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1 Introduction dedicated crystal growing facilities are not required. On the
Hther hand, they also have some disadvantages. Among

Holographic data storage has been considered one of th them, the material shrinkage effect induced by holographic

promising information storage technologies because of its ecording is the most serious. This effect will induce di-
distinct advantages of large storage capacity and fast date] ensional distortions on the récorded gratings so that the
access rate. Ir} recent years many research efforts havg beeg]raglg condition for volume holograms is lost and the re-
invested on this topic and rapid progress has b_een aCh'evedCorded information cannot be retrieved completélfhe
Several holographic data storage systems with very large

storage capacities, high data readout rates, and low bit errorSh”nkaIge effect is to some extent proportional to the ma-

tes h b d irated before this tech terial thickness. As a result, a typical thickness of conven-
rates have been demonstratet-iowever, belore this lech- 444 photopolymer material is limited to a few hundred
nology can be successful for practical applications there are

; icrons.
several fundamental issues necessary to be resolved. One o By using a prepolymerization technique, we have suc-

the fundamental issues is the lack of suitable recording ma- qeded in making phenanthrenequinaiR9) dye-doped
terial. _ _ poly(methyl methacrylate(PMMA) photopolymers, which

To be good holographic data storage material, many haye a very attractive optical quality and negligible photo-
characteristics are required, such as high optical sensitivity,induced shrinkag& 2 Our idea for alleviating the shrink-
simple development procedures, uniform spatial frequency agge problem was to separate the photochemical reaction
response, large diffraction efficiency, high optical quality, during holographic recording from the polymerization of
and long-term stability. For volume holographic storage us- the host monomer molecules during material preparation.
ing thick materials, good optical quality and dimensional Based on this idea, we investigated the technique to syn-
stability are the most crucial requirements. Among the cur- thesize a photoploymer material, so that a polymer matrix
rent recording materials, photopolymer materials are the is used for supporting the binder matrix and only the doped
most popular and suitable for the holographic write-once- molecules are used as the photosensitive elements to form
read-only-memory(WORM) system. Many experimental the refractive index holograms. The key is how to ensure
works have been demonstrated about the feasibility of us-the photoreaction of the doped PQ molecules during holo-
ing polymer-based materials for holographic data graphic recording without affecting the backbone structure
storage’1° These materials can provide large modulation of the PMMA matrix. In fact, during holographic exposure
in refractive index, and they are easy to fabricate becauseit requires corresponding components to take part in pho-
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analyses for unexposed and exposed samples, both in PQ-

oH doped PMMA solids and PQ-dissolved MMA liquids.
. These results give us direct observations about the photo-
chemical process, including the behaviors of the o-quinones
i

Based on these analyses, an optical recording mechanism in
our PQ/PMMA sample is then proposed. The holographic
recording characteristics are also studied and discussed.

2 Experimental Description

2.1 Material Preparation
The chemical dye molecule 9,10-phenanthrenequinone

on PQ molecules and the olefins on MMA molecules.
/' il
. 0
0
\ (PQ), was purchased from Aldrich Chemical Compafy.
ot The thermo-initiator, 2,2-azo-bis-isobutyrolnitril@&IBN ),
was bought from ShowH. The monomer, methyl meth-
acrylate(MMA ), was bought from Lancaster Compafly.
To remove the stabilizer from the monomer, the mixture
solution of MMA and stabilizer was separated by a vapor-
izing approach, by which we heated and stirred the mono-
mer to form a gas phase under low pressure. The vapor flew

through a cooling tube to form a purified MMA liquid.

