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FRET-BASED TWO PHOTON THREE
DIMENSIONAL OPTICAL DATA STORAGE

This invention claims the benefit of priority from U.S.
Provisional Patent application 60/812,320 filed Jun. 9, 2006.

FIELD OF THE INVENTION

This invention relates to optical data storage and more
particular to a novel two-photon, three-dimensional (3-D)
WORM (Write Once Read Many) or erasable and rewritable
optical storage system and method.

BACKGROUND OF THE INVENTION

Over the past 50 years, the field of organic photochemistry
has produced a wealth of information, from reaction mecha-
nisms to useful methodology for synthetic transformations.
Many technological innovations have been realized during
this time due to the exploits of this knowledge, including
photoresists and lithography for the production of integrated
circuits, photocharge generation for xerography, multidimen-
sional fluorescence imaging, photodynamic therapy for can-
cer treatment, photoinitiated polymerization, and UV protec-
tion of plastics and humans through the development of UV
absorbing compounds and sunscreens, to name a few.

The scientific basis of many ofthese processes continues to
be utilized today, particularly in the development of organic
three-dimensional optical data storage media and processes.

With the ever-pressing demand for higher storage densi-
ties, researchers are pursing a number of strategies to develop
three-dimensional capabilities for optical data storage in
organic-based systems. Among the various strategies
reported are holographic data storage using photopolymeriz-
able media (Cheben, P. and Calvo, M. Appl. Phys. Lett. 2001,
78, 1490-1492; U.S. Pat. No. 5,289,407 and U.S. Pat. No.
6,310,850), photorefractive polymers (Belfield et al. Field
Responsive Polymers, ACS Symposium Series 726, ACS,
1999, Chapter 17 pages 250-263), and two-photon induced
photochromism (Belfield et al, “Organic Photorefractives,
Photoreceptors, and Nanocomposites,” Proc. SPIE Vol. 4104,
2000, 15-22; U.S. Pat. No. 5,268,862). It is known that fluo-
rescent properties of certain fluorophores may be changed
(quenched) upon protonation by photogeneration of acid
(Kim et al, Angew. Chem. Int. Ed. 2000, 39, 1780-1782).
Belfield et al. J. Phys. Org. Chem. 2000, 13, 837 has reported
two-photon induced photoacid generation using onium salts
and short pulsed near-IR lasers in the presence of a polymer-
izable medium, resulting in two-photon photoinitiated cat-
ionic polymerization. The inherent three-dimensional fea-
tures associated with two-photon absorption provides an
intriguing basis upon which to combine spatially-resolved,
two-photon induced photoacid generation and fluorescence
quenching with two-photon fluorescence imaging.

Three-dimensional (3-D) optical data storage based on
two-photon processes provides a mechanism for writing and
reading data with less crosstalk between multiple memory
layers, due to the quadratic dependence of two-photon
absorption (2PA) on the incident light intensity, as reported by
D. A. Parthenopoulos, et al. in Science, Vol. 245, page 843
(1989) and J. H. Strickler, et al in Opr. Letters,Vol. 16,p. 1780
(1991). This capacity for highly confined excitation and
intrinsic 3-D resolution afford immense information storage
capacity (up to 10" bits/cm®) according to D. A. Parthenopo-
ulos, et al. in Science, supra. Recently, the use of photochro-
mic materials for 3-D memory has received intensive interest
because of several major advantages over current optical sys-
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2

tems, including an erasable/rewritable capability, high reso-
Iution, and high sensitivity, as reported by S. Kawata et al., in
Chem. Reviews, Vol. 100, page 1777 (2000).

Among the several classes of photochromic materials, dia-
rylethenes with hetrocyclic aryl groups are the most promis-
ing candidates for applications because of their excellent
fatigue resistance, picosecond switching time, high photoi-
somerization quantum yields, and absence of thermal isomer-
ization, as discussed by S. Tian et al. in Chem. Soc. Rev., Vol.
33, page 85 (2004) and M. Irie, in Chem. Reviews, Vol. 100,
page 1685 (2000).

Various optical systems for reading and writing 3-D
memories using diarylethene derivatives as storage media
have been reported by S. Kawata et al., in Chem. Reviews,
supra wherein several methods using fluorescence readout
were used to avoid destructive readout as reported by M. Irie
in Chem. Reviews, supra.

In particular, Jares-Erijman in J. Am. Chem. Soc. Vol. 124,
7481-7489 (2002) and Irie in Chem. Reviews, supra reported
using Lucifer Yellow 1 as the donor and bis(thienyl)ethane as
the acceptor to build fluorescent molecules and developed a
general conceptual reading/writing system based on fluores-
cence resonance energy transfer (FRET), where they found
that the single-photon fluorescence emission of the donor is
reversibly modulated by cyclical transformations of the pho-
tochromic acceptor upon irradiation of appropriate UV and
visible light, respectively.

The Irie et al. system provided a novel method of using
fluorescence to readout the recorded data without simulta-
neously erasing part of the stored information. However, the
modulation of the two-photon fluorescence emission of a dye
by a photochromic diarylethene has not been reported as the
read-out method in a 3-D optical data storage system. This
may be due, in part, to the difficulty in making suitable mate-
rials with large two-photon absorption (2PA) cross-sections,
high fluorescence quantum yields, and high photostability, in
which the emission spectrum properly overlaps the absorp-
tion spectrum of one of the isomers of the photochromic
diarylethene.

