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The photochemical kinetics of phenanthrenequinone (PQ) doped poly (methyl methacrylate) photopolymer in

holographic recording was studied theoretically and experimentally. The diffusion of PQ molecules during holographic

recording was negligible because of its small diffusion coefficient at room temperature.

A photochemical reaction

kinetics model of PQ/PMMA was established. The analytical expressions for the temporal variations of transmittance

and diffraction efficiency were derived. By fitting the experimental curves, some parameters related with the polymer

components were obtained by the proposed model, which can be used to analyze the photochemical process and will be

helpful to the optimization of material preparation.
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1. Introduction

As recording medium for holographic storage,
phenanthrenequinone (PQ) doped methyl methacry-
late (PQ/PMMA) photopolymer has attracted atten-
tion for its advantages of negligible shrinkage and
controllable thickness up to several millimeters.[!=6
PQ/PMMA is major composed of PQ and PMMA,
in which PQ acts as sensitizer and PMMA as ma-
trix. In the process of material synthesis, a spot
of methyl methacrylate (MMA) monomers are re-
mained if the monomer polymerization reaction is in-
adequate. It was proposed that the change of refrac-
tive index was contributed by the density modulation
of PQ molecules. Veniaminov!” studied the diffusion
of PQ molecules at various environmental tempera-
tures and proposed the photochemical reaction: PQ
molecules were excited to PQ radicals and attached to
PMMA macromolecules in illuminated zones. Hsiaol®!
proposed that new molecules PQ-nMMA formed
through reaction between P(Q molecules and residual
MMA molecules (mainly forming PQ-MMA adduct
which consisted of one PQ molecule and one MMA

molecule). At this time, the polymerization reaction

of MMA was initiated by photoinitiator PQ molecules,
which resulted in a small quantity of PMMA oligomers
forming.

Diffusion was considered as the main factor of
the hologram grating formation in most photopoly-
mers, especially in the free-radical polymerization

[9-11] Photoinitiator stimulated by coherent

system.
light initiates a spatially non-uniform polymerization,
which results in the concentration gradients produced.
Thus, the diffuse of monomers from the un-illuminated
zones to the neighboring illuminated zones leads to the
modulation of the spatial index. Zhaol'?! proposed a
one-dimensional diffusion model based on DuPont’s
photopolymer. In this model, the variation of reac-
tant concentration is produced by diffusion and the
photopolymerization reaction. By assuming a linear
dependence of the polymerization rate on light inten-
sity, this model accounted for the low spatial frequency
cutoff and reciprocity failure. Sheridan!'3l developed
a one-dimensional diffusion model by introducing a
non-local response in order to explain the high spa-
tial frequency cutoff. Many physical variables in this
model need to be determined by means of nonlinear

fitting to experimental curves in conjunction with Ko-
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gelnik’s coupled-wave theory.

To clarify the mechanism of the grating forma-
tion, the understanding of medium response is neces-
sary. In this paper, a kinetic model for photochemical
reaction in PQ/PMMA polymer was proposed. The
polymerization rate was assumed linearly proportional
to monomer concentration following the analysis of
Odian"¥ and Kwon.['5] Because of the low diffusion
coefficient in this polymer, diffusion process of PQ
molecules was neglected at room temperature. Based
on the PQ radical termination mode, the analytical
expressions of transmittance and diffraction efficiency
were derived. Some important kinetics parameters,
which involved in the proposed model, were obtained
by a nonlinear fitting. The fitted kinetics parameters
were discussed in detail.

2. Theoretical analysis of medi-

urm respoinse

In photopolymers, there are two reasons for the
concentration change of each component in the illu-
minated zones. One reason is the compositions diffus-
ing from the un-illuminated zones to the illuminated
zones, the other is the photopolymerization reactions
(F(x,t)) in the illuminated zones. That is to say
0?[M](z,t)

oM](z,t) _
5 =D A Fa), (1)

where [M](z,t) is the concentration of components
and D; is the diffusion coefficient of the i-component.

