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ABSTRACT: Herein, via introducing eight methacryl polyhedral
oligomeric silsesquioxane (Ma-POSS), we dramatically enhance the
holographic performance of phenanthraquinone-doped poly(methyl
methacrylate) (PQ/PMMA) photopolymer with excellent characteristics
of high sensitivity, high diffraction efliciency, and neglectable volume
shrinkage for holographic data storage, the photosensitivity, diffraction
efficiency, and volume shrinkage reaching 1.47 cm/J, ~75%, and ~0.09%,
respectively. Ma-POSS here dramatically enhances the photosensitivity
~S.5 times, diffraction efficiency more than 50%, and suppressed the
volume shrinkage over 4 times. Further analysis reveals that Ma-POSS
obviously increased the molecular weight by grafting PMMA to be a star- : =S

shaped macromolecule. And the residual C—C of POSS—~PMMA [ utUue R DA e i
dramatically increased the photosensitivity. Moreover, the star-shaped

POSS—PMMA acting as a plasticizer dramatically enhances the

mechanical properties and so reduces the photoinduced volume shrinkage of PQ/PMMA. Finally, by the use of the POSS—
PMMA/PQ in a collinear holography system, it appeared to be promising for a fast but low bit error rate in holographic information
storage. The current study thence has not only successfully synthesized photopolymer materials with potential for highly sensitive
holographic storage applications but also investigated the microphysical mechanism of the impact of Ma-POSS on the holographic
properties of PQ/PMMA photopolymer and clarified the thermal- and photoreaction processes of the POSS—PMMA/PQ
photopolymer.
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H INTRODUCTION Volume holographic data storage,zz_26 utilizing multiple
coherent laser beams to record the information onto
photorefractive materials, is also recognized as a promising
new generation of optical data storage technology with a huge
capacity and high write/read speed, and it is economically
sustainable. A lack of appropriate storage medium, however,
remains a major obstacle to volume holo§raphic storage
achieving its full practical application potential.””** On the one
hand, the troublesome intrinsic defects of volume shrinkage,
poor oxygen resistance, and thin thickness have severely
inhibited the feasibility of most existing photopolymer
functional materials in photolithography for high-density
volume holographic data storage.””~>> On the other hand,
the excellent characteristics of low volume shrinkage and high
sensitivity facilitate the application of phenanthraquinone-

The exponential growth of data in the era of information and
Internet, in which the global scope of the datasphere will shoot
up from 33 ZB in 2018 to 175 ZB in 2025 (IDC report 2020),"
poses severe challenges for existing data storage systems,” "
even though not all data are worth storing. Because data is a
vital resource and support in accomplishing artificial
intelligence and big data applications,”” the development of
low-cost and convenient data storage technology is undoubt-
edly a benefit that will promote people to enter an even more
data-driven future.> ' Nevertheless, green characteristics of
optical data storage urge scientists to utilize new technologies
and novel functional materials to break the storage-capacity
limit of the optical disc and cope with the explosive demand
for data storage. Multidimensional optical data storage
technologies,”""'* through multiplexing new physical dimen-
sions including polarization,l‘z_16 wavelength,m‘17 intensity, Received: March 4, 2022
and florescence'”'®
glass,lg’20 silver clusters embedded in glass, and gold or silver
nanoparticles,"' 7' ¥'%'%2! provide a novel and reliable
approach for ultrasecure optical encryption and high-capacity
data storage.
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Scheme 1. Schematic Representation of Possible Architecture for Star-Shaped POSS—PMMA Macromolecules
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doped poly(methyl methacrylate) (PQ/PMMA) photopol-
ymer in multidimensional holographic storage as a low-cost
optical storage medium; however, this photopolymer is itself
seriously hampered by its inherent poor holographic perform-
ance (e.g., the diffraction efficiency, photosen51t1v1ty, refractive
index modulation, and so on).”***™*” Various strategies have
been proposed to optimize the holographic performance of
PQ/PMMA photopolymer for volume holography,””**** with
little success. Considering the excellent ultrafast photonic
property due to the synergistic effects of the two-dimensional
(2D) nanosheet-doped polymer composite (e.g., the Graph-
diyne-polymer,"® MXene-polymer,”" Tellurium-polymer,**
Black Phosphorus-polymer,™ and so on), the nanosheet has
the possibility to enhance the photosensitivity of PQ/PMMA,
but it is not a good choice due to the poor solubility and
dispersity.