Thus, in prior art demonstrations of two-photon 3-D opti-
cal data storage in photochromic materials, the optical storage
system has traditionally failed because read out of the stored
data caused some data erasing, since the photochrome itself
was irradiated both in the writing step and read out step. Even
in single-photon data recording with single-photon-induced
fluorescence resonance energy transfer to a photochromic
material, the single-photon recording and readout only allows
one layer of data. This is a serious limitation on the amount of
data that can be stored.

For practical applications, non-destructive read-out capa-
bility is indispensable. Appropriate read out methods such as
refractive index changes, fluorescence, phosphorescence, and
the like, should be selected in order to read the stored data
without simultaneously erasing part of the stored informa-
tion.

So, in addition to high data storage volume and fast read-
out, there is a need for data storage materials that are stable,
highly responsive, exhibit high sensitivity and fidelity, and are
less complex. In addition, the data storage and readout pro-
cesses must also be more straight forward (less complex) and
reliable. As mentioned above, the previously developed sys-
tems fall short in these regards.

SUMMARY OF THE INVENTION

The invention described herein relates to high density ran-
dom access data storage, and is particularly directed to a novel
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two-photon, three-dimensional (3-D) WORM (Write Once
Read Many) optical storage system, based on a combination
of'a diarylethene and an especially designed two-photon fluo-
rescence dye, suitable for recording data on a thick storage
medium and capable of operating as a true non-destructive
readout optical storage device (see Belfield et al. Advanced
Materials Vol. 18, 2910 (2006)).

The present invention circumvents the erasing of data dur-
ing the read out of stored optical data by irradiating the
photochrome for writing after converting a large portion of
the short wavelength absorbing photoisomer (“open” form) to
the longer wavelength absorbing photoisomer (“closed”
form). Staring with a large amount of the “closed” form of
photochrome is advantageous and key to the present inven-
tion. In addition, the use of near-infrared (IR), two-photon
excitation allows multiple layers recording, from approxi-
mately 5 up to approximately 1000 layers with at most 5
micron thick layers of data recorded, with 5 micron thick
layers spacing per layer to prevent crosstalk.

Another unique key to the present invention is the use of an
efficient near-IR two photon absorbing dye.

It is an objective of the invention to develop a high density
optical data storage system in which optical properties of the
medium can be modulated and read in three-dimensions via
two-photon processes.

Another object of the invention is to develop optical mate-
rials to enable two-photon induced photochemical changes
suitable for two-photon fluorescent readout.

Another object of the invention is to harness the high pho-
tosensitivity of the photosensitive polymers to create a high
density optical data storage system with multichannel readout
capability to further increase data storage and readout versa-
tility.

Another object of the invention is to develop optical mate-
rials to enable multiple read out by using fluorescence reso-
nance energy transfer (FRET) in a photochromic polymer by
use of two-photon excitation.

Another object of the invention is to develop an optical data
storage system wherein data can be recorded and read out
using the same wavelength.

Further objects and advantages of this invention will be
apparent from the following detailed descriptions of pres-
ently preferred embodiments which are illustrated schemati-
cally in the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A is the molecular structure of the open form of
1,2-Bis(2-methylbenzo[b]thiophen-3yl) hexafluoro cyclo-
pentene, designated “diarylethene 1-open”

FIG. 1B is the molecular structure of the closed form of
1,2-Bis(2-methylbenzo[b]thiophen-3yl) hexafluoro cyclo-
pentene, designated “diarylethene 1-closed”

FIG. 1C is the molecular structure of (2,7-Bis[4-(9,9-dide-
cylfluoren-2-yl)vinyl|phenylbenzothiazole), designated
“fluorene derivative 2”

FIG. 2 shows four normalized absorbance curves, includ-
ing the absorption spectra of diarylethene 1-open (1) and
diarylethene 1-closed (2) irradiating at 254 nm and the
absorption (3) and emission spectra of fluorene derivative 2
@), A..=400 nm.

FIG. 3A is a brightfield image of storage medium before
single-photon data recording wherein the scale bar corre-
sponds to 100 um.

FIG. 3A' is a brightfield image of storage medium before
single-photon data recording wherein the scale bar corre-
sponds to 100 um.
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FIG. 3B is a brightfield image of storage medium after
single-photon data recording wherein the scale bar corre-
sponds to 100 um.

FIG. 3B' is a brightfield image of storage medium after
single-photon data recording wherein the scale bar corre-
sponds to 100 um.

FIG. 3C is an Air Force resolution mask (data mask)
wherein the scale bar corresponds to 100 pm.

FIG. 3D is readout data using 10x objective wherein the
scale bar corresponds to 100 um.

FIG. 3E is readout data using 20x objective wherein the
scale bar corresponds to 100 um.

FIG. 3F is the intensity profile (whose direction is shown
by the arrows) of the corresponding patterns in FIG. 3C.

FIG. 3G is the intensity profile (whose direction is shown
by the arrows) of the corresponding patterns in FIG. 3D.

FIG. 3H is the intensity profile (whose direction is shown
by the arrows) of the corresponding patterns in FIG. 3E.

FIG. 4A shows two-photon readout of data recorded by
single-photon excitation, the scale bar corresponds to 100
pm.
FIG. 4B is the intensity profile (the direction is shown by
the arrows) of group 5 in FIG. 4A.

