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ABSTRACT

Photopolymers are promising as holographic recording media as they are inexpensive, versatile materials, which can be
made sensitive to a broad range of wavelengths. A deeper understanding of the processes, which occur during
holographic grating formation in photopolymers, is necessary in order to develop a fully comprehensive model, which
represents their behaviour. One of these processes is photo-initiation, whereby a photon is absorbed by a photosensitiser
producing free radicals, which can initiate free radical polymerisation. These free radicals can also participate in
polymer chain termination (primary termination) and it is therefore necessary to understand their generation in order to
predict the temporally varying kinetic effects present during holographic grating formation. In this paper, a study of the
photoinitiation mechanisms of Irgacure 784 dye, in an epoxy resin matrix, is carried out. This is achieved by analysing
the temporal evolution of a series of simultaneously captured experimental transmittance curves, captured at different
wavelengths, but at the same location, to enable the change in photon absorption during exposure to be estimated. We
report on the experimental results and present a theoretical model to predict the physically observed behaviour.

Keywords: Photopolymer, Photoinitiation, Photoinitiator, Holography, Irgacure 784, Photosensitiser, Dye

1. INTRODUCTION

In the literature, extensive research is currently being carried out on a variety of photopolymer materials. Their low cost,
selfprocessing capability and low loss make them promising materials for various applications. In order to reach their
full material potential, accurate material models, based on reproducible experimental data sets, will be necessary. In
particular such models are needed to identify and permit optimization of crucial operational parameters.

In this paper we focus on the photo-initiation stage, which takes place during exposure. This stage begins with photon
absorption by a photosensitiser typically leading to its dissociation and free radicals generation. The resulting free
radicals can react with: (i) monomer, initiating growth of polymer chains and therefore refractive index changes, (ii) an
inhibitor, thus being scavenged, and (iii) monomer radicals thus terminating an active polymer tip.

Photosensitiser consumption reduces the absorbance of a photopolymer layer. Thus the number of free radicals
produced can be estimated by measuring the resulting variation in the material transmission curve. In this paper we
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study the case of a dye where photo-cleaving generates chemical products, which can absorb at the exposing green
wavelength. This additional absorption during exposure can lead to an inaccurate estimate of the rate of production of
free radicals, therefore photon absorption by the effect of photoinitiation inactive (non-initiating) species must be
understood. In order to separate the effects of multi-component absorption we used a red probe laser beam, which does
not affect the photoinitiator dissociation but is attenuated by the absorptive intermediate product. A decrease of the
probe beam output intensity then provides information about the absorption by the intermediate product at the recording
green wavelength and we can thus extract absorption information about both the inactive product, and the photoinitiator
from the measured absorptions.

1.1 Material composition

Our photopolymer material consists of two very different polymerizable systems. The first system is made of a
combination of low refractive index epoxy resin matrix and amine hardener. These spontaneously crosslink with each
other and form a rigid mesh structure (matrix), which accommodates the other components in a mechanically stable way.
The second system is a mixture of high refractive index vinyl monomers, which react via free radical photo-
polymerization, to form polymer chains in the exposed regions. The free radicals are generated in the bright regions by
dissociation of the photoinitiator. Before exposure the matrix crosslinking takes place exclusively between the epoxy
resin and the amine hardener with little chemical interaction with the rest of the chemicals present, i.e. the vinyl
monomers and photoinitiator. This type of material design permits the recording of high refractive index modulations in
mechanically stable layers, which can be cast to large thicknesses.

1.2 Proposed rate equations; flow chart

Our interest is to be able to predict the material response. As noted behaviour has been observed that suggests the
production of a new absorber, which affects the photo-kinetic processes present during recording. We want to identify
the new absorber and quantify its’ effects based on results in the literature and our experimental observations. To do so
we make several assumptions regarding the interactions and the chemical reactions which take place and the
corresponding rates appearing in the rate equations derived, see Section 3.3. A flowchart is present in Section 3.1 which
describes the processes i.e. compounds (participants) and their relationship during photoinitiation.