m v

oot it St bt e & PPN 31 Photopolymer fabrcation

The PQ molecules were dissolved into the MMA solvent
with the weight ratio of 0.7 wt%, which is the saturation
concentration. The AIBN molecules of 1 wt% by weight
were added. It plays the role of thermal initiator to turn
MMA monomers into PMMA polymers. The compound so-
lution was stirred about 24 h under constant temperature at
30°C until the solute was dispersed and mixed well. We
then used a filter with a hole size of Qu2n to further filter

out impurities from the solution. The filtered solution was
used to make samples in two stages. In the first stage, it was
stirred at 30°C for around 60 h until the solution turned
highly viscous. In the second stage, the solution was then
poured into a glass cell and baked at 40°C for 3 days. This
procedure could induce most of the MMA molecules to be
polymerized. This two-step procedure was found to pro-

toreaction with PQ molecules. A possible component for
this function would be MMA monomers. Therefore, our

technique is to control the environmental parameters for
material preparation such that most of the monomer mol-
ecules are polymerized, and only the necessary percentag
of unreacted monomer molecules are left for later photore-
action during the holographic recording stage. After a series
of experiments, we have found a two-step procedure that
can synthesize bulk samples with satisfactory optical
quality!? Investigations show that environmental param-

eters have a strong influence on photopolymer characteris-
tics. A comparison of the recording mechanisms has been

made between the different photopolymers grown by di- m | ith cal i |
verse fabricated ways from the viewpoint of optical record- duce bulk samples with good optical quality. Our samples
appear to be a yellowish color, with a clear optical trans-

ing behaviors? In addition, characteristics of photo- and (= .
thermo-reactions of PQ molecules with olefin-based mol- Mission. In fact, depending on the temperature for polymer-

ecules have been studi&tiThe results show that during 128tion, the concentration of residual monomer MMA is
light exposure of the photopolymer material the o-quinones Varied- By use of a thermal gravimetric analysis method,
on the PQ molecules may bond to the olefins on the MMA ©OUr samples are analyzed to contain around 10% MMA in
molecules. Under photo- and/or thermo-reactions, four dif- the Pphotopolymer. After examining the UV-absorption
ferent routes might be taken in the form of one PQ mol- spectrum of the samples,_an argon laser with wavelength
ecule to one MMA molecule bonding structure, as shown in 214 NM is chosen as the light source for exposure and ho-
Fig. 1. These four routes all lead the PQ molecules to be- I09raphic recording experiments.
come less conjugated, so that the refractive index of the2 12 S y fi
photopolymer can be changed via photo-induced chemical ="~ ampie preparations
reaction. However, these four photoproducts have different We have performed chemical analyses on the photoprod-
chemical properties such that the stability and change of theucts of four different samples: the PQ-doped PMMA solid
refractive index change of the photopolymer samples after samples(PQ/PMMA), and the PQ-dissolved MMA liquid
light exposure are different. We need more evidence to un- samples(PQ/MMA), both under light exposed and unex-
derstand photochemical behavior in our PQ-doped PMMA posed conditions. For the exposure, a laser with intensity of
photopolymers. This information can also provide the de- 150 mw/cn? is used to illuminate samples until the color is
tails about the holographic recording mechanism. changed from yellow to transparent, which means the pho-
We report investigations on chemical analyses of our tosensitizerSPQ molecules have been exhausted. Com-
PQ/PMMA samples under light exposure and unexposure parison of exposed and unexposed samples allow us to
conditions. We first briefly review the photopolymer identify possible photoreactions in these samples. Further-
sample preparation method. We then present chemicalmore, to investigate if light exposure could induce photo-
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polymerization in our samples, we compared chemical Mirror
analyses on PQ/MMA and PQ/PMMA samples.

During the chemical analyses, the large volume of MMA
solvent of the PQ/MMA samples produces a strong back-
ground signal. To eliminate this background, the unreacted
MMA solvent should be removed from the samples before
performing chemical analyses. We have achieved this by Argon
putting the samples into a vacuum Q.1 torrs) ovens and  Beam
baked for 7 days at 40°C.