As a special family of organic—inorganic hybrid material,***°
polyhedral oligomeric silsesquioxane (POSS) (RSiO, g), has a
cage-shaped core, a rigid, three-dimensional structure, and a
switchable branch (such as alkyl, aryl, vinyl, acrylate, epoxide,
and so on) at each of the Si sites.*"™" A benefit to the
organic—inorganic structure, POSS shows a huge potential for
polymer performance modification according to the high
solubility in most organic solutions.””~>* The POSS—graftin%
polymers can be prepared by free radical polymerization,"*>*>
and the method has been used to acquire POSS—PMMA using
R-POSS with C=C bond branches during thermal polymer-
ization with methyl methacrylate (MMA).*">* The POSS-
containing material with star-shaped or network structure in
the polymer matrix can dramatically optimize the properties
(Scheme 1),#3339764 Considering our previous report, which
shows that photosensitizer PQ_can react with the C=C bond
of MMA more effectively,”® the Ma-POSS with eight methacryl
(Ma) branches was selected to enhance the holographic
performance of the PQ/PMMA photopolymer.

Herein, by introducing Ma-POSS, we significantly enhance
the holographic performance of PQ/PMMA photopolymer, in
which the diffraction efficiency was successfully enhanced up
to ~75% (increased ~50% compared with PQ/PMMA) under
low-power laser irradiation conditions. More importantly, the
photosensitivity hit a new height (first up to 1.47 cm J™*, ~5.5
times compared with PQ/PMMA) under low-power laser
irradiation conditions. The analytical characterization results
show that the star-shaped POSS—PMMA acts as a plasticizer
that released the polymer matrix, coworking with the residual
vinyl on POSS to dramatically enhance the sensitivity during

the photoreaction of POSS—PMMA/PQ. At the same time,
the star-shaped POSS—PMMA polymer has more excellent
mechanical properties (e.g, hardness, elastic modulus, and
elastic recovery parameter), and a benefit of these properties is
that the photoinduced volume shrinkage of POSS—PMMA/
PQ was significantly suppressed over 4 times (from ~0.4% to
~0.09%). The collinear holographic information storage and
read-out results show that both the bit error ratio (BER) and
signal-to-noise ratio (SNR) of POSS—PMMA/PQ_are more
excellent than those of PQ/PMMA under a low-power short-
time storage process. Besides the successful synthesis of
POSS—PMMA/PQ_photopolymer with potential for holo-
graphic storage applications, the current study also clearly
elucidates the microphysical mechanism of the effect of Ma-
POSS on the high sensitivity and low shrinkage of PQ/PMMA
photopolymer and further reveals the mechanism of the
thermal- and photopolymerization processes of the POSS—
PMMA/PQ photopolymer.

B EXPERIMENTAL SECTIONS

Materials. Methyl methacrylate (MMA, 99.5%), photosensitizer
phenanthraquinone (PQ, 99.9%), and 2,2-azobis(isobutyronitrile)
(AIBN, 99.9%), as a thermo-initiator, were obtained from Shanghai
Macklin Co. Ltd. Eight methacryl polyhedral oligomeric silsesquiox-
ane (Ma-POSS) with a purity of 97% was obtained from Hybrid
Plastics, Inc. Tetrahydrofuran (THF, analytical reagent (AR)),
methanol (AR), and N,N-dimethylformamide (DMF, AR) were
purchased from Shanghai Macklin Co. Ltd. Acetone (AR) and
deuterated chloroform (CDCl;, 99.8% for *C NMR spectroscopy
characterization) were purchased from Sinopharm Chemical Reagent
Co. Ltd.

Sample Preparation. Proportional amounts of Ma-POSS and
MMA monomers, initially, were added into a 30 mL transparent vial,
as demonstrated in Figure S1. The workflow and experimental
parameters of the photogolymer fabrication were mainly referred to
previous research work”>*”®® and further optimized in the current
study. In addition, to evaluate the impact of POSS upon the macro-
physical properties of PQ/PMMA photopolymers, composites with
different Ma-POSS weight concentrations compared to total
monomers (POSS + MMA), such as S, 10, 15, and 20 wt %, were
prepared. PQ photosensitizer 1.0 wt % and AIBN thermo-initiator 1.0
wt % were then added, and the mixtures were sonicated in a water
bath at 333 K for 20 min to mix the components thoroughly. The
proportion of each component in the mixture in the current study was
maintained as (POSS+MMA)/AIBN/PQ = 100:1:1. In the stirring
prepolymerization stage, a well-mixed transparent mixture was stirred
with magnetic stirrers at 333 K for half an hour, until the composites
changed from a solution to a viscous state.”® The prepolymerized
composites were injected into a mold, to form a photopolymer with a
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Figure 1. (a) Time-dependent intensity holographic diffraction efficiency about PQ/PMMA and different concentration of POSS—PMMA/PQ_
polymers. (b) POSS concentration-dependent photosensitivity and diffraction efficiency of POSS—PMMA/PQ.