1.3 Set of experiments is proposed

The experimental transmittance data, changes during exposure because the photopolymer transmittance variations are not
only driven by photosensitiser removal but because of the generation of the new absorber. One recorded transmission
curve is therefore not sufficient to determine the photoinitiator consumption. Therefore another laser, whose light is not
absorbed by the photosensitiser, but whose intensity is attenuated by the new absorber, is used to provide a second
transmittance curve.

2. MATERIAL COMPOSITION

Our study was carried out on modified photopolymer composition, which was first proposed by Trentler et al.'*. This
photopolymer is made of three essential parts:

1. Thermally cured matrix, which acts as a stable binder. It is made of an epoxy resin and an amine hardener
which crosslink with each other at ambient temperature. They are selected to have high transparency, low
refractive indices and minimal chemical interaction with the other compounds. We used Poly(propylene glycol)
Diglycidyl ether (n = 1.464) and Diethylenetriamine (n = 1.484).

2. Photopolymerizable monomer mixture with high refractive index which produces refractive index variation
depending on the exposing light pattern. It consisted of 1-Vinyl-2-pyrrolidone (n = 1.51) and 9-Vinylcarbazole
(n=1.68).

3. Photosensitiser, Irgacure 784 dye, which initiates photo-polymerization.

This basic composition may be extended by introducing other chemicals, for example; terminators, chain transfer agents,
reducing agents etc. The composition used and constituent details are shown in Table 1.
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Function Compound Acronym Mass [g]

Poly(propylene glycol) diglycidyl ether PGE 10
MATRIX y(propylene glycol) diglycidy
Diethylenetriamine DTA 2.19
1-Vinyl-2-pyrrolidone NVP 0.9125
WRITING MONOMERS
9-Vinylcarbazole NVC 0.9125
PHOTOSENSITISER Irgacure 784 Dye 0.614
INHIBITOR 2 6-Di-tert-butyl-4-methylphenol BHT 0.0068

Table 1: Material composition.

The material (dry layer) preparation procedure is as follows:

1. The required weights of each component are placed into 100 ml beaker. The photosensitiser is added last and
following its inclusion, every step is performed under a red light conditions.

2. The mixture is heated and gently stirred at 50°C for approximately 20 minutes.

3. The composition is cooled down and placed into the bell jar and vacuum pumped for approximately 1.5 hours to
remove air and other gas.

4. Material is then sucked into a syringe while the viscosity is still low. It is necessary to wait until it has optimal
consistency. Viscosity must be high enough to prevent the free flow of the material over the glass substrate.
On the other hand it must be low enough to adhere to the glass and allow air bubbles to emerge from the layer.

5. On the microscope glass slide, plastic spacers of a desired thickness are positioned. Then an appropriate
volume of material with suitable viscosity is drop cast. Then the material is carefully covered by a second glass
slide to avoid trapping air bubbles. A weight is placed on the top to ensure the uniform spread of material
before hardening.

6. Samples are laid out to cure at least 6 hours. They are stored in the dark at room temperature.

3. PHOTOINITIATION

As stated the photopolymer contains the photosensitiser dye Irgacure 784, the chemical structure of which is shown in
Figure 1 (a). Its schematic representation is shown in Figure 1 (b) where Cp stands for n’>-cyclopentadien-1-yl and R
stands for aryl. It is a titanocene compound, which does not require an electron donor in order to produce free radicals.
After the absorption of light quanta to which Irgacure 784 is sensitive, the molecule undergoes homolytic cleavage of the
aryl-metal bond, giving an aryl radical’ and a metal compound in a low oxidation state. This new metal compound can
still absorb light. If such absorption does take place at 532 nm, it will not contribute to the free radical production but it
will reduce the number of photons which when absorbed lead to photoinitiation. Experimentally we observe a smaller
quantity of light passing through the photopolymer layer. However, if we assume there is just a single absorber present,
it would appear that there is a higher photoinitiator concentration present.

If an attempt is made to relate the value of transmittance to the free radical production® we will overestimate number of
free radicals created. Consequently, this material composition requires a new approach compared to that previously used
for dyes such as Methylene Blue and Erythrosin B**. This new approach must take into account absorptive inactive
photoproducts in order to accurately predict quantitative photoinitiator absorption and free radical generation.