Detector

2.2 Photochemical Measurements Fig. 2 The optical setup for holographic recording characteristics

We have performed six chemical measurements to investi-measurements.

gate the photoreaction in our samples. They are described

as follows: 1. UV-VIS spectra of the exposed and unex- , .

posed PQ/PMMA samples were measured by using g divided into two'beams. They are incident onto the sam_ple
Hitachi-U2000. This helps us to know the sensitive wave- symmetrically with an intersection angle of 32 deg outside
lengths of our samples as well as the change of conjugationthe sample_. The dl_ffractlon efficiency of the hologram was
structure of the chemical compounds in the samples, 2. measured in real time by use of a weak 632.8-nm He-Ne
PhotoluminecencéPL) spectra measurement of both the laser beam at the Bragg-matched angle. Th_e argon laser is a
PQ/PMMA and PQ/MMA samples were performed by a Cohere_ljt Innova 300 and the He-Ne laser is a JDS 1144P.
Hitachi E4500, under exposed and unexposed conditions.!n @ddition, for measurements of the dynamic range, the
This could help us judge the structure change of the chemi-Sample was placed on a rotational stage to perform
cal compounds under light exposure. In the experiments,pe”Stmph'Cal multiplexing for recording multiple holo-
the photoproducts of PQ/MMA were resolved with chloro- 9rams.

form and poured into a quartz cell. 3. Mass spectra of the | d Di .

PQ/PMMA and PQ/MMA samples were obtained by using 3 Results and Discussions

a VG Biotech TRIO-2000, under light exposed and unex-
posed conditions. It provides information about the molecu-
lar weight of the compounds and tells us if there is any new 3.1.1 UV-VIS spectra measurements
compound produced by light exposure. 4. Infrared spectra .

of the PQ, MMA, and exposed PQ/MMA samples were In ;he experiments of UV-VIS spectra, we mea_lsure_d the
carried out with a Nicolet Prog&460 Fourier transform  optical absorption spectrum of the PQ/PMMA with differ-
infrared spectrophotometer. It provides information about €nt thicknesses. Typical optical absorption of our samples
functional groups of the molecule structure. Before mea- before and after exposure under a green ligtt4 nm) is
surement, the exposed PQ/MMA solutions were dipped on Shown in Fig. 3. Before light exposure, the samples possess
KBr plates. The plate samples were baked at 40°C for 7 strong absorption below the blue wavelength450 nm).
days such that the unreacted MMA molecules were re- At 514-nm wavelength, the absorption coefficient is
moved and the pure photoproducts were left on the KBr ~2.7 cm *. The samples are totally transparent for wave-
plates. 51H- and 13C-NMR spectrum of the exposed PQ/ lengths longer than 540 nm. The results show that our
MMA sample was measured by using Varian unity-300. To samples are sensitive to the green light of 514 nm and so
fit in the instrument, the dried photoproducts from the ex- this wavelength is suitable for holographic recording. After
posed PQ/MMA liquid were dissolved in dimethyl exposure with 514-nm illumination, the absorption band
sulfoxide-@ (d-DMSO) solvent and poured into a glass Shows a blue shift and the samples have absorption only in
tube. This measurement provides information about the
hydrogen-bond compounds and ascertains the molecular
structure. 6. The molecular weight distributions of the ex-
posed PQ/MMA, unexposed PQ/PMMA, and exposed PQ/ 4.0 1 i
PMMA samples were measured by using a gel permeation 35 F )
chromatographefGPQ Waters 2414. The GPC analysis is
usually utilized to measure the molecular weight of a poly-
mer and identify the degree of purity of the polymer
sample. The measurement provides information about
whether a photoinduced polymerization occurs in our
samples. In the measurements, tetrahydrofiiiatF) was

used as the solvent to dissolve the exposed and unexposed 05 ] .
PQ/PMMA solid samples. 0'0 . ¥= .

2.3 Holographic Measurements 05

3.1 Photochemical Measurements

—— Exposed
—o— Unexposed
PQ/PMMA

Absorbance Intensity (a.u)
P
]

—71 r I r 1 1 r 11 r 717
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For holographic characteristic measurements, an optical Wavelength (nm)
setup of typical nondegenerate four-wave mixing has been g

constructed, as shown _in Fig. 2. A collimated light beam Fig. 3 The UV-VIS absorption spectra of the PQ/PMMA sample with
from an argon laser with a wavelength of 514 nm was thickness of 1 mm.
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140  troeed light exposure, the carbonyl functional group on the PQ
190 A _O_U,,pexpused molecule has been broken and attached with the vinyl

] iy PQ/MMA group on the MMA molecule, turning into aromatic ester.
100 4 i In this case, the molecular structure of photo product be-