FIG. 4C is a graph of the log of input intensity dependent
up-converted fluorescence of fluorene 2.

FIG. 5 shows selective two-photon readout of 38 consecu-
tive layers. The layers are spaced at 5 pm intervals.

FIG. 6A is a two-photon fluorescence image of storage
medium before two-photon recording.

FIG. 6B is a two-photon fluorescence image of storage
medium after two-photon recording.

FIG. 6C is a brightfield readout of the storage data after
two-photon recording.

FIG. 6D is a graph of the log of input intensity dependent
up-converted fluorescence of fluorene 2.

FIG. 71is ademonstration of 17 writing, erasing, and rewrit-
ing cycles in the same area of a PMMA-co-VBP photochro-
mic film (containing diarylethene 2 and fluorene 2) using
single-photon excitation; there is an artifact in the center of
the image which indicates that the recording cycles were
performed in the same area of the film.

FIG. 8 shows a two-photon readout of 110 consecutive
layers (1 um layer interval) inside the polymer film. Two
layers (images #30 and #80) were recorded by two-photon
exictation.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Before explaining the disclosed embodiments of the
present invention in detail it is to be understood that the
invention is not limited in its application to the details of the
particular arrangements shown since the invention is capable
of other embodiments. Also, the terminology used herein is
for the purpose of description and not of limitation.

The following acronyms are used in the discussion of the
present invention.
2PA stands for two (2)-Photon Absorption.

FRET stands for Fluorescence Resonance Energy Transfer
WORM stands for Write Once Read Many times

When referring to the closed form of diarylethene, sometimes
it is referred to as “photostationary state” of diarylethene,
herein.

The present invention demonstrates a novel two-photon
3-D optical storage system based on the modulation of the
fluorescence emission of a highly efficient two-photon
absorbing fluorescent dye and a photochromic diarylethene.
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This system is suitable for recording data in thick storage
media and providing a non-destructive readout method with-
out exhibiting any apparent fatigue, even after 10,000 readout
cycles. The storage medium consists of a commercially avail-
able photochromic molecule (diarylethene 1), 1,2-bis(2-me-
thylbenzo[b]thiophen-3-yl)hexafluorocyclopentane, shown
in FIGS. 1A and 1B, and a specially designed two-photon
absorbing dye (2,7-bis[4-(9,9-didecylfluoren-2-yl)vinyl]
phenylbenzothiazole (fluorene derivative 2) shown in FIG.
1C.

The novel combination of the photochromic molecules in
FIGS. 1A and 1B with the two-photon absorbing dye in FIG.
1C provides a superior 3-D optical data storage medium and
system with recording, read-out and erasing cycles, clearly
demonstrating non-destructive, erasable/rewritable charac-
teristics.

FIG. 2 shows the absorption spectra of the open form and
closed form (photostationary state) of diarylethene 1. Upon
irradiation with UV light (<360 nm), a colorless solution of
diarylethene 1 becomes bright red, with new absorption
hands appearing at 350 and 517 nm, as shown in FIG. 2.

Diarylethene 1 is especially suitable for data storage due to
its high cyclization and cycloreversion reaction quantum
yields (QY_,=0.33 at 313 nm and QY _=0.33 at 517 nm in
hexane). Neither the open nor the closed form displays sig-
nificant fluorescence (fluorescence QY ~0.02,
QY £<0.02). As demonstrated by Castellano et al. inJ. Phys.
Chem. A, Vol. 108, 10619 (2004), the closed form of dia-
rylethene 1 can be used as a photochromic energy transfer
quencher of the emission of a fluorescent dye. Compared to
previously reported diarylethene fluorescent switches (in
which fluorescent dyes are covalently linked to the dia-
rylethene) Jares-Erijman, in J. Am. Chem. Soc. supra, fluo-
rescence modulation from non-covalently attached fluores-
cent dyes is a particularly intriguing approach due to the
relative synthetic ease and versatility in materials selection. In
the present invention, the closed form of diarylethene 1 is
used to modulate the fluorescence emission of the non-co-
valently attached 2PA fluorene derivative 2. As shown in FIG.
2, the absorption of the closed form of diarylethene 1 overlaps
the fluorescence emission of fluorene derivative 2.

In order to understand the behavior of the photochromic
reaction of diarylethene 1 in the presence of the non-co-
valently attached fluorene derivative 2, and predict appropri-
ate performance for further solid thin film preparations, solu-
tion studies were performed in hexane. Results showed that
the photochromic reaction of diarylethene 1 was not affected
by the presence of fluorene 2. No significant differences were
observed in the quantum yields of cyclization (QY.: 0.34-
0.40) and cycloreversion reactions of diarylethene 1 (QY:
0.35-0.40) over a broad spectral range, in the absence/pres-
ence of fluorene derivative 2. Changes in the fluorescence
emission spectra of fluorene 2 corresponded with the
observed changes in the absorption spectra of diarylethene 1.
Upon increasing concentration of the closed form (via 254
nm excitation), the fluorescence emission intensity of fluo-
rene 2 decreased. A linear Stern-Volmer plot was obtained.
No significant deviation from linear Stern-Volmer behavior
was observed up to millimolar concentrations of the closed
form of 1.

