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Research into the development of new data-storage
strategies is fueled by the continuing demand for ultrahigh
information capacity, increased data density, smaller form
factor, and faster readout rates. Conventional data-storage
devices such as magnetic hard-disk drives, optical disks, and
semiconductor memories all rely on storing information bit by
bit on the surface of a recording medium. However, these
two-dimensional storage strategies are rapidly reaching
fundamental physical limits, beyond which individual bits
become too small to easily write or read and/or are inherently
unstable. A promising alternative approach is based on
holographic data storage,[1] in which information is stored
three-dimensionally, throughout the volume of a storage
medium. This emerging field of volume holography, however,
is faced with the challenge of developing suitable storage
materials that meet all the stringent requirements, such as high
photosensitivity, good storage capacity, dimensional stability,
high optical quality, low cost, and efficient manufacturing
capabilities, all necessary for commercial viability.[2]
For commercially viable holographic data-storage systems, a
complete page of information is recorded as an optical
interference pattern created by two intersecting laser beams
within a thick (>200 mm) photosensitive material. The
interference pattern of these two coherent writing beams
induces a periodic change in the refractive index of the
recording material. A variety of photochemical reactions can
be utilized to achieve such refractive index modulation.
However, very few reactions exhibit quantum yields greater
than unity, where one photon of light triggers numerous
chemical reactions. This nonlinearity is essential for the high
sensitivity and ultrafast recording speeds required for
commercial holographic data storage. To achieve this,
diffusion-based systems involving photoinduced polymerization reactions are currently the primary area of focus for both
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commercial and academic holographic systems.[3] The practicality of these photopolymer systems is, however, hampered by
a number of issues including shrinkage of the recording
material, low shelf-life of the storage media due to undesired
thermal polymerization of monomers, polymerization inhibition due to oxygen present in the atmosphere, and reduced
storage capacity due to necessary pre-exposure steps. Therefore, development of new holographic materials which are
photocatalytic in nature but do not suffer from performance
issues is critical to the progress of three-dimensional data storage.
In examining other photochemical reactions with quantum
yields greater than 1.0, the isomerization of Dewar benzene is
noteworthy due to its very high quantum yield (>100 in
solution).[4] Additionally, isomerization of Dewar benzene
gives rise to a large change in the electronic structure of the
molecule (Fig. 1a) and is therefore anticipated to result in high
refractive index modulation upon photoisomerization. These
two features, i) nonlinearity of the photochemical reaction and
ii) expected high index modulation, represent an opportunity
for the development of an information-storage material with
fast recording speed and high data-storage capacity. The
nondiffusive nature of the isomerization process for the
Dewar-benzene-based system ensures high dimensional stability of the recording media, while the high thermal stability of
the Dewar benzene reactant may lead to extended shelf-life.
Finally, the irreversible isomerization step leads to stability of
the recorded hologram, and therefore results in high archival
life for the stored data. Seminal work by Dinnocenzo, Robello,
Farid, and co-workers has demonstrated the quantum
amplification of Dewar benzene photoisomerization and their
refractive index modulation.[5] In situ polymerization resulted
in fabrication of millimeter-thick films, necessary for volume
holography, which displayed diffraction efficiencies ranging
from 5 to 30%. The thickness-normalized sensitivity can be
calculated to be 0.00003–0.0004 cm mJ1.[5b] However, the
commercial viability demands significantly higher diffraction
efficiencies and material sensitivity. Additionally, the material
suffers the occurrence of dark reactions (continued photochemical reaction after the writing source is turned off), which
undermines the stability of the recorded images.[5c] Here, we
report crosslinked polymers whose performance is based on
nondiffusive, quantum-amplified photoisomerization of Dewar
benzene derivatives, which exhibit remarkable informationstorage properties including excellent photosensitivity, high
diffraction efficiencies, high data-storage capacity, good
dimensional stability, and significant shelf- and archivallifetimes.
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Figure 1. a) Photoisomerization of hexamethyl Dewar benzene to hexamethyl benzene. b) Synthesis of the Dewar benzene derivative 1.