; ; comes less conjugated and less coplanar such that the ex-
cited aromatic esters have less interaction with other mol-
ecules. Therefore, the excited molecules can release energy
to the ground state through radiation mechanism, and the
intensity of the fluorescence spectrum becomes stronger.
This process is usually called the quench effect of the car-
bonyl groups in PQ molecule. Similarly, the PL spectra for
the exposed PQ/PMMA sample also has a stronger fluores-
cence peak than that of the unexposed PQ/PMMA sample,
as shown in Fig. é). We think that the increase of inten-
sity may also be induced by the quench effect of the pho-
toproduct inside the PMMA matrix. This could be an indi-

(@) cation that the photoproducts become less conjugated than
those of the original PQ molecules.
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7000 1 N PO/PMMA 3.1.3 Mass spectra measurements

6000 - HE From mass spectra measurements, we can see whether
] there are any new compounds produced by light exposure.
Figure 5a) shows the mass spectra of unexposed and ex-
posed PQ/MMA liquid samples. We find that a new peak
signal appears at 308 by molecular weight in the exposed
i PQ/MMA, which does not appear for the unexposed
sample. This means that the peak at 308 is a characteristic
difference between the photoexposed and unexposed PQ/
MMA, since the molecular weights of PQ and MMA are
208 and 100, respectively. The existence of a peak signal at
308 by molecular weight is evidence that the photoproduct
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300 350 400 450 500 550 600 is one MMA molecule attached to one PQ molecule in our
Wavelength (nm) PQ/MMA liquid samples. Figure(®) shows the mass spec-
(b) tra of PQ/PMMA solid samples. It is also observed that a
new peak appears at a molecular weight of 308 for the
Fig. 4 The photoluminescence spectra of (a) photoproduct ex- exposed sample, which is the same characteristic as that
tracted from exposed PQ/MMA and unexposed PQ/MMA samples, shown in Fig. %a). In summary, Fig. 5 shows an important

and (b) unexposed PQ-PMMA and exposed PQ-PMMA solid

samples. characteristic of light exposure for both the PQ/MMA lig-

uid and PQ/PMMA solid samples, i.e., a new compound
with a molecular weight of 308 has been formed, which

. . N comes from the photoproduct of one PQ molecule attached
the UV regime 400 nm). This result implies that the to one MMA molecule.

structures of the photoproducts become less conjugated
than those of the original material.
3.1.4 FTIR spectra measurements

3.1.2 Photoluminescence spectra measurements Figure 6 shows the FTIR spectra of PQ, MMA, and photo-

In our measurements, a light source of 300-nm wavelength Product extracted from light-exposed PQ/MMA. It can be
was used for the excitation. Figuréatshows the PL spec-  Observed that many absorption peaks occur at different
tra for PQ/MMA samples. The result shows that the spec- Wave numbers, which provide information about the func-
trum of the exposed sample has stronger luminescence in{ional groups appearing in different samples. We expect
tensity. It is known that the fluorescence of our PQ/MMA that under light exposure the o-quinone double bord@
sample mainly results from light-excited PQ molecules. of the carbonyl group on the PQ molecule becomes radical
However, for unexposed samples, the well-conjugated PQand attaches with the double bong=<C of the vinyl group
molecule has two carbonyl functional groups and is highly on the MMA molecule, as shown in Fig. 1. The attachment
coplanar. This molecular structure cause the excited PQproduces the OH plus the acrylate functional groups in Il
molecules to have strong interaction with other PQ mol- and Il routes, as well as the aromatic ester functional
ecules. When the excited PQ molecules transfer from the group (C-O-C ring in | and IV routes. Therefore, in spec-
excited state to the ground state, the released energy is abtra, we check the position of some characteristic peaks,
sorbed by the interactions between PQ molecules and transwhich corresponds to the previous functional groups and
ferred into thermal energy. Thus, the excited PQ moleculesthen identify the possible routes of the photoreaction.
cannot release energy through radiation such that the inten-  First, we check the spectral regime larger than wave-
sity of the fluorescence spectrum becomes weak. Undernumber 2000 cm!. For the PQ, the weak absorption peak
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spreads between wave numbers 3000 tro 3

as shown in Fig. @), indicating the existence of C-H on an

(b)