Proc. of SPIE Vol. 7358 735804-3
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Figure 1: Irgacure 784 dye: (a) Chemical structure® and (b) schematic structure of Cp,TiR,.

In the next section our assumptions regarding the photochemical processes and reactions, which take place during and
after exposure are discussed and a flowchart is presented to illustrate these interactions. Then, in Section 3.2, we
proceed to describe our experimental setup.

3.1 Photochemical processes

The decomposition during illumination of several different titanocene photoinitiator systems, including Irgacure 784, has
been studied in the literature and several possible reaction paths have been proposed’". In our study we assume that
photoinitiation proceeds as follows: A photon interacts with Irgacure 784 molecule bringing it to an active state Eqn (1),
which can then continue to dissociate.

Cp, TR, +hv—> szTiRz* . (1)

The activated molecule can return to the ground state by reaction with a quencher Z, either by emitting a photon, Eqn
(2a), or through molecular collision, Eqn (2b).

Cp,TiR, + Z — Cp,TiR, +v, (2a)

Cp,TiR,” +Z — (p,TiR,. (2b)

The quencher becomes inert after the reaction with the activated photoinitiator and does not participate in any further
reactions. Thus successful photocleavage splits Irgacure 784 into two reactive species, as illustrated in Figure 2.

Cp R Cp R
N - NS,
N\ /

Cp

Cp

Figure 2: Photocleavage of Irgacure 784.
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We assume that the titanium centered molecule produced exhibits a modified broad absorption spectrum which includes
both the green exposing and the red probing wavelengths. This absorptive intermediate state eventually reacts to form a
stable transparent state. In Figure 3 we assign a capital letter to each component. These letters are used later to represent
chemical concentrations in the model presented in Section 3.3, i.e. they are used to represent molar concentrations of
particular species. A schematic reaction path is presented in Figure 3.

Irgacure 784..................... A

2

Absorptive Intermediate Product............ B
2

Final Transparent Product............... C

Figure 3: Proposed reaction path, or cascade of photochemical reactions.

The mechanisms governing the transitions between the A — B — C states are summarized in the flowchart in Figure 4.

REILAXATION [A]
szTiRz
Fluorescence
+
Fluorescence
Quenching 1Z] +ho
+
Molecular
Collision
A7
TiR
Co:1iR, ABSORPTION

PHOTO-CLEAVING

[B]
szTi

REACTION
WITH
REDUCING AGENT

€]
Cp.TiRX

Figure 4: Photochemical flowchart.
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In this section we have discussed the properties of the photoinitiator and reactions through which it is removed during
the process of photoinitiation. All the chemical products and processes are illustrated in the flowchart in Figure 4. In the
next section experiments are described which we have performed in order to measure the required the green exposing
and red probing transmittance data.

3.2 Experimental method

As noted in the previous section, the cleavage of the Irgacure 784 produces free radicals and metal products in low
oxidation state with amended absorptive properties. A second probe laser with a wavelength outside the sensitive region
of the photosensitiser, but which is absorbed by the metal compound, is introduced to illuminate the exposed layer. In
Figure 5 the absorption spectrum of Irgacure 784 is shown. Since very little absorption appears to take place at
wavelengths greater than 550 nm a probe He-Ne laser wavelength 633 nm was used.

1350
1200 -
(Lot *eui’) 1050
900 -
750 -
600 A
450 -
300 -
150 -
0 - . T - >
300 350 400 450 500 550 600
Ay

Figure 5: Absorption spectrum of Irgacure 784’

Before exposing the layer using the green laser the photopolymer was first probed with the 633 nm laser beam (operating
at a wavelength outside of the absorption band of Irgacure 784) to verify its insensitivity at that wavelength. The
transmitted probe power stayed constant as expected. The layer was then illuminated with the 532 nm beam from a
diode-pumped solid state laser. Probing the exposed region using the red beam it was found that there was a reduction in
the red transmitted probing power as exposing in the green continued.