In designing a high-performance data-storage system, the
following aspects of structure/processing–property relationship of the photoactive Dewar benzene monomer have been
studied in detail. i) The electronic structure of the photoactive
Dewar benzene nucleus: holographic disks with two electronically different Dewar benzene derivatives, having all
electron-donor and two electron-acceptor substituents
attached directly to the photoactive Dewar benzene core,
have been prepared. It is observed that materials containing
electron-deficient Dewar benzene derivatives exhibit higher
sensitivity as compared to materials that contain electron-rich
Dewar benzene derivatives (see Supporting Information).
Presumably, this is due to more efficient triplet energy transfer
from the sensitizer to the electron-deficient Dewar benzene
nucleus. Moreover, the material does not suffer from any
unwanted dark reaction. ii) The chemical structure of the
photoactive Dewar benzene monomer: novel Dewar benzene
derivatives having two crosslinkable side chains have been
synthesized, allowing for thick-film fabrication with high
loading (70 wt %) of the photoactive Dewar benzene
reactant. iii) The processing method for obtaining high-quality
thick films: a mild and facile fabrication process is developed, in
which no/negligible thermal isomerization of Dewar benzene
occurs, and hence the total storage capacity remains intact until
the writing process.
The target Dewar benzene derivative, 1, was selected based
on its synthetic accessibility, substitution with two electron-withdrawing groups, and the ability to undergo efficient
crosslinking. The synthesis of 1 involves the initial reaction of
dimethyl acetylenedicarboxylate with the in situ generated
aluminum complex of tetramethyl cyclobutadiene, resulting in
the formation of the Dewar benzene dimethylester. Hydrolysis
under basic conditions gives the corresponding dicarboxylic
acid in good yield. This was then converted to the diacid
chloride, and coupled with 2-hydroxyethyl acrylate to afford
the desired Dewar benzene derivative, 1 (see Supporting
Information).
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For a viable holographic system, in addition to the
photosensitive Dewar benzene 1, a photosensitizer and a
matrix crosslinker are required. For recording a wavelength of
407 nm, high-throughput optimization of both the structure
and the relative percentage of these components led to the
selection of divinylbenzene (2) as crosslinker, and isopropyl9H-thioxanthen-9-one (3) as the photosensitizer (Fig. 2a). The
selection of 3 (1 wt %) was important, and driven by its high
solubility in a mixture of 1 (70 wt %), and 2 (29 wt %), allowing
for the fabrication of thick films by solventless processing. In
addition, a low absorption cross-section at the recording
wavelength of 407 nm ensures homogeneous recording
throughout the depth of the recording media, while very
efficient energy transfer to the Dewar benzene, 1, via the
higher triplet energy of 2, was observed.[6]
A major requirement for the fabrication of high-density
holographic-storage systems is the necessity for thick films
(200 mm) with good optical qualities such as low scattering
and low optical density. Traditionally, this is not a trivial
requirement for either holographic or other crosslinked
polymer-based storage systems.[7] However, the design of a
system based on 1, 2, and 3 allows for a thermal, bulk
polymerization procedure to be used in association with doctor
blading or mold-casting. Facile and inexpensive thermal curing
of this photosensitive mixture by free-radical-initiated crosslinking was shown to afford freestanding polymeric films under
a solventless processing technique that are transparent and
colorless with thicknesses of up to several millimeters. The
optical density of a 1 mm thick film prepared by this method is
0.42 at 407 nm (Fig. 2b), and this low optical density at the
recording wavelength is an important characteristic, as strong
absorption at the writing wavelength can prevent uniform
irradiation throughout the thickness of the film, leading to
inhomogeneous hologram recording. This requirement
becomes even more critical since volume holography requires
film thicknesses of 200 mm and above. Scattering measurements revealed essentially no light-scattering by these films,
demonstrating the very high optical quality of crosslinked films
of 1, 2, and 3. In order to evaluate the efficiency of these
highly crosslinked Dewar benzene films, a single hologram was