Fig. 5 The mass spectra of (a) an unexposed PQ/MMA liquid sample and photoproduct extracted from
exposed PQ/MMA liquid sample, and (b) unexposed PQ/PMMA and exposed PQ/PMMA solid

100 cm?,

photoproduct also has a weak peak in the same range. In
Figs. 6a), 6(b) and Gc), no peaks appear at wave numbers

aromatic function group. For the MMA, a weak peak with higher than 3100 cm. It implies that there is no OH func-

wave-number spreads between 2800 ¢no 3

as shown in Fig. @), indicates the existence of C-H on an

aliphatic function group. Similarly, Fig.(6) sho

000 cm 1,

ws that the

tional group formed in the photoproduct. And so it is plau-
sible to exclude the routes Il and Il from the possible pho-
toreactions in Fig. 1.
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Fig. 6 The FT-IR absorption spectra of PQ, MMA, and photoproduct
extracted from light-exposed PQ/MMA.

In the low wave-number regime of Fig(&#, we see two
peaks occurring at 1675 ¢cm and 1593 cm?!. These are
due to the stretching energy of=80 and G=C in PQ
molecules. In Fig. @), the peak occurring at 1746 crhis
the absorption peak of=20 in MMA molecules. As for
the photoproduct, we discuss four peaks in the same regim
in Fig. 6(c). They are located at 1757 ¢rh, 1634 cm %,
1243 cm!, and 1081 cm?', respectively. The one at
1757 cm ! is due to the absorption of-£0 in the acrylate
part of the photoproduct. Originally this signal is produced
by absorption of &0 in MMA, corresponding to the
1746 cm ' peak shown in Fig. ®). The second peak at
1634 cm ! is produced by absorption of eithee€0 in the
carbonyl group or €=C in the aromatic ring of the photo-

Whang, and Lin: Analyses on physical mechanism . . .

Fig. 6(a), but two peaks are merged after light exposure. It
can be seen that both new peaks are shifted from the origi-
nal positions. It indicates that light exposure forms a new
compound, such that function groups surrounding the
C=0 in MMA and the G=C in PQ have been changed.
Therefore, the stretching and vibration energy of those
bonds are changed such that their absorption peaks are
shifted. In addition, we see that the absorption at
1634 cm ! is partially contributed by the €O of the pho-
toproduct. It indicates that one of the carbonyl groups
(C=0) of the PQ molecule may remain in the photoprod-
uct and produce a shifted absorption peak in this range.
These evidences provide only information to indicate that
the light exposure has changed the function groups sur-
rounding the &0 and G=C bonds. The possible routes,
which are taken by new photoreactions, should be verified
by new absorption peaks that appear in the spectra.

Two new peaks at wave numbers 1081 ¢mand
1243 cm*, which are newly produced by the light expo-
sure, indicate that light exposure has turned the carbonyl
group on the PQ molecule and the vinyl group on the MMA
molecule into an aromatic ester function group, C-O-C.
This reaction is a photocyclo-addition, which occurs after
PQ absorbs the photon energy. There are two possibilities

Sor this reaction, which are indicated by path | and IV in

Fig. 1.

Therefore, the results of FTIR spectra analyses suggest
that by light exposure, PQ and MMA molecules in our
sample react to form the one-to-one photoproduct by taking
path I or IV in Fig. 1.

3.1.5 H NMR spectra measurements

product. Originally the absorption peaks of these two bonds Figure 7 shows théH NMR spectra of the photoproduct

are separated and located at 1675 ¢rand 1593 cm? in

extracted from light-exposed PQ/MMA samples. Each peak

POMMA
Exposed

T T T
7 L] L]

H ¢ 1 ™

Fig. 7 The 'H NMR spectra of photoproduct extracted from light-exposed PQ/MMA.
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in the figure indicates the possible locations of hydrogen  Table 1 Molecular weights of materials from GPC analyses.
atoms and their surrounding functional groups in the mol- . _
ecule structure of the photoproduct. Those four peaks ap- ~ Sample name Mn Mw Polydispersity
pearing between 7 to 9 represent the_hydrqggn atoms that Exposed PO/IMMA 612.6 1575.7 2572
are attached on the phenyl group, which originally are at- Unexposed PO/PMMA 1203651 2702014 2245
tached on_theT aromatic ring of the PQ molecule before ex- Exposed PQ/PMMA 106388.9 2760226 1405
posure. It indicates that light exposure breaks only the car-
bonyl group of the PQ molecule.