1.5 mm thickness, and then horizontally placed into an oven at 313 K
for 16 h and 333 K for another 4 h to fully conduct thermal
polymerization and, at the same time, prevent explosive polymer-
ization. Then, we reduced the temperature of the oven to 313 K for
20 h and 273 K for 2 d to relieve the residual stress. Stirring
prepolymerization and a thermal polymerization process applied in
the current work effectively promote the polymerization of MMA and
POSS to graft PMMA on the POSS matrix, which acted as a base
material, thus possessing high mechanical properties and suppressng
photoinduced shrinkage during subsequent photopolymerization.
Low volume shrinkage during photopolymerization is one of the
main indicators and challenges of a photopolymer applied in
holographic data storage. For the purposed sample with 1.5 mm
thickness, the physical thickness is measured using a micrometer to be
1.50 mm, with an accuracy of 0.002 mm. And the POSS-g-PMMA was
fabricated via free radical polymerization to analyze the reaction
mechanism and structure on the POSS (for gel permeation
chromatography (GPC)). POSS (1 wt %) was dispersed in DMF
and sonicated 2 h followed by the addition of MMA and AIBN. Then
the solution was stirred at 65 °C for 24 h, and the mixture was
transferred into centrifuge tubes and centrifuged at the speed of
12000 rpm for 1 h to collect the bottom solids. This centrifugation
was repeated four times. Finally, the collected solid was dried at 60 °C
for 24 h.

Holographic Measurements and Recording. The experimen-
tal optic setup for intensity holographic diffraction efficiency
measurements is illustrated in Figure S2, in which both the reference
and signal beam were linearly polarized (s-pol). The green laser (532
nm) with the intensity of 0.127 W/cm” was applied in the current
study. The temporal diffraction efficiency was recorded per 6 s at the
cross-angle of 24°° and the reading time was set to 0.4 s. The
diffraction efficiency 7 is expressed as

n= L

L+ 1,

(1)

where I,; and I, represent the intensities of the first-order grating
diffraction and the transmitting beams, respectively. The photo-
sensitivity factor S of materials is expressed as

L(M]

T 1 a (2)

where I represents the intensity value of the signal beam (0.127 W
cm™2), d is the thickness of photopolymers (1.5 mm), and # is the
diffraction efficiency. According to the definition of diffraction
efficiency in Kogelnik’s coupled wave theory,(’7 the grating index
modulation An of a photopolymer is defined as

A cos

0,
An(t) = 70 arcsin /1

(3)
in which 4 is the recording information wavelength (532 nm), 6, is
the internal cross-angle between signal and reference beams (the
average refractive index is 1.492 as measured by an Abbe
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refractometer), d is the thickness of materials (1.5 mm), and 7 the
diffraction efficiency. We note that, due to the coherent depth inside
the photopolymers in the current study being evaluated to be ~12
mm, which is nearly 1 order magnitude thicker than the physical
thickness of the photopolymer sample (1.5 mm), the gratings will be
fully constructed inside the photopolymer.>” Meanwhile, the response
time®” 7 was calculated as

JT = Tt = exp(—t/2)]

where 7, is the saturation diffraction efficiency.

Characterization. Initially, Fourier transform infrared spectros-
copy (FT-IR) was employed to monitor the reaction kinetics induced
by the introduction of POSS in thermal- and photopolymerization
processes. The polymer matrix prepared by MMA with POSS was
used to evaluate the grafting effect in the thermal polymerization
procedure. Then, POSS was codissolved in acetone with PQ_(1 wt %)
and stirred evenly, and the samples with and without beam exposure
were dried to achieve the corresponding characterization samples.
Finally, PMMA and POSS—PMMA with different mass content (5,
10, 15, and 20 wt %) were prepared to get the information about
residual C=C double bond content. FT-IR spectra were performed
on a Thermo Nicolet iSS spectrometer using KBr pellets in the range
of 4000—400 cm™" with a resolution of 0.01 cm™'. Raman spectra
were characterized by applying an XploRA PLUS Raman microscope
with a green laser source of 532 nm 10 mW. Moreover, the sample
molecular weights were obtained on a Japan Shimadzu RID-20A
system (gel permeation chromatography) equipped with a column at
308 K using THF as the mobile phase and a flow rate of 1 mL min ™.