Figure 2. a) Chemical structures of the different holographic media components 1, 2, and 3. b) One millimeter thick optical disk fabricated from
these components by azobisisobutylonitrile-initiated free-radical crosslinking.
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Figure 3. Real-time diffraction efficiency and angular selectivity response
of a plane-wave single hologram. a) Growth in first-order diffraction
efficiency of a hologram recorded in a 0.5 mm thick film as a function
of exposure time. The first-order diffraction efficiency of 58% corresponds
to a refractive index modulation (Dn) of 3.5  104. b) Diffraction efficiency
of the hologram as a function of rotation angle. c) Well-defined fringes
accompanying the hologram.
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(full-width measured at half-maximum) determined at
632.8 nm (Fig. 3b). In addition, the presence of well-defined
nulls indicates that the refractive index grating is stored
throughout the depth of the recording medium, and coupled
with the above results demonstrates the high performance of
these materials (Fig. 3c). After recording the holograms, the
films diffracted ambient light and thus a number of colors
could be seen macroscopically (see Supporting Information),
indicating that a refractive index grating of high strength has
been stored in the depth of the recording material. The ability
to prepare dimensionally stable, crosslinked thick films of the
Dewar benzene derivative 1 also permits storage of multiple
holograms at the same spatial position within the thickness of
the material (angular multiplexing). Figure 4a shows ten
angularly multiplexed holograms of roughly equal strength
recorded by rotating the sample in 28 increments. The
recording time for each hologram was 6 s, and the performance
value that characterizes the capacity of these materials, defined
by the dynamic range (M/#), can be calculated from this data by
summing the square root of the diffraction efficiency of each
hologram. The M/# determined for this material was 2.5.
However, it should be noted that due to limited rotation
(experimental constraint), the total storage capacity was not
exhausted; hence the calculated M/# value of 2.5 represents a
lower limit for storage capacity in the present recording
material. This is graphically represented in Figure 4b, which
shows an almost linear relationship between M/# and the
exposure energy, with no indication of a plateau. The sharp,
highly symmetrical, and narrow bandwidth of the angular
selectivity curves further indicates the high resolution that can
be achieved by an isomerization-based Dewar benzene
holographic system. In comparison to a state-of-the-art,
diffusion-based photopolymer system for holographic storage
from InPhase Systems[3c] (utilizing styrene as monomer in a
crosslinked epoxy-mercaptan matrix), the performance of the
Dewar benzene-based material is found to exceed that of
photopolymers (45% diffraction efficiency after exposure of
120 s, M/# ¼ 1) under identical conditions (see Supporting
Information). To further demonstrate the practicality of
the present holographic system, shelf- and archival-life of
the recording media were studied. Figure 5a shows the storage
capacity of the material (M/#) as a function of time between the
initial formulation and the holographic exposure. The material
exhibits no reduction in the dynamic range over a period of
several months at room temperature, indicating significant
shelf-life and stability of the Dewar benzene system (cf. 80%
reduction in the storage capacity for the photopolymer system
is observed after 16 days[3b]). In order to investigate the
archival life of the recorded data, the shape of the angular
selectivity curve of the hologram was also examined. Figure 5b
shows the angular selectivity curve of a hologram immediately
following recording, while 5c shows the angular selectivity
curve of the same sample after several weeks of storage at
room temperature. The shape of the angular selectivity curves
remained intact, demonstrating good archival life of the stored
data.
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recorded by illuminating the sample with an interference
pattern from two collimated 407 nm laser beams with total
optical power density of 6 mW cm2 and beam diameter of
10 mm. Figure 3a shows the growth in diffraction efficiency of
the hologram as a function of exposure time. Only 40 s of
exposure to the writing beams was sufficient to attain a
diffraction efficiency of 60% with the photosensitivity ‘‘S’’ of
the material calculated to be 0.08 cm mJ1. The real-time
diffraction efficiency of the hologram was then monitored for
45 h after recording, and no increase in the hologram strength
was detected. This high photosensitivity allows for ultrafast
recording speeds, and the absence of dark reactions strongly
suggests complete consumption of photoactive Dewar benzene
reactant in exposed regions of the holographic media, again
demonstrating the efficiency of the isomerization reaction.
Each hologram was found to have an angular bandwidth of 0.38
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In the present system, holograms were recorded by
irradiation at 407 nm and read-out was performed at
632.8 nm. Ideally, a single light source is desired for recording
and reading the information. Hence, new strategies are
required to achieve this nonvolatile read-out. One way to
realize the nondestructive read-out is by utilizing a sensitizer
that can only be excited to its triplet state by using a
combination of two laser beams. Therefore, reading the data by
utilizing only one laser beam will be insufficient to erase the
recorded information. Research in our laboratory is now
focused on achieving this nonvolatile read-out in the presented
holographic system.
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Figure 4. Angular multiplexing: a) Ten holograms were recorded in a
0.5 mm thick film. The gratings were recorded at different angles while
the angle between the recording beams was kept constant. The diffraction
efficiency as a function of rotation angle was measured subsequently
using laser at 632.8 nm. b) Cumulative exposure energy as a function of
cumulative M/#. The data points were collected from Figure 4a. Note that
the dynamic range of the sample has not reached maximum at the end of
exposure.

3940

40

40

20

0
24

25

26

27

28

angular selectivity (degrees)
Figure 5. Shelf- and archival-life of the holographic media. a) Storage
capacity (M/#) of the material plotted as a function of the time between
formulation and the holographic exposure. Various samples were prepared
at the same time (t ¼ 0), and kept at room temperature until exposure time.
b) Angular selectivity curve of a hologram after recording and c) 30 days
after recording.
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In conclusion, an efficient and solventless processing
technique is reported for the fabrication of millimeter-thick,
high-quality optical films for holographic storage based on a
nondiffusion strategy. Incorporation of crosslinkable Dewar
benzene derivatives allow for thick films that display no light
scattering and low absorption cross-section at recording
wavelength to be prepared. By exploiting the quantum
amplification of the photoinduced isomerization of the Dewar
benzene groups within the network, high-performance holographic films that have excellent shelf- and archival-life
qualities can be obtained. By utilizing 1 mm thick films of
the described recording medium, diffraction efficiencies of up
to 100%, and M/# of higher than 6 can be achieved. These
results represent a significant advance in the field of
three-dimensional data-storage systems, and suggest that
Dewar benzene systems are attractive candidates for writeonce disk-based holographic memory devices.
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