Two peaks appearing between 4 and 5 represent two
hydrogen atoms that are attached on an aromatic ester func-
tional group of the photoproduct. They are originally lo-
cated on the MMA molecule before exposure. Again, there
are two possibilities for these new photoproducts, which
are indicated by path | and IV in Fig. 1. They are similar in
structure, so that these two hydrogen atoms in two vinyl

functional groups should produce similar characteristic sig- Fig. 1. The photoinduced polymerization could combine

. 1 . .
nal peaks in"H NMR spectra. To explain the results in - pg yith several MMA molecules to form an oligomer. This
detail, we label the two hydrogen atoms of the photoprod- photoreaction can be further confirmed by the following
uct of the path | compound as al and a2, and those of pathgpc analyses.

IV as bl and b2, respectively, as sketched in the left corner
of Fig. 7. In principle, the hydrogen atoms of a2 and b2 will
produce a signal peak at around 4.8. However, the two3 6 Gel . h h
hydrogen atoms in the vinyl functional group of the com- 1. el permeation chromatograph measurements
pound are coupled such that the peak is split into two close Table 1 summarizes the GPC measurement on the number-
peaks. Similarly, the hydrogen atoms al and bl producedaverage molecular weightVn), the weight-average mo-
two more close peaks at around 4.2. Therefore, there arelecular weight(Mw), and the polydispersitydefined by
four separated peaks in the region between 4 and 5. ThisMw/Mn) for photoproducts extracted from light-exposed
could be important evidence to show that there are two PQ/MMA, and unexposed and exposed PQ/PMMA
photoproducts coexisting in the light-exposed PQ/MMA samples. Here, the value of polydispersity indicates the de-
sample, and both are formed by one PQ plus one MMA 9ree of purity of the polymer molecule. If the value of
molecule. polydispersity equals 1, the sample should be a highly pure
Now we look at the regime with lowéH NMR spectra. ~ Polymer with a molecular weight of Mn. The larger the
There are very close double peaks appearing at 3.62 anGvalue is, the ywder the polymer sample distribution of the
3.7. The peak at 3.62 is produced by the hydrogen atoms inmo(lf(;:r?sl?(;evrvefli?;t.the photoproduct extracted from light-
the methyl group of photoproducts. Before exposure, these : SO
hydrogen atoms are originally attached on the methyl group gxp?sed hPQ/MMA—hthe_ p:jolydljsperlsny 1S apout 2572, It
of MMA molecules, which is close to the vinyl group. The Implies that new: photoinduced polymerization occurs in

) . this sample. Also by comparing Mn, Mw, and polydisper-
peak at 3.7 is also produced by the hydrogen atoms in theSity of thFc)e exposedyPQll\/FI)MA gample with thepm)(l)leczlar

methyl group of photoproducts. It implies that light expo- : _
sure has induced two photoreactions. One is one-to-one at—WEIghtS of PQ (208) and MMA (=100) molecules, we

. find that PQ and MMA molecules indeed carry out a little
tachment of PQ and MMA molecules. It gives the absorp- : - :
tion peak at 3.62. The other is a PMMA polymer. Such degree of photoinduced polymerization to form oligomers.