Furthermore, the samples of POSS with PQ were codissolved in
CDClI; solution. In addition, PQ&POSS were exposed under a green
laser with the intensity of 0.127 W cm™ for 24 h to achieve full-
exposure samples. *C NMR spectra for samples, therefore, were
characterized for a subsequent micromechanism analysis. We note
that tetramethylsilane (TMS) in the current study was introduced as a
benchmark. A thermogravimetric analysis (TGA) was performed by
using a TGA/DSC1/1100LF in the range of 30—600 °C at a heating
rate of 10 °C min~! in N, atmosphere, and we used the same
conditions to obtain the differential thermogravimetry (DTG) results.
In addition, an METASH UV-vis-5200 spectrophotometer was
utilized to characterize the absorption spectrum of photopolymers, in
which the absorbance (A) was calculated by

(4)

I
A=—-In—
I,

(5)

where I; and I, are the intensities of the incident and transmitted light,
respectively. Moreover, scanning electron microscopy (SEM) images
and the distribution of Si element mapping were achieved by utilizing
a JEM-2100F electron microscope. SEM samples were prepared by
POSS—PMMA/PQ_ (1S wt %) photopolymer before and after
exposure, and the sample was exposed using the intensity holographic
diffraction efficiency measurements system, as illustrated in Figure S2.
The storage modulus and cure volume shrinkage of POSS—PMMA/

https://doi.org/10.1021/acsami.2c04011
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Figure 2. (a) UV—Vis absorption spectra of PQ/PMMA and POSS—PMMA/PQ (15 wt %). (b) FT-IR spectra of POSS, PMMA, and POSS—
PMMA (15 wt %). (c) Raman spectra of POSS, PMMA, and POSS—PMMA (15 wt %). (d) GPC evolution curve of PMMA and POSS—PMMA

(1 wt %).

PQ materials during photopolymerization were measured using Anton
Paar MCR302 rotational rheometer with UV optical accessories in a
nitrogen gas atmosphere at 30 °C. The initial thickness, normal stress,
angular frequency, and strain were set as 1.0 mm, 0 N, 10 rad/s, and
2%, respectively. Samples were irradiated using a 320—500 nm light
source (Omnicure serials 2000) with an intensity of 150 mW/cm?

30,68,69

The cure volume shrinkage & can be calculated by

3
1(hy—h
1+ —(M] -1
3L hy (6)
where hy is the initial gap (1 mm), and h, is the final gap.
Nanoindentation tests were performed using a Nanoindenter Vantage

E =

test system, and the hardness and elastic modulus of pristine and
POSS—PQ/PMMA materials were characterized before and after s-
pol laser exposure (0.127 W cm™ for 30 min). And the value of
volume shrinkage 73770 of POSS—PMMA/PQ_ during photo-
polymerization is calculated by

tan 6,

heo

tan Oy ?)

oc=1-

in which 0y,, and 6,
theory and experiment after two-photon interference in photo-

.xp are the main lobe Bragg angle positions in
polymer. In detail, the main lobe Bragg angles were measured using
angle-multiplexing experiments, as illustrated in Figure S2, which were
performed by utilizing a computer-controlled motorized Sigma
(OSMS-60YAW) stage with a speed of 0.25°/s and a resolution of
0.005° per pulse.
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B RESULTS AND DISCUSSION