The refractive index modulation mainly as-
cribed to the concentration variety of PQ content
in PQ/PMMA polymer.®) We primarily focused on
the influence of PQ molecule diffusion on the grat-
ing formation, and then gave an estimate for the
diffusion distance of molecules.  During grating
recording process, the concentration gradient of PQ
molecules increases between the illuminated and the
un-illuminated zones, which results in the increase of
the PQ molecules diffusion. And the concentration
gradient reaches the maximum value when the photo-
chemical reaction stops. At this time, an estimation of
the diffusion coefficient can be obtained using Fick’s

second law,

O[PQ|(x, t)
ot

0*[PQ](z, 1)

= Dpq 922 , (2)

where [PQ](x,t) is the concentration of PQ compo-
nent and Dpq is the diffusion coefficient of free PQ

molecules. This differential equation can be solved by
substituting the boundary condition and initial con-
dition. The limit case when the concentration gra-
dient reaches the maximum is considered. Assuming
that PQ molecules disappears when the concentration
gradient reaches to the maximum, which leads to the
[PQ](x,0) =~ 0 in the illuminated zone. And we con-
sider that the concentration is constant [PQJo at the
un-illuminated zone (x = 0). That is, the boundary
condition can be written as [PQ](0,t) = [PQJo. And
when x = L, a diffusion limit is shown as[!6l

o[PQ(z,1)

ox wel =0 (3)

where L is the distance over which the concentration
gradient disappears. By substituting these conditions
into Eq.(2), the temporal variation of the PQ concen-
tration [PQ](x,t) and the average diffusion length Z
as the function of the diffusion coefficient and time are

written as!°l
> 20k —1)L +x
[PQ](z,t) = [PQJo ; [erfc <“W>
+ erfe 2kL—x> ] x (=1)F1,
2,/Dpqt (4)
T =2 DPQf. (5)

In Eq.(4), erfc(x) is defined as

erfe(z) = % /OO et dt. (6)

According to Eq.(5), if the grating is formed in
30 minutes, in order to make a diffusing distance of
1072 pm (1% of grating spacing in this study), the
diffusion coefficient of PQ molecules must be in the
order of 1071 m?/s. Veniaminov et all'”) have ob-
tained the diffusion coefficient by holography methods
and have found that it is related to the environmental
temperature. The diffusion coefficient is in the order
of 10721 m? /s at 20 °C, and it increases to 107° m?/s
in the temperature range from 50 °C to 75 °C. There-
fore, it is reasonable to ignore the diffusion process of
PQ molecules in our experiment environmental (room

temperature). According to equation (1) we can get

I[PQ|(z,1)
ot
It must be pointed out that the diffusion of small

— F(x,1). (7)

nMMA molecules cannot be neglected, especially the
residual MMA molecules because it is about two and
a half times lighter than PQ molecules. In this case, a
small quality of nMMA oligomers (i.e. short PMMA
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chain) will be produced by PQ initiation.[®] However,
the effect of this process on index modulation can be
neglected because the matrix is also PMMA chains.
As a result, the index modulation in PQ/PMMA pho-
topolymer mainly depends on the refractive index va-
riety of the PQ component in the illuminated zones.

3. Photochemical reaction kinet-
ics

According to the analyses mentioned above, the
principal photoreaction in PQ/PMMA photopolymer
is a local response. The photoreaction process involves
two main steps named as initiation and termination,
as described by Egs.(8)—(11).
illuminated by a non-uniform light, PQ molecules in

When the sample is

illuminated zones are excited into PQe radicals. Some
PQe radicals transfer their reactive group to nMMA
and form nMMAe radi-
cals. In this stage, this transfer is related with the

molecules (n = 1, 2,...)

diffusion of small nMMA molecules (especial residual
MMA molecules) because of the low diffusion coeffi-
cient of PQ molecules. The PQe and nMMA e radicals
will be terminated through two possible mechanisms.
One termination occurs when two nMMAe radicals
are close enough due to the radicals diffusing and re-
arranging. When the content of short nMMA chains
(mainly MMA molecules) is tiny, this termination is
negligible because of the high viscosity of long nMMA
chains. The other termination in Eq.(11) is the reac-
tion of nMMAe radicals and PQe radicals. Because
the lightest MMAe radicals has the highest diffusion
coefficient, PQ-MMA adducts are the main product
as shown in Ref.[8].
Initiation:

PQ ™ PQe, (8)
PQe-+nMMA 5 nMMA e +PQ (n=1,2,...), (9)

Termination:

mMMA e +nMMAe =2 (m + n)MMA
(myn=1,2,...), (10)

nMMA o +PQe "2 PQ — nMMA. (1)

In this kinetics model, k;, ki, and k¢, are the reac-
tion rate constants. It has been assumed that £, and
ki do not depend on the chain length of nMMA. In
the case of photochemical formation of free radicals,
many initiation mechanisms involve a photochemical

electron transfer reaction, thus, the initiation rate R;
can be written as!!®l

R, = ¥'I, (12)

where @' is quantum yield efficiency and I, is the ab-
sorbed light intensity. I, is related to the concentra-
tion of PQ molecules according to the Lamber—Beer’s

law,
Io(t) = Ip(1 — e <IPAOD), (13)

where [PQ](t) is the concentration of PQ molecule as
a function of time. d is the thickness of material. I is
the incident intensity. € is the natural molar absorp-
tion coefficient.