Diarylethene 1 and fluorene 2 were dispersed into poly
[methylmethacrylate-co-(diethylvinylbenzylphosphonate)]
(PMMA-co-VBP) to make the photochromic polymeric stor-
age medium. This polymer was chosen due to its excellent
solubility in acetonitrile and its ability to solubilize dia-
rylethene 1 and fluorene 2 at high concentrations without
aggregation. Solutions of 1 wt % of PMMA-co-VBP contain-
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ing different concentrations of diarylethene 1 and fluorene 2
were irradiated with a Rayonet photoreactor (254 nm), until
the photostationary state of diarylethene 1 was reached. Deep
red solutions were obtained before coating. Films of approx.
40 um were coated on glass slides using the photostationary
state mixture. The contrast was controlled by changing the
concentration of the photochromic compound relative to the
fluorescent dye. Fluorescence modulation in the polymer film
doped with 1 and 2 was demonstrated. The fluorescence from
fluorene 2 was effectively quenched by the colored (closed)
form of 1 dispersed in the polymer film. The switching char-
acteristics are well controlled by changing the concentration
of'the photochromic compound. Films containing 22 wt % of
diarylethene 1 and 1 wt % fluorene 2 (relative to the polymer)
afforded the best contrast for a given exposure time and
thickness.

In single-photon recording, films were placed on the stage
of an inverted microscope (Olympus 1X81) and irradiated
through the condenser of the same microscope (N.A.=0.55).
A bandpass filter (IF550, Olympus) with peak transmission at
520 nm and full width at half-maximum equal to 65 nm was
placed in front of the light source (a halogen lamp). A number
of different masks, including Air Force resolution targets and
home made masks (FIG. 2), were used. Data are recorded by
focusing the excitation light (~10 mW/cm?) through one
mask and then exposing the photochromic film, subsequently
changing the ratio of the closed-to-open form in the irradiated
areas, and, therefore, changing the refractive index. After
mask removal, standard Differential Interference Contrast
(brightfield) microscopy was used to readout the recorded
data, where a 10x (Olympus UplantFLLN 10x, N.A.=0.3) or a
20x (Olympus LUCplanFLN 20 x, N.A =0.45) objective lens
was used.

The optimal exposure time for our storage medium under
single-photon excitation was estimated by identifying the
intensity profile and calculating the contract (signal-to-back-
ground ratio). For 40 um thick films a contrast of 5.7 was
achieved after 20 s exposure, while a contrast of 3.6 was
obtained after 10 s exposure. Improvement of the recorded
signal-to-noise ratios minimized the potential hazard of over-
expressing films and compromising of resolution.

FIGS. 3A,3A’, 3B and 3B' show typical brightfield images
(using the 10x objective), obtained before and after single-
photon recording; wherein, FIGS. 3A and 3A' are images
before recording and FIGS. 3B and 3B' are images after
recording. To determine the resolution of this absorbance-
based single-photon readout method, intensity profiles across
one specific line were obtained. FIGS. 3F and 3G show the
intensity profiles of the data mask (the Air Force resolution
target) and our recorded data, respectively. The size of the
patterns (bar width) marked by the circles in FIGS. 3Cand 3D
corresponds to 7.8 um. When using the 20x objective to
read-out the same recorded data in the right-hand-side pat-
terns in FIG. 3D, the smallest readout pattern achieved in this
system was ~3.5 um (as shown in FIGS. 3E and 3H. Results
from these preliminary studies by single-photon excitation
provided compelling motivation for subsequent studies using
two-photon excitation.

Studies using two-photon excitation are illustrated in
FIGS. 4A, 4B and 4C. FIG. 4A shows two-photon readout of
data recorded by single-photon excitation wherein the scale
bar corresponds to 100 microns (um). FIG. 4B is the intensity
profile in the direction shown by the arrow of group 5 in FIG.
4A and FIG. 4C is a graph of the log of input intensity
dependent on up-converted fluorescence of fluorene 2.

To ascertain the optimized experimental conditions for
two-photon recording and readout, two-photon absorption



US 7,964,333 B1

7

cross-sections (8,,) of the open and closed forms of dia-
rylethene 1 in ethyl acetate were determined by an open
aperture Z-scan method, using a picosecond laser as the exci-
tation source, as discussed by M. Shiek-Bahae et al. in /EEE
J. Quant. Electr. Vol. 26, 760 (1990). Ethyl acetate was cho-
sen as it has similar polarity as the host polymer. The 3, ,, of
the open form of diarylethene 1 at 520 nm (corresponding to
260 nm of single photon excitation) was 85 GM (1 GM=1x
107° cm* s/photon molecule). However, Z-scan signals of the
closed form at 1040 nm (corresponding to the A,,,,, of absorp-
tion at ~517 nm) were too weak to give reliable 8, 5,.

According to symmetry rules, the two-photon allowed
transition of the closed form of diarylethene 1 (a molecule of
relatively high symmetry), is expected to be located at shorter
wavelengths (in the S,—S, or higher transition bands) than
the single-photon allowed absorption band (S,—=S, band).
When exciting the closed form of diarylethene 1 at wave-
lengths shorter than 900 nm, Z-scan signals were clearly
observed. The d,,, of the closed form of diarylethene 1 at
680, 750, and 800 nm was 150, 145, and 120 GM, respec-
tively. Therefore, for the success of this two-photon read-out
system (i.e., efficient readout of the two-photon up-converted
fluorescence data modulated by cyclical transformations of
the photochromic material), a 2PA dye need to have (1) suit-
able two-photon up-converted fluorescence emission over-
lapping the absorption spectrum of the closed form of dia-
rylethene 1, (2) high fluorescence quantum yield at the
selected readout excitation wavelength, (3) higher 0,,,
(greater than one order of magnitude higher than that of the
closed form of diarylethene 1), and (4) high photostability to
facilitate numerous readout cycles.