. . This result confirms what has been observed in the NMR
polymer chains have many methyl functional groups sur-

: . ) analysis: under light exposure, one PQ may link with four
rounded by different functional groups, so that the signals sgveral MMA rgolecul:l,es to form olig(ggomeys.

produced. by different hydrogen atoms in the different me- e we consider the GPC analysis on exposed and un-
thyl functional groups are mixed and broadened. It appearseypnosed PQ/PMMA. We find that the values of Mn and
at 3.7 with a broadened shape. _ Mw are slightly different. Since in both samples the matrix
The peak at 3.3 is produced by the hydrogen atoms in ppmmMA is already polymerized and the concentration of the
water molecules. The water is absorbed from air by solvent photoinduced oligomers is too small to affect the molecular
d-DMSO. The peak at 2.49 is produced by the hydrogen weight of the sample, we cannot see a light-induced change
atoms in solvent d-DMSO molecules. These two peaks areof molecular weight of our sample. The difference of mea-
not important for analyzing the photoproduct. sured values between the exposed and unexposed samples
Another example to indicate that both products coexist s because we pick two different samples during the mea-
in our exposed sample are those peaks in the region besurements. Although these two samples have the same pa-
tween 1 and 2. The peak at 1.71 is produced by the hydro-rameters during sample preparation, the degrees of purity
gen atoms in the methyl functional group of the ester side of the polymerization of the liquid samples are different.
in the one-to-one photoproduct, and the peaks appearing aHowever, we find that the polydispersities of both samples
1.4 are produced by that of the polymer chain. Again, we are much larger than 1. This implies that both bulk samples
see that due to the polymerization of MMA molecules, the are not completely polymerized and should contain some
peak at 1.4 is broadened and the associated close peak ammount of unreacted MMA monomer to provide elements
pears at 1.2. for holographic recording, which follows our design.

Therefore, the'H NMR spectra provide us very useful
information about the photoproducts in the exposed PQ/
MMA samples. Both photoreactions of one-to-one attach-
ment and photopolymerization have been observed. The
one-to-one attachment could be formed by path | or IV in
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) ) ) ) Fig. 9 The reconstructed resolution chart picture from the holo-
Fig. 8 The holographic recording dynamics of our photopolymer gram.

samples with different concentrations of PQ molecules.

3.1.7 Discussions

From the previous chemical analyses, it is clear that underwhich are produced by scattering centers such as micro air
light exposure the PQ molecules mainly react with residual bubbles or the nonuniformity of the refractive index of the
MMA molecules by chemical paths | and IV, shown in Fig. photopolymer. Because of the long interaction length in the
1, to form a one-to-one photoproduct in our PQ/PMMA  bulk volume, the scattered beams interfere constructively to
photopolymer samples. The physical mechanism of holo- form noise gratings. The noise grating in turn enhances the
graphic recording in our PQ/PMMA samples can be pro- nonuniformity of the refractive index of the photopolymer.
posed as follows. During holographic recording, each pho- Hence, when the noise gratings are strong, most of the en-
tosensitive PQ molecule absorbs photons and bonds withergy of the incident light will be scattered and the diffracted
one residual monomer molecule to become a radical struc-peam is weakened and distorted. The implication of the
ture. This photochemical reaction occurs in the bright re- growth of the noise grating is that there should be an upper
gion. Consequently, a difference in the refractive index in |imit to the exposure time for a single holographic record-
the dark region and that in the bright region is created, i.e., ing; otherwise the noise grating will grow to deteriorate the
a phase grating is formed by the structure change of the PQrecorded hologram.

molecules. Since the monomers and photosensitizers in-  To inspect the image quality of the holographic record-
volved in the formation of the holograms are only a small g we have recorded a Fresnel hologram in our sample
fraction of the material compositions, the host polymer ma- ysing the resolution test chart. Figure 9 shows the photo-
trix structure remains unaffected during the optical record- graph of the reconstructed image, in which the sample is
ing. As a result, the dimensional shrinkage and the bulk piaced near the Fourier plane of the imaging lens. It can be
refractive index change induced by the holographic record- seen that the image retains clear fidelity, which is down to
ing process are minimized. This mechanism can be appliedyymper 6 of group 5. This is equivalent to be the resolution
to similar photopolymer materials such as molecules with of around 100 Ips/mm. For volume holographic storage,
o-quinone funcponal group in doped PMMA photopolym_er. thousands of pages are superimposed on a single location
The holographic recording of our photopolymer materials of 5 thick recording material. As the number of recording
are characterized in the next section. pages is increased, the diffraction efficiency of each holo-
. . gram is very weaktypically less than 10°), and particular