One possible explanation might be that loss took place due to material scatter. We exclude this option because there was
no observable decrease in optical quality of the bleached layer, at the shorter 532 nm exposure wavelength the scatter is
likely to be stronger than at 633 nm but no loss is observed in the green exposing transmission curve. The final
transmittance value at both wavelengths was 90 %, which approaches the maximum possible after allowing for losses
due to Fresnel reflections. For completeness we note that an initial dip in the amount of light transmitted was previously
reported'® however this was followed by growth of the transmission curve. Another possible explanation of observed
experimental results is the generation of new compounds, which absorb at 633 nm and also at 532 nm. In what follows
we assume another absorber is generating which causes this change in the red probe beam transmission curve.

All these measurements were performed using the experimental setup shown in Figure 6.
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Figure 6: The experimental setup to measure transmittance curves of the green (exposing) and red (probe) beam.

Iris

Two spatially filtered and collimated laser beams, at wavelengths 532 nm and 633 nm, expose and probe the
photopolymer layer respectively. The iris diameter of the green beam, 0.56 cm, this is chosen to give an exposed area of
0.25 cm”. The red aperture iris size is chosen to be slightly smaller. The photopolymer layer is placed into the exposing
green beam and the transmitted power is recorded. The exact exposure time is determined using the electronic shutter.
The red probing beam simultaneously passes through the same exposed area at an angle to the green beam. The red
probe beam is always present independent of the green beam.

Having described the experimental setup we now proceed to develop a set of differential equations governing the time
evolution of the absorbers concentrations. These concentration values can then be used to describe both the red and the
green transmission curves presented in the next section.

3.3 Physical model

We begin by assuming that time variations of the transmission intensity are due to the changes of the absorber
concentrations, which are both uniformly spatially distributed in the photopolymer layer. At time ¢ =0s the only
absorber is the photoinitiator dye, the initial concentration of which we know from the material composition. During
exposure by the green light, the photoinitiator concentration decreases and a new absorber is generated. The normalized
transmission of the exposing and the probing light beams is then governed by the following equations'*:

Transmission of the green (532 nm) exposing light:
G
IOut (t)
G

0

=Ty (0= exp[—(gAA(t) + 53@53zB(t))dJ , 3)

Transmission of the red (633 nm) probe light:

15,0
O?R =T, (t) = exp [_83@633B(t)d] . @

0
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where A(f) and B(f) are the concentrations of photoinitiator and the new absorber respectively, ea, eés@s3» and epgesz are
the molar (wavelength appropriate) absorptions of the photoinitiator 4 and the new absorber B, and d is the layer
thickness. Both T’s3,(¢) and Tg33(7) are corrected for Fresnel reflections.

The photoinitiator is transparent at 633 nm hence its molar absorption at this wavelength is equal to zero. Thus there is
no A(f) term in the transmittance equation for 633 nm, Eqn (4). The transmission curves are governed by the
concentration changes of A(f) and B(f), while &4, ep@s:> and epges3 remain constants. The changes in the absorber
concentrations are modeled by the following differential equations (5.1-5.5):

O gy o
0
dt d

This rate equation, Eqn (5.1), which governs the variation of the photoinitiator concentration describes its removal from
a ground state A(f) [mol/cm’] to the activated state 4" (7) [mol/cm’], and its recovery or relaxation back to the ground state
because of the photoinitiator absorption or regeneration respectively. @, [mol/Einstein)] represents a number of
molecules removed due to the absorption of the green light, 1, [Einstein/cm’] is the exposing green intensity, ex A(?),
with units [cm™] is the photoinitiator absorbance and d [cm] is the layer thickness. The second term in Eqn (5.1) models
the regeneration from the activated state [mol/cm’] state through a reaction with a quencher Z(¢) [mol/cm’] to the ground
state at rate k, [cm®mol™'s"']. The initial concentrations are A( = 0 s) = 1.04 mol/cm® and 4"(¢ = 0 s) = 0 mol/cm’.