Holographic Performance of Ma-POSS-PMMA/PQ.
For traditional intensity holography, in which both signal
and reference beam are s-pol, the introduction of POSS can
effectively enhance the diffraction efliciency of PQ/PMMA
photopolymer, as demonstrated in Figure la. The diffraction
efficiency can surprisingly reach up to ~75% as the
concentration of POSS is set to be 15 wt %, while it tends
to decrease as the POSS concentration continues to increase to
20 wt % due to the dispersion’s turbidity increases. The
diffraction efficiency of POSS—PMMA/PQ was achieved
under low-power laser irradiation conditions in the current
study; this efficiency is significantly enhanced by more than
50% as compared to that of PQ/PMMA. Moreover, the grating
refractive index modulation (An) calculated by Equation 3, as
shown in Figure S4, clearly demonstrates that the optimal
refractive index modulation can be improved to 1.16 X 107* as
the POSS concentration is 15 wt %, which is also a milestone
breakthrough for PQ/PMMA photopolymers. Not just the
diffraction efliciency and refractive index modulation of
photopolymers, more importantly, the introduction of POSS
also obviously enhances the photosensitivity (S), as illustrated
in Figure 1b, in which the photosensitivity (S) of photo-
polymers with the POSS doping concentration of 15 wt % is
~S.5 times higher than that of the pristine one (from 0.27 to
147 cm J7'). A benefit to the enhancement of the
photosensitivity, the response time was also obviously
suppressed from ~75.6 to ~15.4 s (approximately five

https://doi.org/10.1021/acsami.2c04011
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Figure 3. (a) FTIR and (b) *C NMR spectra of POSS and POSS+PQ matrix before and after exposure. (c) NMR spectra from 125 to 126 ppm.
(d) Response time and double bond content with different POSS concentrations in POSS—PMMA/PQ_polymers.

times), as illustrated in Figure 3d, which helps speed up
holographic data storage effectively.

Microphysical Mechanism of POSS—PMMA/PQ Pho-
topolymers. Taking into account the intrinsic light
absorption of POSS, the optical absorption spectra of PQ/
PMMA and POSS—PMMA/PQ_photopolymers were initially
characterized by a UV—vis spectrophotometer. Interestingly,
well overlapping the absorption spectrum for photopolymers,
as demonstrated in Figure 2a, clearly indicates that the
introduction of POSS (15 wt %) in PQ/PMMA photo-
polymers decreases its light absorption slightly. The lower light
absorption coefficient makes the green laser (wavelength of
~532 nm) more suitable for the pump source to avoid
excessive light absorption. Moreover, like a comonomer, Ma-
POSS induces the grafting of the PMMA chain on its arms
during thermal polymerization. FT-IR spectra, as illustrated in
Figure 2b, clearly demonstrate that POSS induces MMA
monomers or PMMA polymers grafted on parts of the eight
arms. In detail, as compared to the pristine POSS, PMMA, and
the characteristic FT-IR transmittance peaks of POSS-doped
thermopolymerized PMMA (MMA/AIBN) polymer, the C=
C bond in 1639 cm™' dramatically decreased after thermal
polymerization, and the C=O bond at 1718 cm™ has a
remarkable blue shift to 1731 cm™'. At the same time, lots of
FT-IR signals in POSS including the Si—C bond in 1296 cm™
were covered by PMMA polymer chain signals, as marked in
Figure SS. Moreover, the Raman spectra as shown in Figure 2¢
indicate clearly again that, due to the grafting of PMMA onto
the C=C bond of POSS, the C=C Raman peak at 1639 cm™!
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decreased clearly and the C=0 bond in 1718 cm™" has a blue
shift to 1729 cm™'; at the same time, the C=0 bond at 1733
cm™! of PMMA’" has an obvious red shift to 1729 cm™. And
this Raman shift is very similar to previous star-shaped polymer
grafted results about hybrid POSS.”*”"* As illustrated in
Figures S6 and S7, because of the very similar structures of the
branches of POSS and the PMMA chain, many Raman signals
will be covered except the C—C bond at 600 cm™, the O—Hj,
bond at 974 cm™!, and the C—H(as) bond at 1455 cm™ after
grafting. Furthermore, as demonstrated in Figure 2d, there is
an obvious shifted GPC evolution curve, ~3.5 times the
molecular weight (Mw) and 2.5 times the polydispersity index
(PDI) of POSS—PMMA compared with PMMA (the
maximum weight-average Mw from ~1.08 X 10° to ~3.77 X
10° g/mol, the PDI from 1.55 to 3.61), indicate again that
POSS promotes MMA monomer polymerization and induces
the grafting behavior of PMMA matrix on parts of its branches
to be a star-shaped POSS—PMMA macromolecule. The
increase in the PDI means that, with the very different grafting
levels of each POSS molecule, some functional groups survive
from the thermal polymerization of the POSS—PMMA matrix.
And the GPC results of these POSS—PMMA materials (as
illustrated in Figure S8) show that both the PDI and Mw have
no obvious differences with the increase of the POSS
concentration from 5 to 20 wt %.