After taking all above requirements into consideration,
fluorene 2 was selected. This 2PA dye possesses emission in
a desirable wavelength range, a high two-photon up-con-
verted fluorescence quantum yield (¢,~1.00.05 in hexane
and 0.98+0.05 in p-THF), high two-photon absorption cross-
section (3,,, of 6000 GM at 600 nm and 1185 GM at 800 nm,
under femtosecond laser excitation), and high photochemical
stability. Due to these characteristics, only small amounts of
fluorene 2 were needed to be doped into the polymeric matrix
in order to achieve high fluorescence contrast between the
written and unwritten areas.

Using a modified Olympus Fluoview FV300 two-photon
microscope equipped with a tunable femtosecond laser
(tuned to 800 nm in this experiment), two-photon readout was
convincingly demonstrated (FIGS. 4A, 4B and 4C). In par-
ticular, reading of the memory (data) in FIG. 4A is achieved
by measuring the two-photon up-converted fluorescence of
fluorene 2 at 800 nm as a function of position. At this wave-
length, fluorene 2hasa d,,, 0f 1185 GM, while the §, ., of the
close form of diarylethene 1 (~120 GM from picosecond
Z-scan experiment) is one order of magnitude lower than that
offluorene 2. So when a weak 800 nm femtosecond laser (<10
mW) was utilized for the readout process, strong two-photon
fluorescence from 2 was obtained. Meanwhile, this incident
intensity is too weak to cause the closed form of diarylethene
1 to undergo significant photochemical reaction (which is
related to data erasing). For future practical application of this
two-photon readout system, the relatively expensive femto-
second Ti:sapphire laser can be replaced with cheaper nano-
second laser diodes (A=785 nm) with comparable output laser
intensity, as discussed by T. Shiono et al. in Jpn. J. Appl.
Phys., Vol. 44,3559 (2005).

One can easily imagine binary data storage based on this
system in which a fluorescence intensity threshold is set (e.g.,
in FIG. 4B) and anything below this intensity is a “0” and
anything above this is a “1”.
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To further confirm that fluorene 2 underwent 2PA under
these conditions, the total integrated up-converted fluores-
cence intensity was measured as a function of the incident
intensity (pump power). Theoretically, fluorescence from a
2PA process should exhibit a quadratic dependence on inci-
dent intensity. Indeed, FIG. 4C confirms that fluorene 2
underwent two-photon absorption as evidenced by the qua-
dratic relationship between fluorescence emission intensity at
several pump powers. Particularly noteworthy is that, with
this method of two-photon read-out, we were able to readout
data up to 10,000 times with only small decrease in the
contrast and fluorescence intensity of the original image.
Consequently this readout method is practically non-destruc-
tive.

In FIG. 5, the ability to read multiple layers of information
by the two-photon read-out method is demonstrated. A mul-
tilayer assembly was constructed by stacking two storage
layers (recorded with different data using single-photon exci-
tation) with data sides against each other. The assembly was
translated in the axial (or z) direction by the computer-con-
trolled step motor connected to the focusing knob of the
microscope. 3D data from this memory stack was read by
successively imaging 38 XY data planes along the axial direc-
tion with 5 um distance between each image.

Since the 3, ,, of the closed form of diarylethene 1 is very
small, transformation of the close form to the open form
under two-photon excitation (two-photon recording) requires
high excitation intensity. For demonstrating the two-photon
recording ability in this photochromic system, the same
equipment used in data readout systems were employed,
except that the incident intensity was adjusted to a consider-
ably high value at the focus (90 mW). A rectangular pattern
(consisting of 445x345 bits) was recorded in the storage
medium, by repeated scanning of the laser beam across the
rectangular area for 5 min (1.2 s/scan). As the exposure time
for each bit was estimated to be ~7.8 us/scan and 250 scans
were used, the total exposure time of each bit was estimated to
be about 2 ms.

A demonstration of the two-photon recording ability is
shown in FIGS. 6A, 6B, 6C and 6D. After the two-photon
recording process of the unrecorded medium in FIG. 6 A, data
was read by the same two-photon fluorescence microscopy
method (described above) using a low incident intensity of 7
mW as shown in FIG. 6B.

FIG. 6Cis a brightfield image of the area shown in FIG. 6B.
Furthermore, the quadratic relationship between fluorescence
emission intensity and incident power provides strong evi-
dence that the data readout in FIG. 6B is, indeed, a result of
two-photon induced fluorescence according to the log of the
input laser intensity shown in FIG. 6D, further confirming
that the closed form of diarylethene 1 can transform to open
form by two-photon excitation when excited by IR laser with
high incident intensity for data recording but essentially
remains unchanged upon two-photon readout of the 2PA dye.