{1—exp[-¢,A@)d]} +k. A (1)Z(1). (5.1)

The quencher concentration Z(f) [mol/cm’] is used up during the reaction with the photoinitiator in the activated state and
thus loses its ability to bring the activated molecule to the ground state. The quencher concentration decrease is
governed by Eqn (5.2) which starts from an initial concentration value of Z(¢ = 0 s) = Z, mol/cm’

dz@) .,
= L=k A OZ(). (5.2)

Eqn (5.3) describes the production and the removal of the concentration of the photoinitiator in the activated state 4" (f)
[mol/cm®], with negative signs appearing in this equation in front of the terms which previously appeared on the right
side of Eqn (5.1). Another negative removing term is included which depends on the concentration of the activated state
A’ () acting with rate kg [s"]

—dA;l(t) = %Al o (1—exp[—¢&,A(t)d])—k A () Z(t)—k, 4 (1) . (5.3)

The removal term kg A°(f) appearing in Eqn (5.3) is also present in Eqn (5.4) as a generating term of the B product, with
B product being removed with rate kc B(?),

dB(t .
aBU) _ ke, A (t)— k B(t) . (5.4)
dt
The B product is then converted into the C product (transparent state) governed by Equation (5.5),
dC(t
J =k.B(t). (5.5)
dt

We use this set of first-order coupled differential equations to model the kinetic behavior, and proceed to apply this
model to fit experimental transmittance data in the next section.
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3.4 Experimental Results and the Estimated Parameter Values

Experiments were repeatedly performed, using the standard material composition (Section 2), and using the experimental
procedure and setup described in Section 3.2. Three different green exposing intensities were used until in each case
saturation was reached.

Numerical fitting was achieved by varying physical parameters manually. In all cases attempts were made to achieve
good visual fits, to both the green and the red transmittance data points, with the smallest spread of parameter values.
The resulting green and red transmission curve fits are plotted in Figure 7, Figure 8 and Figure 9 for intensities values i.e.
1, 4 and 16 mW/cm?. In all the figures the two transmittances, (red, green), are plotted as functions of the exposing time
in seconds.
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Figure 7: experimental data, solid lines fits to, (a) green exposing, and (b) red probing transmittance data.

Intensity of the green beam 1 mW/cm?.

The extracted parameters are listed in Table 2 for three different green exposure intensities, /,° [mW/cm?]. Other
parameters are: i) Z, [mol cm™] the initial quencher concentration which returns activated photoinitiator into the ground
state, k, [cm’mol's"] is the rate with which this reaction occurs, i) kg and kc [s"] the rate constants determining the
rates of production of the B and the C product respectively, iii) @, [mol/Einstein] the quantum efficiency which
quantifies the number of removed initial state molecules per absorbed photon, iv) eggess and ep@ss [cmz/mol] are the
molar absorption values estimated for the B product at 532 and 633 nm respectively.

The initial green transmission value depends upon the photoinitiator initial concentration, the sample thickness and its
optical quality. The initial slope and induction band duration depend on the initial concentration of the quencher Z, the
rate k, with which it reacts with the activated photoinitiator and the quantum yield @,. These parameters also affect the
initial part of the red transmission curve. The quantum yield and the rates of production of B and C products determine
the slope of the middle part of both the red and the green transmission curves. The saturation parts of both transmission
curves depend on the molar absorptions of the B product and the rates of its generation and removal.
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I, ¢ Z, k, kg kc Dy EB@633 EB@532 RMSE [-]
[mW/em?]  [molem™] [em’mol™s™] [s']  [s7] [mol/  [cm*mol] [cm*/mol] Green  Red
(Figure) (x107%) (x10%) (x107) Einstein] (x10™%)  (x10™

1

4 1 1 1 10.5 7,500 30,000 5.6 45

(Fig. 7)

4

1 1 1 5.1 11,000 34,000 11 5.7

(Fig. 8)

16

. 4 1 1 1 48 11,000 36,000 31 17
(Fig. 9)

Table 2: Parameters extracted by fitting both the red and the green transmission curves simultaneously.
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Figure 8 experimental data, solid lines fits to, (a) green exposing, and (b) red probing transmittance data.