3:2  Holographic Recording attention must be taken to keep material scattering noise to
We first write plane wave holograms in the PQ/PMMA a minimum. Thus it is very important to grow a material
samples 4.8 mm thick. Figure 8 shows the hologram dif- with high uniformity. In this aspect, our technique of pre-
fraction efficiency as a function of exposure energy for polymerization during material fabrication seems to pro-
samples with different PQ concentrations. It is seen that for duce satisfactory uniformity of refractive index for multiple
all samples, the diffraction efficiencithe diffracted light holographic storage.

intensity divided by the total light intensity transmitted Next, we characterize the dynamic range of our samples
through the samp)ereaches a maximum value at the expo- for multiple holographic recording. For multiplexed holo-
sure energy of 0.3 J/cmThe higher the concentration of graphic storage, the amplitude of the grating strength of
PQ, the higher the maximum value of the diffraction effi- each hologram is proportional to the square root of the
ciency. Further exposure causes the diffracted signal todiffraction efficiency. A larger dynamic range of the mate-
drop. At this moment, the distortion in the geometrical rial will give a higher diffraction efficiency of each holo-
shape of the transmitted beam has also been observed. Thgram. The characteristic dynamic range of the material can
beam distortion and drop of diffraction efficiency are be defined as the summation of cumulative grating strength
caused by the noise gratings produced by overexposureof the recorded holograms at one locatt8i® which is
The noise gratings are formed by the scattered beams,called the M/#, i.e.,
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25 - - - with unexposed and exposed cases. The FT-IR spectra
show that no OH functional groups are left in the exposed
samples. This result excludes the possibilities of photo-
chemical reaction paths Il and Ill shown in Fig. 1. The
mass spectra indicate that under light exposure, a new com-
pound based on one PQ molecule and one MMA molecule
is produced. Measurements of PL spectra confirm that un-
der light exposure, the-=O bond of PQ is attached with
C=C of MMA. From these analyses, we conclude that
photoreaction should take place by paths | and IV shown in
Fig. 1. ThelH-NMR spectra indicate that there is photoin-
duced polymerization process in our photopolymers beside
one-to-one attachment. The GPC analyses further confirm
that an oligomer is formed as PQ/MMA solution is exposed
. £ 4 B 2 W = in green light. It indicates that under light exposure, PQ
Exposure Energy (Jiem”) molecules function as photoinitiators to become free radi-
cals, which combine with MMA molecules to form oligo-
mers. The holographic recording mechanism in our PQ/
PMMA photopolymer is mainly due to the structural
change of PQ molecules, resulting in a strong change in the
N refractive index of a material. It provides the possibility to
_ , record phase holograms with negligible shrinkage effects.
Mr# izl \/E @ The holographic recordings in those samples is demon-
strated. Our technique of prepolymerization during material
whereN is the total number of holograms recorded at one fabrication seems to produce a satisfactory uniform refrac-
location until the material is exhausted. To characterize the tive index for holographic storage. By measuring the re-
M/# of our samples, we have performed a hologram record- cording dynamics of multiple holograms in these photo-
ing using the technique of peristrophical multiplexitg.  polymer samples, the characteristics of our material are
300 plane wave holograms, each with equal exposure en-investigated. The criterions for evaluating the dynamic
ergy (~40 mJ/cn), were recorded at a single location of range and sensitivity for holographic recording, defined as
the polymer sample. After recording, the diffraction effi- the M/# and characteristic exposure energy of the polymer,
ciency of each hologram was measured, and the squargespectively, are described. The results show that the M/#
roots of the diffraction efficiencies were summed up to ob- €an be as large as 2.06, and its characteristic exposure sen-
tain a running curve of the cumulative grating strengte-  sitivity can be as small as 4.76 J/énfor 1-mm-thick
fined as samples. This M/# value corresponds to the refractive
change in our photopolymer to be 3:2%0 *. The results

[

Cumulative Grating Strength

Fig. 10 The running curve of the cumulative grating strength for a
photopolymer sample with thickness of 1 mm.

M can be extended to different o-quinone-based molecules in
C=§l Vi, doped PMMA hybrid materials.
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