And then, the residual vinyl on Ma-POSS after thermal
polymerization increased the photosensitivity obviously of the
POSS—PMMA/PQ matrix. FT-IR spectra clearly indicate that
photosensitizer PQ_has been consumed totally after a beam
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Figure 4. (a) XRD spectra of POSS, PMMA, and POSS—PMMA (15 wt %) materials. (b) DTG results of POSS, PMMA, and POSS—PMMA (15
wt %) materials. (c) Storage modulus results of PQ/PMMA and POSS—PMMA/PQ with different POSS concentrations. (d) Normalized
diffraction efficiency of 0.5 mm thick POSS—PMMA/PQ and PQ/PMMA samples that are set to be rotated for 10° from the bisector of two

incidence beams as a function of the sample rotation angle.

Table 1. TGA Data of the POSS, PMMA, and POSS—
PMMA Materials

Ta,” Tb," M,° Ta,” Tb," M,°
sample (°C) (°C) (%) (°C) (°C) (%)
POSS 36147  427.68 3566 46775  489.57  16.36
PMMA 189.74  369.43  97.86
POSS— 10254 17327 2134 26679 34929 4535
PMMA

“Ta: Initial temperature of degradation. “Tb: Temperature at the
maximum degradation rate. “M: Weight loss percent during the
degradation stage.

Table 2. Storage Modulus and Cure Volume Shrinkage of
POSS—PMMA/PQ Materials

POSS 0 wt % Swt%  10wt% ISwt% 20 wt %
Ti? (s) 1869.34  912.70 735.04 49296  368.98
T (s) 2807.55 156642 124838 97771 78182
ht® (mm) 0.971 0.861 0.863 0.865 0.874
SF' (GPa) 00134 0.0102 0.0102 0.0099  0.0101
Cs® (%) 2.9 14.5 14.3 14.1 13.1

“Ti: Initial time of cure. ®Tf: Time to the final cure storage modulus
from 100 s (start to exposure). ht: Material’s gap of final cure. st
Storage modulus of final cure. “Cs: Calculated cure volume shrinkage
by Equation 6.

exposure in a POSS+PQ (1S wt %) mixture, as shown in
Figure 3a. In detail, the C=O bond at 1674 cm™ and the
characteristic bond at 1592 cm™ of PQ in POSS+PQ
disappeared totally after the beam exposure. At the same
time, the double-bond percentage in POSS decreased
obviously from 35.7% to 26.3%, where the C=O bond is
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taken as 100% (C=O0 will not vary during the thermal- and
photopolymerization processes). This phenomenon shows that
the photosensitizer PQ will react with the C=C bond of
POSS under beam exposure directly. Furthermore, 3C NMR
spectroscopy is introduced to deeply investigate the photo-
reaction between POSS and PQ (before and after exposure) in
the deuterated chloroform (CDCl;) solvent; this photo-
reaction is characterized, as illustrated in Figure 3b,c, where
the signal of the four equivalent carbons in TMS is introduced
as a benchmark at 0 ppm. The seven '*C characteristic peaks of
PQ_disappeared after photoreaction with POSS; at the same
time, the intensity ratio of peak 3 (=C=CH2) to peak 1 (=
C=O) in POSS decreased from 277.3% to 270.2%. At the
same time, the characteristic peak of =C=CH, in POSS has a
slight upshift toward the high chemical shift at ~0.006 ppm
(from 125.298 to 125.304 ppm), as shown in Figure 3c. This
indicates again that the PQ_has a specific photoreaction with
the =C=CH, bond of POSS. Moreover, as illustrated in
Figure 3d, the response time calculated by Equation 4 of
POSS—PMMA/PQ polymers decreased obviously from ~75.6
to ~15.4 s, and the double-bond content increased clearly from
0% to 18.9% with the increase of the POSS concentration from
0 to 20 wt % (double-bond content was calculated from FT-IR
spectra in Figure S9). This proved again that the residual vinyl
sped up the photoreaction procedure of POSS—PMMA/PQ
materials.