Intensity of the green beam 4 mW/cm?,

We began this fitting process by examining the lowest intensity case, i.e. 1 mW/cm® shown in Figure 7. In the 4
mW/cm? case in Figure 8 we found that it was possible to retain the same values for Zy, k,, kg, kc from the previous case
and find the values for quantum efficiency and molar absorption values of the B product. The resulting fit is shown in
Figure 8. In order to produce a satisfactory fit or the 16 mW/cm? case, Figure 9, it was found to be only necessary to
vary the quantum yield and the molar absorption values of the B product. The quality of the fit is quantified using the
Root Mean Square Error (RMSE). This quantifies the deviation of the fit from the experimental data and is calculated
for both transmission curves using Eqn (6),

1 N
RMSE =— > (T,

i=l1

TData )2 s (6)

.
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where Ty is the value predicted by model at a particular time, Tp,, is the corresponding measured value and N is the
number of samples used over the time intervals shown.

In all cases, (for each exposing intensity), the same sampling rate is used, i.e. one sample every 10 s until saturation was
reached. Therefore graphs corresponding to experiments for longer exposure times contain more samples. The values of
RMSE were found to increase with increasing exposing intensity. Therefore the model seems to more accurately predict
results for weaker exposures. Further increases of the exposing intensity cause an initial dip in the transmission curve'
which are not predicted to exist using the current model. This behaviour and the significant differences in the estimated
values of the molar absorption for different exposing intensities indicate that in the system there appears to be another
absorber at 532 nm the presence of which has yet to be accounted for. Extending the model so that it more accurately
represents the physical situation are the goals of our future work.
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Figure 9: Dots experimental data, solid lines fits to, (a) green exposing, and (b) red probing transmittance data.

Intensity of the green beam 16 mW/cm®,

4. CONCLUSIONS, DISCUSSION OF THE RESULTS, AND FUTURE WORK

In this paper we describe an initial investigation of the consumption of photoinitiator, Irgacure 784, in a photopolymer
layer composed of an epoxy matrix with vinyl monomers. We have proposed and demonstrated that at least one new
broadband absorber is produced during photoinitiation. Rate equations have been proposed to describe the photo-
chemical reactions. The equations were solved for three different exposure intensities in order to obtain the best fit to
measured transmittance curves for a layer. These are then used to extract as consistent a set of physical parameters
values as possible by manually fitting the transmittance data. Reasonable rate values for use in the rate equations were
obtained, however the estimated molar absorptions (at both wavelengths) of the new absorber (B product) show high
variations for different intensities. Measurements to find molar absorption are difficult to perform. We are able to
measure an absorbance which is the molar absorption multiplied by the absorber’s concentration but we do not know the
exact concentration of the new absorber (B product) and the transparent C product. High quantum efficiencies @, > 1,
suggest the existence of another, dark removal mechanism which, even after weak short exposures, is capable of fully
using up whole photoinitiator concentration. This is consistent with other research reported in the literature'.

Proc. of SPIE Vol. 7358 735804-11



Therefore the variations in the estimated molar absorption of the B product might be due to the fact that there are other
absorption(s) taking place simultaneously. For example, the reactions taking place A — B and B — C could go through
an intermediate product state at some particular rate. One possibility is that the activated state A* might itself act as an
absorber. If this in fact is the case then it will be possible to obtain better fits. However the resulting increase in the
complexity of the model will increase the difficulty verifying such a model. One way to verify it will be if it is able to
explain some specific behaviour, for example the transmission curves at higher intensities', (for example
> 80 mW/cm®), the observed initial dip, i.e. decrease in transmittance, and then growth to a local maximum and finally
the slow bleaching. Therefore the goals for future work are: i) to improve the model further describing processes in a
multi-absorbers environment in order to estimate the evolution of absorber concentrations, and ii) to better understand
the photo-initiation photo-chemistry of Irgacure 784 as used in our particular photopolymer composition, thus providing
a better estimation of free radical production. Once this is achieved it can be incorporated into our Non-Local Photo-
Polymerization Diffusion Driven Model'®, (NPDD), to describe holographic grating formation.
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