It is interesting to learn that, when the incident intensity of
the two-photon recording process was reduced to 45 mW, the
total exposure time for each bit should increase to ~8 ms (4
times greater than that under 90 mW excitation) to generate
data with comparable contrast as that under 90 mW excita-
tion. This finding is consistent with the quadratic dependence
to two-photon absorption on the incident light intensity. Thus,
it can be estimated that, if the incident intensity was further
reduced to 7 mW, the exposure time for each bit would
increase to ~330 ms. On the other hand, this estimation means
that if a rectangular area (stored data, consisting of 512x512
bits) were readout under 7 mW incident intensity with a scan
speed of 1.2 s/scan (which is the typical speed used in the
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two-photon readout), the exposure time for each bit was esti-
mated to be ~4.6 ps/scan. Up to 7.2x10* readout cycles
(scans) are, in principle, required before the total exposure
time of each bit reaches 330 ms, which is related to significant
erasure of the data points. In fact, in experimental conditions,
it has been demonstrated that up to 10,000 readout cycles
caused a negligibly small decrease in the contrast and fluo-
rescence intensity of the original image, which is consistent
with results reported above.

Writing, erasing and rewriting capability on a polymer film
containing the photostationary state of diarylethene 2 was
demonstrated in FIGS. 7 through 17 recording, read-out and
erasing cycles, clearly demonstrating the erasable/rewritable
characteristics of this material and process. Centrally located
in each of the 17 images is an artifact 200 that provides
confirmation that the recording cycles were performed in the
same area of the film.

The two-photon 3D recording ability in our system is dem-
onstrated in FIG. 8, by recording two layers of bits on thick
polymer films (~120 pm). Films were prepared by casting
solutions of PMMA-co-VBP containing the closed form of
diarylethene 1 and fluorene 2 on glass slides (by using a
PI-1210 film coater from Tester Sangyo Co. Ltd.).

After coating, films were stored in the dark to avoid any
external irradiation exposure. Two layers of bits separated by
50 um in the Z direction (depth) were written in the volume of
the polymer film by two-photon exictation. For this bit-by-bit
experiment, the same Olympus Fluoview FV300 previously
described was used for data recording and data readout. The
excitation beam was generated by a mode-locked Ti:Sapphire
laser, tuned to 800 nm, (AA=8 nm, 150 fs pulse width, 76 MHz
repetition rate). The laser beam was focused on to the sample
using a 20x objective lens.

For two-photon recording, the average beam power (360
mW) was attenuated such that the maximum power measured
at the sample was 20 mW. For two-photon read-out, the same
Ti:sapphire laser was used with a lower average power of 6
mW. High power excitation at the sample was not required
due to the increased two-photon photosensitivity afforded by
the fluorene derivative. An efficient data writing system was
developed by using a motorized MAXY X-Y stage and
BSC102 controller, SHOS electronic beam shutter, and SC10
controller (Thorlabs).

Recording in the first layer was achieved by using different
exposure times: 200 ms (for the first two lines to the top), 500
ms (for the next two lines in the middle) and 1 s (for the two
lines on the bottom). The distance between neighboring bits
inside one layer was 50 um. Recording in the second layer
was achieved by moving the XY stage 25 um to the left (offset
relative to the first layer) and using the same exposure times
and pattern as the first layer.

FIG. 8 shows representative images of the readout of 110
consecutive layers (1 um layer interval) inside the polymer
film. The bulk film 300 is illustrated on the left while actual
data layers 400 are shown on the right. The distance between
layers was 50 microns (um) and the distance between neigh-
boring bits in each layer was 50 pm. Bits in each layer were
recorded at several exposure times: t=200 ms (for the two top
lines), 500 ms (for the next two middle lines) and 1 s (for the
two bottom lines). Recording in the second layer was
achieved by moving the XY stage 25 um to the left (offset
relative to the first layer, depicted by the parallel lines
between layers #30 and #80 in the figure). The scale bar
corresponds to 50 pm and the actual read out was observed at
5 um intervals. The schematic image in FIG. 8 shows how the
data layers 400 are selectively recorded; there is no recording
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in layers #10 and #110, while information is recorded in two
layers only, namely, #30 and #80.

EXPERIMENTAL

1,2-Bis(2-methylbenzo| b]thiophen-3-yl)hexafluorocyclo-
pentene (diarylethene 1) was purchased from TCI America
and used without further purification. 2,7-Bis[4-(9,9-dide-
cylfluoren-2-yl)vinyl|phenyl benzothiazole (fluorene 2) was
synthesized and characterized as previously described and
reported by Belfield et al. in Chem. Mater. Vol. 16, 4634
(2004). Spectroscopic grade hexane (Alfa Aesar), THF, and
ethyl acetate (Acros) were used as solvents. Preparation of
poly[methylmethacrylate-co-(diethyl vinyl benzyl phospho-
nate)| was as described by Belfield et al. in J. Polym. Sci.
Polym. Chem. Vol. 33, 1235 (1995). Absorption spectra were
recorded with an UV-visible Agilent 8453 spectrophotom-
eter. The steady-state fluorescence spectra were measured
with a PTI Quantamaster spectrofluorimeter in the photon-
counting regime of the PMT. Quantum yields of the cyclyza-
tion QY. and cycloreversion QY. photochromic reactions
were determined by an absorption method reported by K. D.
Belfield, etal. inJ. Photochem. Photobiol. A: Chem.Vol. 162,
569 (2004).