Furthermore, X-ray diffraction spectroscopy (XRD) is
employed to investigate the polymer structure and dispersible
uniformity of POSS in a POSS—PMMA/PQ matrix. As shown
in Figure 4a and Figure S10, the pure POSS shows crystalline
peaks occur at angles 20 =& 6.26°, 13.92°, and 20.63°, similar to
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Figure S. (a) Schematic micromechanism of photoreaction process between the vinyl on POSS and PQ photosensitizers in POSS—PMMA/PQ_
matrix before and after exposure. SEM images of POSS—PMMA/PQ polymers (b) before and (d) after exposure using two incidence beams; the
grating space has a very significant color spot under white light irradiation. Si element energy-mapping results of POSS—PMMA/PQ (c) before and

(e) after exposure.

earlier results.*®”> However, these peaks have vanished in the
POSS—PMMA matrix; this demonstrated that the polymer-
ization damaged the POSS crystallization, and it produced the
amorphous polymers ascribed to the disordered and random
distribution of the POSS units in the whole polymer
matrix."*’® This proved again that the star-shaped POSS—
PMMA polymer was prepared successfully by thermal
polymerization. In addition, the TGA and DTG graphs of
POSS, PMMA, and POSS—PMMA materials were measured,
as illustrated in Figure S11, Figure 4b, and Table 1. The
thermal stability of the polymer was closely linked with the
decomposition process. DTG results clearly show that the
temperature at the maximum degradation rate of POSS,
PMMA, and POSS—PMMA were 427.68, 369.43, and 349.29
°C, respectively. The maximum decomposition temperature
decreased obviously from 369.43 °C (427.68 °C for POSS) to
349.29 °C, indicating that the PMMA grafted on the methacryl
branch of POSS after polymerization. And the star-shaped
POSS—PMMA could release the polymer matrix like a
plasticizer and then cut down the initial temperature of
degradation clearly from 189.74 °C (361.47 °C for POSS) to
102.54 °C. With the continued increase of temperature, the
residual methacryls and the central Si—O cages start to degrade
at ~361.47 and ~467.75 °C, correspondingly. The obvious
three-stage decomposition process of POSS—PMMA (first
stage from 102.54 to 266.79 °C, second stage from 266.79 to
361.47 °C, and the third stage from 361.47 to 558.80 °C)
prove that the PMMA grafted on POSS and, at the same time,
that the star-shaped POSS—PMMA can release the polymer
matrix as a plasticizer.

In addition, the storage modulus and cure volume shrinkage
of POSS—PMMA/PQ materials with different POSS concen-
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trations were measured using a rheometer, as shown in Figure
4c¢, Figure S12, and Table 2. Both the initial time of cure and
the time to the final cure storage modulus from 100 s (start of
exposure) were cut down obviously from 1869.34 s (2807.55
s) to 368.98 s (781.82 s) with the increase of the POSS
concentration from 0 to 20 wt %, which proves that, with the
existence of POSS molecules, the photoreaction of POSS—
PMMA/PQ_polymers becomes much easier and faster
compared with PQ/PMMA. And the final storage modulus
of POSS—PMMA/PQ has no big variation. At the same time,
the final gap and the cure volume shrinkage of POSS—PMMA/
PQ_materials were also measured. There is no doubt that the
final gap exchange (from 0.139 to 0.126 mm) and the cure
volume shrinkage (from 14.5% to 13.1%) decreased with the
increase of the POSS concentration from S to 20 wt % but
increased compared with PQ/PMMA 0.029 mm (2.9%).
However, the photoinduced volume shrinkage is much lower
than the cure volume shrinkage and has no relationship with it.
And we can obviously find that the POSS speeds up the
photoreaction process of PQ/PMMA.

The volume shrinkage of photopolymers during holography
has an obvious impact on the data storage error rate, and one
should pay close attention, because it can result in significant
grating distortion, Bragg shifts, and, consequently, the failure of
data reading induced by the diffraction decays at the Bragg
angle. Then, the photoinduced volume shrinkage of thermal
polymerized POSS—PMMA/PQ and PQ/PMMA material was
measured, as illustrated in Figure 4d. The photoinduced
volume shrinkage can be calculated from the main lobe shift
(~0.009° of POSS—PMMA/PQ and ~0.04° of PQ/PMMA)
using Equation 7, and the POSS suppressed the shrinkage
dramatically (over 4 times) from ~0.4% to ~0.09% compared
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Figure 6. Collinear holographic storage system images: the recording time-dependent BER (a) and SNR (b) results of PQ/PMMA and POSS—
PMMA/PQ materials, the read-out images of PQ/PMMA (c) and POSS—PMMA/PQ (d) after exposure for 30 s using a collinear beam, and the
overexposed images of PQ/PMMA (e) and POSS—PMMA/PQ_(f) polymers after being exposed ~270 and 35 s, correspondingly.

