of the hologram recording in dye sensitized
photopolymers is that a dye absorbs the energy of a photon and enters to into an excited state, whereupon it reacts with
an electron donor to create free radicals. These free radicals initiate the polymerization reaction. As a result of this a
concentration gradient of the monomer occurs, resulting in monomer diffusion from higher concentration regions to
lower concentration regions.

Diffusion models predict that the key factor that controls the dynamics of hologram recording and the final properties of
the hologram is the ratio of the diffusion and polymerization rates. The diffusion process is a spatially dependent process
whereas the polymerization process is intensity dependent. Some of the earlier models [7-9] assumed that the
polymerization rate, which is the rate of conversion of monomer into polymer by polymerization, has a linear
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A 514 nm Ar-ion green laser was used to expose the photopolymer layer. As the system under study was insensitive to
633 nm, to avoid any additional changes in the sample during the measurement a He-Ne laser (633 nm) with a maximum
power of 20 mW integrated in an Instruments SA LABRAM 1B Raman spectroscope system was used to acquire the
vibrational Raman spectrum of the photopolymer sample. This also facilitated in situ measurements.

The samples were exposed to an intensity of 2.5 mW/cm? (514.5nm) over 1 cm’ spot. As soon as the layer is exposed the
polymerization reaction starts, thus consuming the monomer. The intensities were similar to those used during the
holographic 2-beam recording in this photopolymer. The 514nm laser spot was overlapped with the 633nm Raman laser
(~2um diameter). During the polymerization process carbon-carbon vinyl double bonds (C=C) are broken and are
converted to single bonds (C-C). The C=C peak for the vinyl double bond was identified at 1630cm™ and the carbon-
hydrogen bond (C-H) bending mode peak was identified at 1284 cm’ in an acrylamide only sample as reported by other
authors [15,16] and from the Raman spectrum of acrylamide. On polymerization the peak intensities corresponding to
the carbon-carbon double (C=C) bond and the bend mode of the carbon-hydrogen (CH) bond, both decrease. The Raman
spectrum was measured as a function of illumination time following constant exposure doses of 5 mJ/cm?.

4. RESULTS AND DISCUSSIONS

Raman spectra of acrylamide only and of the photopolymer system with other components, were acquired on the Raman
spectrometer. The spectra are shown in figures 2 and 3 respectively.
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Figure 2. Raman spectrum of acrylamide monomer
1000-1800 cm!. C=C peak of monomer at 1635 cm!

1004

-— 12823

- 1609.3

<—1125.1

50 -

Intensity (counts/s)

1000 1200 1400 1600
Wavenumber (cm-1}

Figure 3. Raman spectrum of unexposed photopolymer
layer
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From the two figures we observe that the carbon-carbon double bond (C=C) in the spectrum of acrylamide powder is
centered at ~ 1635 cm™. In the photopolymer system the carbon-carbon double bond is broadened considerably and has
primary maximum at 1609 cm’. When the photopolymer layer is irradiated, the intensity of the acrylamide peak
decreases concurrently. Figure 4 shows the Raman spectrum of the photopolymer layer exposed to a laser intensity of
2.5 mW/cm? for 2 seconds. In the figure the black solid spectrum represents the Raman peak when the photopolymer
layer was unexposed. The dash, dot and dash-dot, Raman spectra correspond to different illumination times of constant
exposure doses.

From figure 4 it is clear that, as the photopolymerization occurs the acrylamide double bond breaks. As a result there is a
decrease in the intensity of the peak.
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Figure 4. Raman spectra of photopolymer measured after exposimlz,
to a constant intensity of 2.5 mW/cm® Spectral peak at 1609 cm’
corresponding to carbon-carbon double bond (C=C).

Figure 5 shows a graph of peak intensities for the Raman peak of the monomer double bonds, extracted from the
spectrum, versus illumination time for a constant intensity. From the graph it can be seen that the consumption of
monomer is monoexponential with illumination time. An exponential decay fit of the data gives the characteristic time
constant for the decay of the monomer double bond.
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Figure 5. A graph of peak intensity versus illumination time
corresponding to 1609cm’!. The solid line shows the exponential
fitting curve of the data shown as scattered points
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The time constant for the polymerization process was extracted and the polymerization rate constant calculated assuming
the relation between the polymerization rate and the intensity is represented by equation (1) below [12].

Slope=1/t =k Igm equation (1)
Where k = 0.043 s'(mW/cm?)®? is the polymerization rate constant

A similar behavior in the kinetics was observed for the vinyl CH bending mode bond at 1284 cm’'. Using the same
procedure the data at 1284 em™ was extracted and fitted using the same fitting function. The time constant of the decay
of the vinyl CH bending mode peak was observed to be similar to that of the monomer carbon-carbon double bond decay
time constant. The results are shown in the figures 6 and 7.
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Figure 6. Raman spectra of photopolymer measured after
exposing to a constant intensity of 2.5 mW/cm2 Spectral
peak at 1284 cm-1 corresponding to carbon-hydrogen vinyl
bond (CH).
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Figure 7. A graph of peak intensity versus illumination time
corresponding to1284 cml. The solid line shows the exponential
fitting curve of the data shown as scattered points
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From the fits the decay time constant for consumption of monomer during polymerization was around 15 seconds. By
substituting the value of time constant and exPosure intensity in equation (1) the polymerization constant of the
photopolymer with only one monomer is 0.043 s° (mW/cm?) %°. It's worth noticing that the two rates extracted from the
data at 1609 cm "and at 1284 cm "are the same.

When compared to other photopolymers such as Du Pont’s whose polymerization rate was characterized as
0.019s'mW 7, the photopolymer under study has a faster polymerization rate.

The extracted polymerization rate is in order of two times faster than the one obtained by Neipp et al [13] for a similar
acrylamide-based photopolymer system. But Neipp’s figure depends on estimating diffusion time to be 30seconds. In the
present system somewhat faster rate was obtained by independent measurements and did not rely on assumed diffusion
rates. Tt should also be borne in mind that the polymerization rate in this system was estimated under uniform
photopolymerization. In holographic recording the actual polymerization rates are likely to be influenced by diffusion of
additional monomer and a spatially varying supply of initiating molecules and could be even faster. Also variations in
polymerization rates would be expected due to the non-identical formulations.

5. CONCLUSIONS

Characterization of the polymerization rate constant in an acrylamide-based photopolymer for holographic recording
using Raman spectroscopy was presented. The consumption of monomer is seen to be monoexponential. A time constant
from the linear fit of the natural logarithmic of the intensity peak corresponding to carbon-carbon double bond and
carbon-hydrogen vinyl bond was obtained and the polymerization rate constant was determined as 0.043 s™ (mW/cm?) %>,
The polymerization rate constant in this photopolymer appears 0 be faster than in other commercial photopolymers for
holographic recording.
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