The polymer films for the two-dimensional recordings
were prepared using solutions of 1 wt % poly[methyl meth-
acrylate-co-(diethyl vinyl benzyl phosphonate)] in acetoni-
trile, into which diarylethene 1 (22 wt % relative to the poly-
mer) and fluorene 2 (1 wt % relative to the polymer) were
added. The polymeric solution was sonicated, filtered
through a 0.2 um pore size filter, then purged with N, for 10
min followed by ultrasonic degassing. This solution was irra-
diated with a Rayonet photoreactor at 254 nm (~3 mW/cm?),
until the photostationary state of diarylethene 1 was reached
(determined by monitoring the UV-visible absorption spec-
trum). A deep red solution was obtained before coating. Solu-
tion casting films of approx. 40 um was accomplished on
glass slides by using a PI-1210 film coater from Tester
Sangyo Co. Ltd. After coating, films were stored in the dark to
avoid any external irradiation exposure.

The 2PA cross-sections of the O-form and C-form of dia-
rylethene 1 were measured by a open-aperture Z-scan method
as disclosed by M. Sheik-Bahae, et al. in IEEE J. Quant.
Electr., supra with picosecond Nd:YAG laser (PL 2143 B
Ekspla) coupled to an optical parametric generator (OPG
401/SH) with pulse duration =25 ps (FWHM), operating at a
10 Hz repetition rate.

An inverted microscope (Olympus IX81) equipped with a
Hamamatsu EM-CCD (Model C9100-02) was used for
single-photon recording/readout. Two-photon recording/
readout were performed on a modified Olympus Fluoview
FV300 two-photon microscopy system equipped with a tun-
able Coherent Mira 900 Ti:Sapphire laser (tuned to 800 nm,
175 fs pulse width, 76 MHz repetition rate). A Hamamatsu
photomultiplier tubes was used as the detector. A band-pass
filter (510 nm-550 nm) was placed in front of the detector.

The present invention provides an optical data storage sys-
tem with non-destructive multiple readout of 3D data stored
in multiple layers by using two-photon induced fluorescence
modulation as the readout system in a photochromic polymer.
Such a system is not only possible but can be done for >10,
000 readout cycles without significantly compromising the
stored data. In contrast to prior art writing/reading systems, in
which the read and write wavelengths are well-separated; the
system of the present invention can be recorded and read out
using the same wavelength simply by changing the intensi-
ties. As the incident intensity used in two-photon readout is
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low due to the efficient 2PA dye, it is also possible to replace
the Ti:Sapphire femtosecond laser with other less expensive
lasers. For example, a nanosecond laser diode with compa-
rable peak intensity can be used, making this two-photon 3D
data storage system feasible for high data storage volume,
less expensive, stable, highly responsive, and reliable.

While the invention has been described, disclosed, illus-
trated and shown in various terms of certain embodiments or
modifications which it has presumed in practice, the scope of
the invention is not intended to be, nor should it be deemed to
be, limited thereby and such other modifications or embodi-
ments as may be suggested by the teachings herein are par-
ticularly reserved especially as they fall within the breadth
and scope of the claims here appended.

I claim:

1. A three-dimensional (3-D) WORM (Write Once Read
Many) or erasable and rewritable optical data storage device
with non-destructive, multiple readout of 3-D data stored in
multiple layers consisting essentially of:

(a) a disk structure suitable for structurally supporting a

storage medium in multiple layers;

(b) said storage medium containing a combination of an
isomeric photochrome selected from at least one of 1,2-
bis(2-methylbenzo[b]thiophen-3-yl) hexafluorocyclo-
pentene open form (diarylethene 1-open) and 1,2-bis(2-
methylbenzo[b|thiophen-3-yl) hexafluorocyclopentene
photostationary state (diarylethene 1-closed) and a two-
photon fluorescent dye wherein the emission spectrum
of the fluorescent dye overlaps the absorption spectrum
of one of the isomers of the photochrome;

(c) a recording system consisting of a single laser adapted
to provide an incident recording intensity above and an
incident readout intensity below a threshold for data
recording by the combination of the two-photon fluores-
cent dye and isomeric photochrome; and

(d) the recording system in combination with said storage
medium supported by said disk structure operates as a
Fluorescence Resonance Energy Transfer (FRET) based
optical data storage system wherein the recording sys-
tem records data in the storage medium at a wavelength
within a range between approximately 500-900 nm and
with the incident recording intensity of approximately
90 mW/cm? and modulation of the two-photon fluores-
cent dye by the photochrome results in a non-destructive
readout of data from the optical data storage device at the
wavelength with the incident readout intensity of
approximately 7 mW/cm?>.

2. The WORM or erasable and rewritable optical data
storage device according to claim 1 wherein said storage
medium is a thin film polymer.

3. The WORM or erasable and rewritable optical data
storage device according to claim 1 wherein the two-photon
fluorescent dye is (2,7-bis[4-(9,9-didecylfluoren-2-yl)vinyl]
phenylbenzothiazole (fluorene derivative 2).

4. The WORM or erasable and rewritable optical data
storage device according to claim 1 wherein the storage
medium circumvents the erasing of data during the read out of
stored optical data by irradiating the photochrome for writing
after converting a large portion of the short wavelength dia-
rylethene 1-open to the longer wavelength diarylethene
1-closed.