In the above analysis, we assume that the con-
tent of short nMMA chains is small and the reaction
in Eq.(10) is negligible. In practice, this assumption
can be realized by increasing the polymerization de-
gree of polymer. At the steady state condition, the
termination rate is equal to the initiation rate,!

Rtp == RZ == @l.[a. (14)

Applying the steady state condition to Egs.(7),
(13) and (14), the concentrations of PQ molecules is
described as

o[PQ]
ot

Thus, the temporal variations of PQ component

= Ry = BIp(1 — e~ sPQAO), (15)

in the illuminated zone is,

[PQI(E) = ()" In [1 + (PO — )t ?'lor]
(16)
Introducing Eq.(16) into Eq.(13), the absorbed
intensity can be achieved,

_ Ip(e=?PQo — 1) exp(—ed ' Iot)
1+ (esdPQlo — 1) exp(—ed®'Iot)

La(t) (17)

When a light beam with an intensity of Iy is
incident normally onto the sample, a partial light
is absorbed and the remainder is transmitted, i.e.
Iy = I,(t) + I;(t). Then the transmittance T'(t) de-
fined as I;(t)/Iy can be expressed as

Tsf

T(t) =
®) 1+ (esdPQlo — 1) exp(—ed @' Ipt)’

(18)

where Tyt is a parameter which is related to the scat-
tered and the reflected light, as obtained from Fresnel
formulae.

According to the Kogelnik’s theory,?”) when the
effect of dimensional shrinkage can be neglected dur-
ing exposure as well as diffraction grating is recorded
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at symmetrical geometry, the diffraction efficiency n(t)
is expressed as

(19)

n(t) = Tya sin® (”dﬂn(t)> 7

Acosf
where \ is the wavelength of the probe beam, 6 is
the Bragg matched angle at this wavelength, Tg., is a
parameter that takes into account the scattering ef-
fects. The refractive index modulation An(t), which
depends on the concentration variety of the reactants
between the illuminated and the un-illuminated zones,
can be described as/?!]

(n2 +2)

k
_ (2] (Z R [AM] (t)) D
i=1

where ng is the mean refractive index of the material,

An(t)

[AM;] is the concentration variety of the i-component

l

wdRpq,nvna (nd + 2)?
6noA cos 6

N(t) = Tuta sin® (

It can be seen from Egs.(18) and (21) that
there are four dominant parameters (e, @', Ty and
Rpq,nmma) in this model, where €, &' and Ty are the
function of recording wavelength. These parameters
may be related with the polymer components nMMA.
In order to analyze this relationship, these values can
be obtained by fitting the experimental curves of the
temporal variation of transmittance and diffraction ef-
ficiency.

4. Experiments and discussion

PQ/PMMA samples were prepared using a typi-
cal monomer polymerization technique. The PMMA
matrix was formed through polymerization reaction of
MMA monomers by making use of thermal initiator
zaodiisobutyronitrile (AIBN). The polymerization de-
gree and the average molecular chain lengths of poly-
mers were two crucial parameters to determine ma-
terial components, which could be adjusted by vary-
ing the environmental parameters in the polymeriza-
tion process according to the Arrhenius theory.?
We prepared three samples with different polymer-
ization temperatures and time. The number-average
molecular weight (M,,), the weight-average molecu-
lar weight (M,,) and the polydispersity (defined by
M,,/M,) are used to describe the polymerization of

between the illuminated and the un-illuminated zones,
and R; is the molar refraction coefficient.

In PQ/PMMA photopolymer, the photochemical
reaction results in the concentration variety of PQ and
nMMA molecules in illuminated zones. The concen-
tration variety of nMMA molecules always accompa-
nies with concentration variety of P(Q molecules be-
cause the product is PQ-nMMA molecules. Then the
contribution of nMMA molecules to the index modu-
lation can be combined with the PQ molecules. Thus,
a parameter of synthetic molar refraction coefficient
Rpq,nvma is used to characterize the influence of PQ-
nMMA on refraction index. This parameter is related
to the average molecular chain length of nMMA. The
diffraction efficiency as the function of the temporal
variation of the components can be written as

((sd)’l In (1 + (7Pl _ 1)exp(—€d@'lot)) - [PQ}())) .21

MMA monomer. These parameters were measured
by the Agilent-1100 Gel permeation chromatograph
(GPC) and the corresponding values were shown in
Table 1. The concentration of the PQ component in
these samples was [PQJo = 1.417x 10~ mol/cm®. The
mean refractive index of the samples was ng = 1.493

and the thicknesses were 1.20 mm for all experiments.