with PQ/PMMA. The ultralow volume shrinkage of POSS—
PMMA/PQ photopolymers should be ascribed to the intrinsic
excellent mechanical properties of POSS—PMMA matrix
achieved during thermopolymerization, for example, the
hardness, elastic modulus, and elastic recovery parameter,
which are orders of magnitude higher than PQ/PMMA
photopolymers. As illustrated in Table S1 and Figure S13,
due to POSS participating in the polymerization process of the
PMMA matrix, the observed mechanical properties of POSS—
PMMA/PQ are more excellent compared with the pristine
PQ/PMMA. In detail, the hardness enhanced from ~0.15 to
0.20 GPa, the elastic modulus increased from ~4.0 to 4.8 GPa,
and the elastic recovery parameter increased from ~0.12 to
~0.15.

The morphology and Si element energy spectrum of POSS—
PMMA/PQ_polymers were investigated by SEM images, as
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shown in Figure Sb—e. But both the surface morphology and Si
element energy mapping results were not changed before
(Figure Sb,c) and after (Figure Sd,e) the exposure, and this
phenomenon shows that the POSS molecule has not taken part
in the interdiffusion grating formation progress during beam
exposure due to the star-shaped POSS—PMMA structures,
which is very different from other nanoparticle-doped
photopolymers.”””® The well-dispersed Si elements indicate
that the POSS has no cluster in the POSS—PMMA/PQ matrix,
which is in accord very well with the XRD result. And the
periodic fringe structure was not found due to the insignificant
surface morphology change in the grating spaces. Thence, the
experimental investigation mentioned above indicates that
microscopic physical mechanisms of POSS on the intensity
holographic performance of POSS—PMMA/PQ_photopoly-
mers, schematically illustrated in Figure Sa, should be primarily
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achieved through the residual double bond on POSS after
grafting and the star-shaped POSS—PMMA macromolecular
structures.

Collinear Holographic Information Recording of
POSS—PMMA/PQ. According to the high sensitivity and
ultralow volume shrinkage, POSS—PMMA/PQ photopolymers
are also validated in the current study to possess excellent
holographic information storage using the collinear holog-
raphy”**® system in our laboratory; the results were illustrated
in Figure 6a—f. The record time-dependent BER (Figure 6a)
and SNR (Figure 6b) curves show that the POSS—PMMA/PQ
material is more sensitive and reliable during information
storage and read-out processes compared with PQ/PMMA.
And a much lower BER and much higher SNR result, using a
short recording time (less than 30 s) by the collinear beam
(~0.146 mW with the beam diameter ~200 ym); in detail, the
BER decreased by ~70% (from 9.5% to 2.8%), and the SNR
increased by ~57% (from 2.01 to 3.16) with the recording
time of 30 s, as illustrated in Figure 6¢,d. With recording time
going on, the read information images of POSS—PMMA/PQ_
polymers were overexposed rapidly at 35 s (as shown in Figure
6f), and a much slower process was needed for the
overexposure of PQ/PMMA (at 270 s, as shown in Figure
6e). The BER and SNR of the overexposed information figure
were set as 100% and 0, correspondingly, in this experiment.
The holographic information storage experiment above proved
that the POSS—PMMA/PQ _material is very suitable for quick
holographic information storage.

B CONCLUSION

We demonstrated here that, for the first time, the introduction
of Ma-POSS in PQ/PMMA photopolymer can effectively
enhance holographic properties, in which photosensitivity
increased ~35.5 times, strengthening the holographic diffraction
efficiency ~50% and suppressing the volume shrinkage over 4
times. In addition, the observed photosensitivity of POSS—
PMMA/PQ_photopolymers (1.47 cm/J) hit a record high
under low-power laser irradiation conditions, and ultralow
volume shrinkage of ~0.09% photopolymer was acquired.
More importantly, experimental characterizations reveal that
the big amount of the residual vinyl on POSS dramatically
suppressed the response time of POSS—PMMA/PQ_materials.
Further analysis shows that the plasticizing effect of star-shaped
macromolecular POSS—PMMA loosens the polymer matrix,
thence, making the photosensitizer PQ_diffusion more effective
during beam exposure. A benefit to its intrinsic high
photosensitivity, excellent mechanical properties, ultralow
volume shrinkage, and the significant enhancement of
holographic performance, POSS—PMMA/PQ_ photopolymer
sped up the holographic information storage dramatically using
the collinear holography system that we realized, making it a
promising medium for fast holographic data storage.
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