5. A three-dimensional (3-D) WORM (Write Once Read
Many) or erasable and rewritable optical data storage device
consisting essentially of:

(a) a disk structure suitable for structurally supporting a

polymer film;

12

(b) said polymer film containing a combination of an iso-
meric photochrome selected from at least one of 1,2-bis
(2-methylbenzo[b]thiophen-3-yl)hexafluorocyclopen-
tene open form (diarylethene 1-open) and 1,2-bis(2-

5 methylbenzo[b|thiophen-3-yl)hexafluorocyclopentene
photostationary state (diarylethene 1-closed) and a two-
photon fluorescent dye wherein the emission spectrum
of the fluorescent dye overlaps the absorption spectrum
of one of the isomers of the photochrome;

(c) arecording system consisting of a single laser adapted
to provide an incident recording intensity above and an
incident readout intensity below a threshold for data
recording by the two-photon fluorescent dye and iso-
meric photochrome combination of (b); and

(d) the recording medium in combination with said poly-
mer film is irradiated to allow multiple layer recording
and readout at the same wavelength by said disk struc-
ture whereby data recording in the polymer film occurs
at a wavelength within a range between approximately
500-900 nm and with the incident recording intensity of
approximately 90 mW/cm? and the resulting stored opti-
cal information is recovered via multichannel readout at
by irradiation with the wavelength with the incident
readout intensity of approximately 7 mW/cm?.

6. The WORM or erasable and rewritable optical data
storage device according to claim 5 wherein the two-photon
fluorescent dye is (2,7-bis[4-(9,9-didecylfluoren-2-yl)vinyl]
phenylbenzothiazole (fluorene derivative 2).

7. The WORM or erasable and rewritable optical data
storage device according to claim 5 wherein the polymer film
is irradiated with near-infrared (IR), two-photon excitation
that allows multiple layer recording from approximately 5 up
to approximately 1000 layers with at most 5 micron thick
layers of data recorded with 5 micron layers spacing per layer
to prevent crosstalk.

8. A method of storing and reading three-dimensional
(3-D) Write Once Read Many (WORM) or erasable and
rewritable optical data using the same wavelength within a
photochromic polymer composition using two-photon exci-
tation, comprising the steps of:

(a) selecting a thin film polymer material;

(b) forming a photochromic polymer composition by dop-
ing the thin film polymer material with a combination of
an isomeric photochrome selected from at least one of
1,2-bis(2-methylbenzo[ b]thiophen-3-yl)hexafluorocy-
clopentene open form (diarylethene 1-open) and 1,2-bis
(2-methylbenzo[b]thiophen-3-yl)hexafluorocyclopen-
tene photostationary state (diarylethene 1-closed) and a
two-photon absorbing fluorescent dye wherein the emis-
sion spectrum of the fluorescent dye overlaps the absorp-
tion spectrum of one of the isomers of the photochrome;

(c) forming said composition into at least a three dimen-
sional layer structure; and,

(d) inducing storage in said layer with near infra-read laser
generation wherein the data recording occurs at a wave-
length within a range between approximately 500-900
nm and with an incident recording intensity of approxi-
mately 90 mW/cm?; and

(e) enabling non-destructive multiple read out by using
fluorescence resonance energy transfer (FRET) in the
photochromic polymer using two-photon excitation
whereby the data readout occurs at the wavelength with
the incident readout intensity of approximately 7
mW/cm?®.
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9. The method according to claim 8 wherein said three
dimensional structure layer is made of poly[ methylmethacry-
late-co-(diethylvinylbenzyl-phosphonate) [PMMA-co-
VBP].

10. The method according to claim 8 wherein the two-
photon fluorescent dye is (2,7-bis[4-(9,9-didecylfluoren-2-
ylvinyl]|phenylbenzothiazole (fluorene derivative 2).

11. The method according to claim 8 further including a
means for circumventing the erasing of data during the read
out of stored optical data.

12. The method according to claim 11 wherein the means
for circumventing the erasing of data includes irradiating the
photochrome for writing after converting a large portion of
the short wavelength diarylethene 1-open to the longer wave-
length diarylethene 1-closed.

13. A three-dimensional (3-D) WORM (Write Once Read
Many) or erasable and rewritable optical data storage system
with storage and non-destructive, multiple readout of 3-D
data stored in multiple layers using the same light wavelength
for storage and readout, consisting essentially of:

(a) a disk structure composed of approximately 5 micron
thick layers for data recording and approximately 5
micron thick layers spacing per layer to prevent
crosstalk and suitable for structurally supporting a stor-
age medium;

(b) said storage medium containing a combination of an
isomeric photochrome selected from at least one of 1,2-
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bis(2-methylbenzo[b]thiophen-3-yl)hexafluorocyclo-
pentene open form (diarylethene 1-open) and 1,2-bis(2-
methylbenzo[b|thiophen-3-yl)hexafluorocyclopentene
photostationary state (diarylethene 1-closed) and a two-
photon fluorescent dye wherein the emission spectrum
of the fluorescent dye overlaps the absorption spectrum
of one of the isomers of the photochrome;

(c) arecording system consisting of a single laser adapted
to provide an incident recording intensity above and an
incident readout intensity below a threshold for data
recording by the two-photon fluorescent dye and iso-
meric photochrome combination of (b); and

(d) the recording system in combination with said storage
medium supported by said disk structure operates as a
non-destructive readout optical storage system wherein
datais recorded and read out using the same wavelength,
the data recording occurs at a wavelength of approxi-
mately 800 nm with the incident recording intensity of
approximately 90 mW/cm? and the data readout occurs
at said wavelength with the incident readout intensity of
approximately 7 mW/cm?.

14. The system according to claim 13 wherein the two-

photon fluorescent dye is (2,7-bis[4-(9,9-didecylfluoren-2-
ylvinyl]|phenylbenzothiazole (fluorene derivative 2).
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