Table 1. Molecular weights of polymers from GPC

measurements.
sample number | M, (x10%) M, (x10%) polydispersity
1 2.0171 4.9825 2.4701
2 1.9401 4.3058 2.2194
3 1.1473 2.5832 2.2516

The experimental setup for measuring the trans-
mitted light intensity was shown in Fig.1. Using a spa-
tial filter and two diaphragms, a 532-nm beam from a
DPSS laser was expanded and restricted to a spot in
a diameter of 1.5 mm. And then the beam incident
normally onto the PQ/PMMA sample. We fixed the
incident intensity at 3.63 W/cm? and the evolution of
transmittance intensity was monitored by a power me-
ter. The experimental data of transmittance for the
three samples and the fitted curves using Eq.(18) were
shown in Fig.2. The parameters of absorption coeffi-
cient, quantum yield efficiency and Ty were obtained
by fitting the experimental curves.
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M: mirror
SF: spatial filter
L: collimating lens

D: diaphragm

PQ/PMMA
sample

detector

Fig.1. Experimental setup for the transmittance measurement.

Figure 3 shows the two-wave coupling experimental setup. A beam from the same DPSS laser was split

into two beams with the equal intensity of 150 mW /cm?. The holographic grating was recorded in symmetric
geometry with the incident angle of # = 18.3°, corresponding to a spatial frequency of 1170 lines/mm. The
diffracted intensity was monitored in real time by a 633-nm beam from a He—Ne laser at the Bragg matched angle.
The diffraction efficiency is defined as the ratio of the diffracted light intensity to the incident light intensity. The
experimental data are fitted by using Eq.(21) as shown in Fig.4, and the synthetic molar refraction Rpq nyma

was obtained.

Transmittance
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Fig.2. Transmitted intensity as the function of time in (a) sample 1, (b) sample 2 and (c) sample
3. Squared dots show the experimental result; Continuous line shows the fitting result.

It can be seen from Fig.2 and Fig.4 that the theoretical results are consistent with the experimental results.
The results for the fitted parameters of the absorption coefficient, quantum yield efficiency, Ty and synthetic

molar refraction were shown in Table 2.
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Fig.3. The holographic scheme of two-wave mixing.
[
25 L A A 1 | T bility of nMMA molecules and makes the possibility of
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% 20 : sample 2 T photochemical reaction increase. As a result, photons
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takes int t the light not t tted gt
I O
g 51 1 scattering and reflecting, has a little decline. This re-
a 0 B sult implies that the decrease of stability of PMMA
0 20 40 60 80 matrix will result in the increase of scattering and re-
Time/min flecting. € represents the absorption of PQ in PMMA
matrix and it is similar in the three samples, which
Fig.4. Experimental and fitted diffraction efficiency

curves as the function of time.

In Table 2, the average molecular weight decreases
with the sample number increases, while the quantum
yield efficiency @’ obviously increase. This result can
be explained by the molecules stability. The decrease
of the average molecular weight results in the short of
average nMMA chain length, which weakens the sta-

|

is an expected result because the absorption is deter-
mined by PQ molecules. It is worthwhile to emphasize
that the synthetic molar refraction, which is related to
the contribution of molecules chain length to the in-
dex modulation, also has no significant change in our
samples. This result demonstrates that PQ molecules
are major responsible for the index modulation in this

medium.

Table 2. The fitted parameters at 532 nm.

sample number e (x10* cm? /mol) &' (mol/Einstein) Tyt RpQ,nvMa (cm3/mol)
1 2.38 0.0156 0.916 25.07
2 2.42 0.0287 0.879 24.65
3 2.42 0.0478 0.840 23.64

5. Conclusions

The photochemical mechanism for the holographic recording in PQ/PMMA polymer was investigated. It

has been demonstrated that the diffusion process of PQ molecules during holographic recording is negligible at
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room temperature. Analytical expressions for the temporal variation of the transmittance and the diffraction

efficiency were achieved. This theory fits the experiment well. By nonlinear fitting, the parameters of the

absorption coefficient, quantum yield efficiency, Tys and synthetic molar refraction were obtained. It is found

that the average molecular weight mainly affects the quantum yield efficiency. And the study of synthetic molar

refraction coefficient demonstrates that the structural transformation of PQ molecules is the main reason for

the formation of refractive index modulation in this medium. This model will be beneficial to the optimization

of the polymer synthesis and holography application in PQ/PMMA polymer.
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